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1 Exposé

1.1 Introduction

Recent advances in nanoengineering and laser optics allow for the fabrication of
a wide range of systems that subject fermionic particles to geometric restrictions.
This may happen, e.g., through the reduction of dimensionality, as in mesoscopic
junctions [1] and quantum wells [2], or through the creation of trapping poten-
tials, as in optical lattices [3]. Such systems provide a highly controllable envi-
ronment for the investigation of many-body interactions. A significant factor is
the coupling of the fermions to internal or external bosonic fields. For instance,
quasi one-dimensional systems are prone to metal-insulator transitions that are in-
duced by the interaction with quantized lattice vibrations, i.e., phonons [4]. Also,
restricted semiconductor geometries permit long lifetimes and high densities of ex-
citons and exciton-polaritons, allowing the investigation of light-matter interaction
and quantum-condensation. In addition, the fine tuning of electrical and optical
characteristics suggests practical applications, such as the construction of novel elec-
tronic and thermoelectric devices using spintronics and molecular transistors, or the
simulation of other many-body systems [3]

This thesis considers two of these systems, specifically the thermoelectric trans-
port through a molecular junction, and the Bose-Einstein condensation and lumines-
cence of several species of trapped semiconductor excitons. While the systems are
discussed in more detail in Secs. 1.2 and 1.3, respectively, their main characteristics
are given in Fig. 1.

A molecular junction consists of a small organic molecule that is contacted by
two metallic leads. Under voltage or temperature bias, molecular junctions show
non-linear transport characteristics, such as hysteresis, switching and negative-
differential conductance. They are, therefore, considered a promising candidate
in the search for further miniaturization and new functionality of electronic de-
vices. When being occupied by charge carriers, the molecule may undergo struc-
tural changes, rotations or vibrations. These processes correspond to the interaction
of passing electrons with local phonon modes of considerable energy. They can be
observed as vibrational signatures in the current-voltage characteristics of the de-
vice [5-8]. The situation resembles the coupling of electronic excitations to lattice
vibrations in an infinite molecular crystal, which has been studied extensively by
means of the Holstein model [9-11]. For strong electron-phonon coupling, this model
predicts the formation of small polarons, i.e., electrons dragging a phonon cloud
through the lattice, thereby greatly reducing their mobility [11-13]. In the case
of molecular junctions, translational symmetry is broken and the electron-phonon
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Fig. 1: Illustration of the common characteristics of the molecular junction and the
system of trapped semiconductor excitons.

interaction is restricted to a small area and few, well separated levels. [14-18]. Trans-
port through the junction will, therefore, strongly depend on the ratio of electron-
phonon and molecule-lead coupling strengths. The question arises how quasiparticle
renormalization accounts for the vibrational signatures in the current-voltage and
thermopower characteristics of the junction, and whether the formation of a tran-
sient, polaron-like state at the molecule is a possible explanation for the observed
non-linear phenomena [19].

The junction can be described as a quantum dot, i.e., as a quantum system of
finite size and reduced dimensionality, that interacts with macroscopic charge and
heat reservoirs. According to the formula by Meir and Wingreen [20], the charge
current between the reservoirs is determined by the interacting electronic spectral
function of the dot, the calculation of which is the central task of our work. A basic
model for a deformable junction results from adding local Holstein coupling to a
Fano-Anderson-impurity model. Previous approaches, that were based on a Lang-
Firsov shift transformation, found that strong electron-phonon coupling reduces the
effective coupling to the leads, but may also facilitate transport by lowering the tun-
neling barrier and permitting phonon-assisted, quasi-elastic transmission [21-24]. In
the works presented here, we follow an approach previously developed for the Hol-
stein molecular crystal model [9-11]: We account for polaronic effects away from the
strong-coupling antiadiabatic limit by using a variational form of the Lang-Firsov
transformation. In this way, we are able to interpolate between the regime of weak
scattering, quasi-coherent lead-to-lead tunneling and incoherent hopping transport
via a polaron-like dot state.

The second system considered here is a mixture of several species of excitons in
a small semiconductor crystal that are spatially restricted by a stress induced po-
tential trap. As with phonons, excitons are an elementary excitation of a solid body
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system. They consist of a bound pair of excited electrons and holes. For strong
Coulomb interaction the overlap of electron and hole wave functions creates, to first
order, a composite boson. As such, excitons have long been considered ideal candi-
dates for the observation of Bose-Einstein condensation, due to their small mass and
because high densities are achievable via laser excitation [25-29]. Our work is mo-
tivated by recent experiments by Stolz et al. on the Bose-Einstein condensation of
para- and orthoexcitons in cuprous oxide (CuyO) [30]. At ultracold temperatures,
the excitons are created via laser excitation and confined to the trap to counter
diffusion processes and achieve critical densities.

Small, long living trapped excitons can be described as weakly interacting Bose
gases in external potentials, the thermodynamics of which has been investigated
extensively in the theory of one-component atomic gases [31-34], and has been
applied to excitons [35,36]. Given the generalisations to multi-component atomic
gases [37-41] and spinor polaritons [42,43], this thesis describes a generalisation to
a multi-component gas of interacting para- and orthoexcitons. We derive coupled
equations of motion for the condensate wave functions and the field operators of non-
condensed excitons. Applying a mean-field approximation to the inter- and intra-
species coupling, as well as a Bogoliubov-transformation we obtain and numerically
evaluate self-consistent expressions for the spatially dependent exciton densities and
dispersions in the trap.

In the experiment, however, the exciton density distribution is not directly ac-
cessable. Yet, excitons are only quasi-stable and decay via the emission of photons,
which provides the primary method of detection. Then the question is, what are
the footprints of a possible exciton condensate in the decay luminescene signal.
In the articles IV-VI, we consider this problem based on the formula by Shi and
Verechaka [44], according to which the luminescence intensity of the direct paraex-
citon and phonon-assisted orthoexciton decay is given by the respective excitonic
spectral functions. In the article VII, we extend the theory of paraexciton decay by
including anomalous processes in the exciton-photon interaction Hamiltonian. The
resulting luminescence formula is dependent on the photonic correlation function.

For both systems considered in this work, the calculation of the experimentally
relevant signal — the thermoelectric junction current and the excitonic decay lumi-
nescence, respectively — requires us to derive suitable interacting correlation and
spectral functions at finite temperatures. In doing so, we suppose a steady-state
situation: At the quantum dot, the charge current is driven by differing, fixed chem-
ical potentials or temperatures in the leads. Similarly, for the extended exciton
luminescence theory we suppose that the excitons achieve quasi-equilibrium before
recombination, so that they act as a constant reservoir for the creation of photons.
We work with the non-equilibrium Green function technique, that was formulated
differently yet equivalently by Kadanoff and Baym [45], and Keldysh [46]. It is
based on generalized Green functions that are defined on a contour running along
the imaginary time axis (Kadanoff-Baym) or from the time the disturbance was
switched on to the present and back again (Keldysh). Upon the contour, the Dyson
equations or perturbation series are structurally equivalent to the equilibrium the-
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ory. Neglecting initial correlations, the wanted correlation functions result from
analytical continuation to the real time axis.

1.2 Phonon-assisted transport through Molecular
Junctions

Molecular junctions are electronic devices where the functional element is a single or-
ganic molecule contacted by a number of metallic electrodes or leads. Such systems
may feature single aromatic rings, molecular wires [47], Cg fullerene molecules [8,48]
or suspended carbon nanotubes [49,50]. The position of the molecular levels can be
tuned with the help of a gate electrode [51,52], while their broadening is given by the
dot-lead coupling strength, which depends, e.g., on the lead distance or the metal-
molecule anchoring group [53]. Due to their highly energy-dependent and tunable
transmission, molecular junctions may also constitute small and efficient power gen-
erators or heat pumps. Their theoretical efficiency has been shown to approach the
Carnot value in the weak dot-lead coupling limit. [54] However, since moderate level
broadening is needed for useful power output, the regime of comparable electronic
and phononic time scales becomes interesting.

Quantum dot model We consider the well-known Anderson-Holstein model,
which is sketched in Fig. 2 and is given by the following Hamiltonian (A = 1):

H=(A—p)d'd — gwodd(d' +b) + web'd
1
E: t . t x 1
+ €ra — M)CraCha — E (tadca—i—tacad). 1
k,a(k 1) CraCi N < ka® Cy kaCk (1)

The organic molecule is represented by a single dot level A with the fermionic op-
erators d(f). Its vibrational degrees of freedom are subsumed into the interaction
(o gwp) with a single optical phonon mode with operators b") and energy w,. More-
over, the dot level is coupled to the left and right leads (o tx, with a = L, R), which
are modeled as two continuous sets of free fermion states, with energies e, and
operators cé? In equilibrium, the system is characterized by a common chemical
potential x. In the nonequilibrium situation, each lead is held at its own thermal
equilibrium with the chemical potentials p, = p — U, [55]. The application of the

voltage bias ® = (UL, — Ug)/e is described by adding to (1) the term
Hint = Z Ua Z C]Tkaa ) (2)
a k

with the electron charge e < 0. For a given lead density of states I'®)(w), the electron
current J through the dot is calculated using the Meir-Wingreen formula [20]

J = g /: ‘21—: T (w + u) A(w; U) [frlw + Up) — frlw+ Ug)] - (3)
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In the above expression, A is the electronic dot spectral function, which contains all
the effects of the electron-phonon (EP) and dot-lead (DL) interactions at the dot.
Its calculation is the central task of the work presented in the following sections.

Variational ansatz If we set the DL coupling ¢, = 0 in Eq. (1), the Hamiltonian
represents an isolated vibrating dot and can be diagonalized via a canonical Lang-
Firsov shift transformation [12]. In the corresponding ground state, an electron at
the dot is accompanied by a finite number of phonons, in analogy to polarons. In
contrast, for vanishing EP coupling ¢ = 0 the Hamiltonian in Eq. (1) reduces to that
of a rigid tunneling impurity, and is readily solved in the Green functions formal-
ism [56]. To account for the competition between polaron localization and coherent
tunneling in the full model, we apply to Eq. (1) two variational shift transforma-
tions [19,57-59], introducing the parameter v € [0, 1]:

Si(7) = exp{yg(b' — b)d'd} , Ss(y) = exp{(1 —7)g(b' — b)ng} . (4)

The transformation Sy(7y) models the adiabatic regime, where the equilibrium posi-
tion of the oscillator is shifted according to the mean occupation ng = (d'd) of the
dot level. The transformation S;(7y) describes the antiadiabatic regime, in which
the dot deformation adjusts quickly to the presence of an electron. For v — 1, it
coincides with the Lang-Firsov transformation. Thus, the parameter v can be un-
derstood as a measure of the polaronic character of the dot state. The transformed
Hamiltonian H = S1.55H 555 reads

H=(A-p)dtd —C,(dtd —ng) + web'd + ,(1 — 7)?n?
+ Z(gka - :u)cl];acka - Z (Ckachka + Cliaclt:ad) ’ <5)
k,a

k,a

with so-called polaron binding energy ¢, = g?wy (which will be used as a measure of
the EP coupling strength) and the renormalized dot level and interaction parameters

A=A—gy(2—7) =251 — )4, (6)

tha _ _
Cra = —2 =900y = gup(1 — ) (b + 1) . (7)

VN

For finite ~, the transformations reduce the effective EP coupling in C; at the cost
of an exponential suppression of the effective DL coupling in Cy,. Note that the
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transformed Hamiltonian is written in the polaronic picture, i.e., the operators d
and b in Eq. (5) now represent dressed electrons and the excitations of a shifted
oscillator. The original electron and phonon operators read d = eV and
b="b+ygd'd+ (1—~)gng.

Polaronic spectral function To find the electronic spectral function zzl;needed
for the current formula (3), we first factorize the electronic Green function Gy into
polaronic and phononic parts [22-24]:

édd(tlatQ; U,ty) = Gaa(ty,t2; U, to)<7;€7g(bf(tl)fb(tl))eﬂg(b(mﬂ7b(t2))> . (8)

The phononic average in Eq. (8) is evaluated assuming an independent Einstein-
oscillator. The resulting relations between the electronic (A) and polaronic (A)

spectral functions is given in Egs. (89) of article I. The polaronic Green function in
Eq. (8) is defined as

Gaa(ti,te; U ty) = —é

and is a function of complex times t € [to, to — i3], whereby tq is the switch on time
of the disturbance H,, and 8 = 1/kgT. The average (...) and the time dependence
of the operators dt) are determined by H while the external disturbance H;, is
separated in the time-ordered exponential operator

S = Trexp {—i / Y Hima)} | (10)

to

(Ted(t1)d'(t2)S) . (9)

As is shown in detail in Secs. B and C of article I, we write the function Gy as a
functional of a polaronic self-energy Y44 and use it to derive the equations of motion
of the real-time response funcitons gfd. After a Fourier transformation, the formal
solution of the steady-state equations can be written as gz;(w; U) = A(w; U) f(w; U)
and g7,(w;U) = A(w; U)(1 — f(w;U)), with the polaronic dot spectral function
['(w; U)

w—A+pu—P[¥ F(“’—”,)]2+ [@r
the dot occupation f(w;U) = X3,(w; U)/T(w; U), and the damping function I'(w; U) =
E(w;U) + 25, (w; U).

In Sec. D of article I, we derive an approximation to E?d by adding to Hj, the
interaction with fictitious external fields {V'}, expressing the equation of motion
of Ggq in terms of functional derivatives 0344/0V and solving it iteratively up to

second order in Cy, and Cy. Letting {V'} — 0, the Fourier transform of the polaronic
self-energy reads

Siu(w; U) = S5 (w; U)
+ [(1 = ) gwol* | A(w — wo; U)np(wo) f(w — wo; U)

A(w; U) = (11)

+ A(w + wo; U) (np(wo) + 1) f(w +wos U) | (12)
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with the result after the first iteration step,

Z)L(;K(w; U)= o—7°9% coth 6 Z { Io(R) T (w + ) fulw + U,) + Z I5(k)2sinh(s0)

s>1

X [FELO) (w + o — swo)np(swo) falw + Uy — swp)
+ TO(w + p + swo)(np(swo) + 1) fu(w + U, + swo)] } , (13)

and 0 = fwy/2 and k = 7?¢g*/sinh§. The function X7, follows from Eq. (12) by
interchangig np <+ (1+np), fo ¢ (1 — fu), and f < (1 — f).

The self-consistent set of Eqs. (6), (11) and (12) is the central result of our theory
and the basis for the numerical calculation of the nonequilibrium dot spectrum
and the junction current. The functions Zfd describe the damping of the dot state
resulting from the in- and out-scattering of polaron-like quasiparticles. They account
for inelastic (quasielastic) dot-lead transport involving the emission and absorption
of an unequal (equal) number of phonons. The corresponding dot spectral function
includes terms of arbitrarily high order in g, through the explicit summation over s
in Eq. (13) and the iteration of the self-consistent equations (11) and (12).

Our result is dependent on the variational parameter ~, which allows for the in-
vestigation of the vibrating quantum dot system in a wide range of EP and DL
coupling strengths. This is depicted in Fig. 3, whereby we suppose identical leads
with Fgo)(w) = const = I'y. For v — 0, our result corresponds to the selfcon-
sistent Born-approximation (SCBA), which starts from the rigid dot and expands
the electronic self-energy to second order in gwg [56]. This approximation is ap-
plicable to the adiabatic regime I'y > wy with small EP coupling. For v — 1,
our approximation is comparable to approaches based on the complete Lang-Firsov
transformation [21-24], which are applicable to the strong coupling, antiadiabatic
regime 'y < wy. Eidelstein et al. [60] argued that this regime can be extended to
[y < wp if the exponential renormaliation of the effective DL coupling is so strong
that I'y e 9 < wo. Only when I'y e’ approaches wy the system crosses over to the
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adiabatic regime, whereby ~ provides a measure of the polaronic character of the
dot state.

We determine the optimal parameter, vy,;,, by minimizing the thermodynamical
potential, which can be derived for AT = 0 using the famous “A-trick” [61], and
reads

1 ~
0 =-— 3 In(1 4 e A1) 42 (1 — ~)*n?

_ [ @ s A-p-w w—A+# P [ d IO
/7r fl(w){ |Z_M_w|+arctan< D (w),2 ,
(14)

with T = 2> 4 50 and fO = pt)</r®

In the followmg, we give an overview over our numerical results for the dot spec-
trum and the linear and nonlinear conductance in different DL and EP coupling
regimes. We compare our variational calculation to the appropriate limits, i.e., to
the SCBA with v = 0 and the small polaron picture with v = 1. Thereby we use
wg = 1 as the energy unit and set ;1 = 0. If not otherwise noted, we keep 7" = 0.01.

Results I: Electronic spectral function Fig. 4(a) presents our results for the
adiabatic regime with I'y = 10. The 7 = 0 spectrum is a single Lorentzian with a
width of I'y, signaling the hybridization of the dot level with the lead states. Even
for strong EP coupling ¢, = 5, only small dips and peaks at w = fw, suggest a
phononic influence [62]. The variational calculation yields v, = 0.28. Now the
spectrum shows several prominent phononic features at integer multiples of wy due
to logarithmic singularities in the denominator of Eq. (11). Here, incoming high
energy particles scatter to lower states via the emission of phonons. Most notably,
A(0) is diminished, meaning transport through the dot remains coherent, but with
a lower tunneling amplitude than predicted by the SCBA calculation.

In Fig. 4(b) we consider the antiadiabatic system with I'y = 0.1 and moderate
EP couphng &?p = 1. The half width of the central Lorentzian peak is now given by
I‘O ~ Ty e 9. Around the central resonance peak at w = A= 0, the dot density
of states is exponentially suppressed, which is the hallmark of the so-called Franck-
Condon blockade [63]. We find several pronounced side bands separated from the
main peak by integers of wy. They are weighted according to a Poisson distribution
with the mean v2¢?, suggesting that incoherent hopping transport takes place via
an intermediate polaronic dot state. The variational calculation yields v, = 0.81,
which, compared to the small polaron case v = 1, shifts spectral weight from the
sidebands back to the main peak.

Lastly, Fig. 4(c) exhibits the dot spectrum in the regime of comparable electronic
and phononic time scales with I'y = 1 and intermediate EP coupling €, = 2. We
find ymin &= 0.5 and a dot state that shows characteristics of both limiting cases:
A central zero-phonon peak and few phonon sidebands with a width of the order
of their spacing, clearly separated by the logarithmic suppression effect. Due to
Pauli-blocking, for low temperatures the sidebands are always offset by wy from the
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Fig. 4: Electronic equilibrium spectral function. Panel (a): Adiabatic regime with
I'p =10, ¢, = 5, A = 0. The variational result with i, = 0.28 is compared to the
SCBA with v = 0. Arrows mark the phononic features. Panel (b): Antiadiabatic
regime with I'p = 0.1, &, = 1, A = 1, and yin = 0.81, compared to the small polaron
picture with v = 1. Panel (c): Crossover regime with I'yo = 1, ¢, = 2, A = 2, and
Ymin = 0.53. Adapted from article I.

Fermi level, irrespective of A. This “floating” [16] of the side bands is missed by
single particle approaches [22,23].

Results II: Charging transition and linear response Fig. 5(a) shows how
in the intermediate regime with I'y = 1 the dot charges as the bare dot level A
is lowered. For growing EP coupling the transition shifts, becomes steeper and
even discontinuous. Here the system switches between two stable solutions ng, the
effective dot level A skips the Fermi energy, and there is no particle-hole symmetric
situation. The parameter Vi, slightly grows with ¢,, but is roughly constant as a
function of A.

For vanishing voltage bias ® — 0, we express the current as J = —L®, with the
linear conductance

. 62F0 > dw , ~
L= fim{-r/ey =0 [ S8 [rw) Aw). (15)
As Fig. 5(b) documents, the linear conductance of the vibrating dot has a maximum
at A = ¢, when A crosses the Fermi energy and resonant tunneling is possible. The
signals width decreases with growing ¢,, due to the Franck-Condon blockade. This
result coincides with the findings of Entin-Wohlmann et al. [62] and contradicts
the broadening of the resonance shown in the work of Mitra et al. [16]. In the
discontinuous case the resonance is skipped altogether and the signals maximum
decreases. Yet even for strong EP coupling, due to the floating of the phonon side
bands we find no signatures that would directly indicate the vibrational structure
of the dot state.

If we increase the global temperature to T' &~ wy (cf. Fig. 5(c)), the conductance
resonance spreads, since for thermally excited lead electrons the injection gap is
reduced. Now, free dot phonons may be absorbed by incident electrons. Our ansatz
accounts for this with ,,;, approaching one near the resonance. In contrast to the
low temperature result, we now find three peaks in the condunctance signal: The
floating condition is relaxed and phonon side bands contribute. More importantly,
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Fig. 5: Panels (a) and (b): Equilibrium dot occupation and linear conductance as
functions of the bare dot level for I'y = 1, T' = 0.01 and several €,. Panel (c): Linear
conductance as a function of the bare dot level for I'y = 0.3, ¢, = 4, and T" = 0.3
compared to the low temperature case. Inset: renormalized DL coupling strength.
Adapted from article 1.

when the polaron forms, the effective DL coupling reduces by one order of magnitude
(see inset), causing dips in the conductance. That is why the side peaks in L are
not situated a full wy away from the main resonance.

Results III: Differential conductance When we increase the voltage bias ¢
between the leads, the nonequilibrium spectral functions of different adiabaticity
and coupling regimes retain the essential features of their equilibrium counterparts
in Fig. 4 (cf. Figs. 4, 5, and 6 in article I) We now examine the influence of these
features on the differential conductance d.J/d® of the quantum dot system.

Figure 6(a) presents our results for the adiabatic, off-resonant tunneling regime
(Fp =10, A =8, ¢, = 2). Compared to the rigid dot, the v = 0 calculation predicts
an increase in the low voltage conductance due to the lowering of the effective
dot level. For finite 7y, (see inset) this positive contribution is countered by the
reduction of the effective DL coupling. This effect strengthens as the voltage grows
and causes a pronounced dip in the differential conductance. At & = wy = 1,
phonon emission by incident electrons becomes possible and opens up a new, inelastic
transport channel. This is typically signalled by a step in the conductance signal.
For v = 0, we find a single small downward step, while for finite vy, there are
several large upward steps, which are followed by the DL renormalization dip.

In the antiadiabatic, resonant tunneling regime (I'y = 0.1, A = ¢, = 2), the
conductance signal presented in Figs. 6(b) show pronounced peaks whenever the
voltage equals multiple integers of 2wg. They indicate resonant transport through
the polaronic side bands in A, i.e., via a transient polaronic dot state. Between
these peaks, due to the Franck-Condon blockade, the differential conductance ap-
proaches zero. For v = 1 it stays strictly positive. In the variational calculation,
where the polaronic renormalization grows stronger with increasing voltage bias, the
differential conductance becomes negative. At ® = 1 and ® = 3, positive inelastic
conductance steps (as we have seen in the adiabatic case) render the differential
conductance positive again.

Fig. 6(c) shows the conductance signal in the resonant, intermediate coupling
regime (I'y = 1, A = ¢, = 2). As the voltage grows, the polaron effect strength-

10
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Fig. 6: Differential conductance as a function of the voltage bias. Panel (a): Adia-

batic, off-resonant regime with I'g = 10, A = 8, and ¢, = 2. The variational result

(Ymin given in inset) is compared to the SCBA with v = 0 and the rigid dot with

ep = 0. Panel (b): Antiadiabatic regime with I'y = 0.1, A = 2, and ¢, = 2. Inset:

Zoom on the low-voltage region and comparison with the small polaron picture with

v = 1. Panel (c): Crossover regime with I'y = 1, A = 2, and ¢, = 2. Inset: Zoom on

the low-voltage region. Adapted from articles I and II.

ens whenever a new inelastic channel is accessible, as is shown by means of the
renormalized DL coupling fo =T e=7°9" in the inset. The vibrational features in
the conductance signal overlap, have comparable spectral weight and are heavily
modulated by the voltage dependent polaronic renormalization. There is no clear
distinction between quasielastic peaks and inelastic steps. Moreover, the differential
conductance approaches zero between the broad conductance peaks, but remains
strictly positive. In their work, La Magna and Deretzis [19] suggested the variation-
ally determined renormalization of the dot-lead coupling as a possible mechanism
for the observed nonlinear behavior of the differential conductance. We conclude
that for the antiadiabatic regime, this remains true within our approximation. In
the intermediate regime however, the occurence of negative differential conductance
is suppressed when multi-phonon transport processes are taken into account.

Results I'V: Sticking effect In the previous section, the conductance features of
the system have mainly been explained through the voltage dependent renormaliza-
tion of the DL coupling. In Fig. 7 we present another interesting consequence of the
variational polaron formation, concerning the effective dot level. For weak to inter-
mediate EP coupling ¢, = 0.11...0.33, our result for v = 0 is in good agreement
with the work of Entin-Wohlman et al. [62]. However, for €, = 0.33 the variational
calculation shows an additional peak-like feature atop the broad conductance res-
onance. This can be understood from Fig. 7(b): With growing voltage bias the
variational parameter increases, so that the level A shifts upwards until at & = 0.62
it equals the chemical potential of the right lead. For 0.65 < ® < 0.8, the variational
parameter decreases in such a way that A stays in resonance with the sinking lead
chemical potential, simultaneously relaxing the renormalization of the DL coupling.
Thereby, the system maximizes the tunneling current, forming the new conductance
peak. For strong EP coupling, this “sticking” of the polaronic dot level to the lead
chemical potentials may occur in conjunction with negative differential conductance,
as Fig. 6 of article II shows.
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Fig. 7: Panel (a): Differential conductance as a function of the voltage for Iy = 0.33,

A = 0 and different €,. The variational calculation is compared to the SCBA with

~v = 0. Panel (b): Optimal variational parameter i, and renormalized dot-level A

as functions of the voltage for ¢, = 0.33. Adapted from article II.

Thermoelectric transport In article III we extend the theory presented above to
incorporate a finite temperature bias between the leads. In addition to the chemical
potentials u,, the leads are now characterized by the temperatures T,. The dot
oscillator is supposed to be strongly coupled to a heat bath of temperature Tp.

In this situation the effective electron temperature at the dot is not generally
known. In Sec. B of article III we argue in detail how the Kadanoff-Baym formalism
can, nevertheless, be applied to this situation. In short, we note that the formalism
does not refer to some special properties of the statistical ensemble. We therefore
generalize the definitions (9) and (10) to time variables in the interval [ty,ty — i0],
replacing the usual § = 1/kgT with a time ordering parameter o that has no physical
meaning. We neglect initial correlations and assume that before the disturbance
H;; was turned on, the system was in a steady state with the temperatures T,
and Tp. The function G44 defined in this way serves purely as a functional of the
time ordered operators determining gfd. As a result, the solution of the steady-state
equations is formally equivalent to the result in Eq. (11). We concentrate on the
effect of the DL coupling renormalization and use the self-energy function after the
first iteration step, i.e., Eq. (13). The different temperatures enter the self-ernergy
through the Bose function ng of the phonon bath and the Fermi functions f, of
the leads. Lastly, we suppose the parameter 7,,;, to be mainly determined by the
EP and DL interaction and assume the equilibrium thermodynamic potential of the
system to be a reasonable approximation for the variational function.

Results V: Thermocurrent and thermovoltage In the following, we consider
the particle current through the junction resulting from a finite temperature differ-
ence AT between the leads. Thereby we suppose T, =T + AT and Tp =Tr =T
with 7' = 0.01. Figures 8 and 9 present our results in the regime of intermediate DL
and EP coupling. For small AT, it is instructive to consider the thermoelectrical
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Fig. 8: Panel (a): Equilibrium electronic spectral function near resonance with 'y = 1,
A =2, and ¢, = 2. The variational calculation (black line) is compared to the small
polaron limit v = 1 (red dashed line) and to the result for £, = 0 (blue dot-dashed
line). In the latter two cases A is set in such a way that A is the same as in the
variational calculation. Panel (b): Same as (a), but for I'y = 0.5, A = 2.5, ¢, = 2.
Panels (c¢) and (d): Junction current as a function of the temperature bias for the
same parameters as in (a) and (b), respectivly. Adapted from article III.

conductance defined as
r
X = lim {TJ/AT} = =* ©og / —wf Aw) . (16)
AT—0

It implies that the net linear thermoelectric current is determined by the flow and
counterflow of hot and cold charge carriers near the Fermi level. In the particle-hole
symmetric case with A = 0 these flows cancel exactly. Near resonance (0 < |A| <
Fo), finite EP interaction increases the slope of A around the Fermi level, as can be
seen in Fig. 8(a). Now the quantum dot acts as a more effective energy filter and the
linear thermoelectric response increases compared to the noninteracting case, as can
be seen in Fig. 8(c). In contrast, in the tunneling regime (|A| > I'y) the value and
slope of A at the Fermi surface is strongly diminished due to the Franck-Condon
blockade. Hence, the linear thermocurrent decreases compared to the rigid dot, as is
verified in Figs. 8(b) and (d). We find however, that the maximum current through
the vibrating molecule is always smaller than for the rigid dot, since considerable
spectral weight is shifted to the floating phonon side bands. Even for large AT,
their contribution is exponentially small.

In a typical experiment, the strength of the thermoelectric effect is measured
via the thermovoltage ®q, i.e., the voltage bias necessary to cancel the thermally
induced current. In the off-resonant situation considered in Fig.8(b), the Franck-
Condon blockade reduces the electrical conductance. Consequently, the voltage
bias ®( required to compensate the thermally induced current grows compared to
the rigid dot, as Figures 9(a) shows. For large temperature differences, we find a
maximum value &, = 1.5. Here one of the lead chemical potentials crosses the zero-
phonon peak at w = ®(/2 in the spectrum (cf. Fig. 8(b)). The systems conductance
grows considerably and any thermally induced current can easily be compensated

13
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Fig. 9: Panel (a): Thermovoltage as a function of the temperature bias for I’y = 0.5,
ep =2, and A = 2.5. Panel (b): Thermovoltage as a function of the bare dot level for
I'p=0.5, e, =2, and AT = 0.25. Adapted from article IIIL.

by a slight growth in ®. That is why for fixed ﬁ, we find no phononic features in
Oy (AT).

Lastly, in Fig. 9(b) we fix the temperature bias AT = 0.25 and vary the dot
level. The thermovoltage signal runs linearly through zero, resembling the tooth-
like thermopower predicted in Ref. [64] and measured in Ref. [51]. For temperature
differences of the order of the phonon energy, the floating condition of the phonon
side bands is relaxed. When the side bands cross the Fermi surface, we find slight
drops in the thermovoltage, that hint at the polaron-like character of the dot state.

Summary and outlook In the work presented here, we have investigated the
steady-state thermoelectric transport through a contacted organic molecule. Based
on the Anderson-Holstein model for a vibrating quantum dot, we calculated the sys-
tems interacting spectral function and self-energy within the nonequilibrium Green
function formalism. To account for the polaronic character of the dot state we
applied a variational Lang-Firsov transformation and determined the optimal varia-
tional parameter self-consistently by minimizing the thermodynamic potential. This
allowed a detailed study of the dot spectrum for small-to-large DL coupling and
weak-to-strong EP interaction and an investigation of the polaronic signatures in
the transport properties of the system.

In the adiabatic regime, our variational calculation shifts spectral weight from
elastic to inelastic transport processes. Though transport remains overall coherent,
inelastic scattering causes pronounced upward steps in the differential conductance.
In the extended antiadiabatic regime, prominent conductance peaks signal inco-
herent transport trough a transient polaronic dot state. Between these peaks, the
growing polaron effect causes negative differential conductance. In the intermediate
regmie, our results confirm that the A-dependent linear conductance signal narrows
with growing EP interaction due to the Franck Condon blockade effect. Only for
temperatures comparable to the phonon energy, secondary resonances arise, since
now the polaron effect grows stronger when the dot level approaches resonance.
When the renormalized DL coupling becomes larger than the phonon energy, the
occurrence of negative differential conductance is prevented by the onset of inelastic
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transport. The step- and peak-like signatures of inelastic and quasi-elastic transport
have comparable weight. In the off-resonant situation, the polaronic level sticks to
the shifting lead chemical potentials, thereby creating a new, peak-like conductance
feature.

The influence of polaron formation on the thermoelectric effect is strongly de-
pendent on the relative position of the dot level to the lead Fermi-surfaces. Near
resonance, the Franck-Condon blockade increases the imbalance between the streams
of hot and cold carriers, thereby boosting the induced current. As a function of AT,
the thermo-voltage shows no polaronic features, since the thermocurrent is small
and is easily compensated by zero-phonon transport. As a function of the dot level,
however, weak polaronic sidebands arise when AT is of the order of wy and the
floating condition is relaxed.

A possible extension of our work concerns the inclusion of Coulomb interaction
effects: For a combined Holstein-Hubbard quantum dot model strong EP coupling
may result in a net attractive Coulomb interaction. [65] Andergassen et al. [66]
argued that for the negative-U Anderson model the charge Kondo effect enhances
the thermoelectric response due to a highly asymmetric dot spectral function. Our
variational ansatz might account for the competition of a repulsive dot potential with
the negative polaronic level shift and, therefore, interpolate between the positive-U
Holstein-Hubbard dot model and an effective anisotropic Kondo regime.

Moreover, we have not yet considered energy transport through the junction. En-
ergy deposition, i.e., heating or cooling of the molecule should strongly depend on
the renormalized electron-phonon interaction given by the variational parameter.
Preferably, such a calculation would also account for the dynamics of the phonon
subsystem by means of nonequilibrium phonon Green functions. The resulting ef-
fective temperature of the dot electrons could to be determined numerically [67]. In
this way, the nonlinear behaviour of the variational parameter, which was responsi-
ble for the negative differential conductance, could be carried over to the discussion
of thermoelectric transport.

While the local Holstein coupling captures the molecules vibrations, the defor-
mation of the dot-lead anchoring groups could be modeled by introducing phonon-
affected dot-lead hopping, in analogy to the Edwards fermion-boson model [68-71].
The latter describes a particle distorting an ordered background medium. Unre-
stricted electron hopping is amended by a term that creates (destroys) a boson at
the site the particle leaves (enters). Then particle mobility is governed by the relax-
ation rate of the resulting string of background fluctuations. It would be interesting
to investigate this “string effect” when it is restricted to few sites at the quantum
dot.

Lastly, in the light of recent advances in the fabrication of nanostructures, new
geometries should be considered, like multi-terminal junctions or a molecule placed
on an Aharonov-Bohm ring.
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1.3 Luminescence of trapped semiconductor
excitons

The theoretical work presented here was motivated by recent experiments on natu-
ral cuprous oxide crystals performed by Stolz et al., which are sketched in Fig. 10
and described in detail in article VI. Excitons of the so-called yellow series in
cuprous oxide (CuyO) have a large binding energy of 150meV and a Mott den-
sity of 3-10® ecm™ at cryogenic temperatures [72,73]. Due to the doubly degen-
erate valence and conduction bands, the ground state of this series splits into the
triply degenerate orthoexciton and the nondegenerate paraexciton. The orthoex-
citon is only weakly optically allowed while the paraexciton is optically forbidden
in all orders. Their lifetime is of the order of microseconds, so that thermody-
namic quasi-equilibrium may be reached. In the experiment, excitons are created
via laser excitation. To increase particle density, stress is applied to the crystal,
which deforms the band structure and creates an effective trapping potential for
the paraexcitons and two of the orthoexciton species. The trapped excitons decay
by emitting light which is imaged on a spectrograph. Luminescense, therefore, is
the principal method of detection. It contains information about the exciton energy
spectrum, their spatial density distribution and, possibly, on whether an exciton
condensate has formed.

Model: Multispecies trapped boson gas Our calculation of the thermody-
namics of a K-component exciton system is based on the Hamiltonian typically
used for a gas of weakly interacting structurless bosons. It is modified by introduc-
ing the sum over a species index ¢. In the grand canonical ensemble it reads:

K
Ho= ;/dgr Ol (e, 1) (‘ 7;;2]\7; + Vi(r) — Mz’) Yi(r,t)

330 [ bl 0wl e, D) a7)

ij=1

Here, 1;(r,t) is the bosonic field operator of exciton species i, with the respec-
tive trap potential V; and the chemical potential p;. We assume a contact poten-
tial for the exciton—exciton interaction, with the intra- and inter-species interac-
tion strengths h;; = 27r712(MZ._1 + M j_l)afj given by the respective s-wave scattering
lengths aj;.

The field operators v;(r,t) are decomposed using the Bogoliubov prescription
Pi(r,t) = @;(r) + ti(r,t), with the condensate wave functions @;(r) = (1;(r, 1)) =
(1h;(r)) and the operators of the noncondensed excitons 1;(r, t). Then the Heisenberg
equations of motion ihd,; = [1;, H| give 2K coupled equations (arguments dropped
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Fig. 10: Experimental setup. A small cuprous oxide crystal is cooled to ultralow
temperatures in a cryostat. Along the z-axis, pressure is applied via a glass lens.
Excitons are created by focusing a dye laser (propagating along the z-axis) close to
the induced strain trap. The excitons diffuse towards the trap center, reaching thermal
quasi-equilibrium. Their decay luminescence signal is monitored via a CCD-detector
and spatially resolved along the y- and z-direction. Adapted from article VI.

for brevity), the so-called Gross-Pitaevskii equations for the condensates,

h*Vv? ~
0= |- S0, + Vi — i + hig (ng; + 1) Jr; hijnj | @i
j#i

+ hiim P; + Z hij (ﬁjz@j + mji@;> ; (18)
J#i

and the equations of motion for the noncondensed excitons,

O, h2V2 -
ih % (— SN +%_Mi+2hiinii+zhijnjj Vi
JF
+ hmmn{[}j + Z oy (nij{/;j + ng@) ) (19)
J#i

with the averages n;; = @;@;+n;5, mi; = ©;Q;+myy, Ny = (Jj%% and m;; = <QZZ{/;]>
As a first approximation, we neglect the nondiagonal averages with j # ¢ in Egs. (18)
and (19). Also, we suppose the extension of the potential trap to be large compared
to the thermal de Broglie wavelength of the excitons. Then we can apply the local
density approximation, i.e., we treat the exciton gas as locally homogeneous, setting
V? — —|k|? with a wavevector k in Eq. (19). For the same reason we neglect the
kinetic energy term in (18). Then the spatial dependence enters our equations solely
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through the external potentials V;. With these simplifications, Eq. (19) is solved by
a linear Bogoliubov transformation,

Ji _ Z [ul (k)bz (k)efiEi(k)t/h + U: (k)b;r (k)eiEi(k)t/h:| : (20)
k

with the creation and annihilation operators bET) of new quasiparticles, so-called
bogolons. The densities n! = 7;; of noncondesed excitons are given by

) =[5 [ 20D (wamen) +5) - 3] o Ber?) e

with np(E) = [exp(E/kgT) — 1]". To guarantee gapless excitation spectra E;, we
apply the Popov approximation, neglecting the anomalous averages m;; [44]. Then
the bogolon dispersion reads

Ei(k,r) = /Li(k, )2 = (hing(r))?, (22)
h2k?
Li(k,r) = Sy + Vi(r) = i + 2himi(r) +Y  hiny(r) (23)
! J#i
with n¢ = |®;]? and n; = ny; = n! + n¢. From the simplified Gross-Pitaevskii
equation, the condensate densities follow as
1
ne(e) = (i = Vilr) = 2han! (1) = D hygmy (1)) (24)
v i

whenever this expression is nonnegative, while n{(r) = 0 otherwise. Equations (21)-
(24) have to be solved self-consistently.

Luminescence spectrum In the articles IV and V, we suppose that the lumines-
cence intensity spectrum is determined by the excitonic spectral function according
to the formula by Shi-Verechaka [44, 74]:

Ii(r, w) oc 27 S;(0) |6 (hw' — pi)ns(r)
+ ) 1Si(K) Prp(hw' — i) As(r, k, ' — i) (25)
k0
The first term in Eq. (25) contains the condensate peak, the second term accounts
for the luminescene of non-condensed particles. The latter is given by the exciton

spectral function, which follows from the Bogoliubov amplitudes u; and v; and the
quasiparticle spectrum in (22):

Ai(r, k,w) = 2rh|ui(k,v)d(hw — Ei(k, 1)) — v (k,v)6(Aw + Ei(k,r))| . (26)

In Cu;0, orthoexciton decay takes place via phonon emission, so that W' = w —
Ey/h — Wphonon With E, being the excitonic band gap. The paraexcitons decay
directly, so we set w' = w — E,;/h and S(k) = Syd(k — kq) with k, being the
wavevector at the intersection of photon and exciton dispersions. Consequently, in
our approximation, the paraexciton condensate with k = 0 does not contribute to
the luminescence process.
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Fig. 11: Left side: Dispersions and density profiles in z-direction at (z,y) = (0,0)
for paraexcitons (left column) and orthoexcitons (right column) with 7' = 2.2K, N, =
5x 10, and N_ = N, = 5 x 10%. Right side: Corresponding luminescence spectra.
Adapted from article IV.

Results I: Multispecies luminescence Figures 11-13 present our results for
the equilibrium particle densities and emission spectra of trapped Cu,O paraexci-
tons (labeled ‘p’), and orthoexcitons (‘+” and ‘—’). To account for the experimen-
tal situation, we convolute the emission spectrum in Eq. (25) with a slit function
exp[—(w/A)?*], with spectral resolution A. Moreover, we consider the luminescence
spectrum in z-direction, by integrating over the x- and y-directions. The respective
(cylindrically symmetrical) trapping potentials V; were fitted to experimental data.
To illustrate our results, we assign each species one of two possible particle num-
bers, N; = 5-10° and N; = 5-10%, and vary the temperature around the respective
single species critical values T? ~ 2K and TP =~ 1K. We note that the description of
exciton-exciton interaction strengths is a long-standing problem. The values used
here are deduced from the scattering lengths of the positronium problem given in
Ref. [75]: hyy = h__ = 0.71 hyp, hypr = hy = 0.33 hyp, and hy_ = 1.77 hyy,, with
hpp = 7.5-107* peV pm?.

In Fig.11 we set N, = 5-10° and Ny = 5-10%, with 7" = 2.2 K well above
both of the single species critical temperatures. The interspecies interaction causes
a noticable shift of the orthoexciton population and a weak renormalization of the
Bogoliubov dispersions F;, which nevertheless roughly follow the external potentials.
Since |kg| &~ 30 pm~! is rather small, the zero-phonon emission spectrum of the
paraexcitons resembles the minimal excitation energy E,(k =0, 2, o = 0), while for
orthoexcitons, every k-vector contributes and we find a broad energy distribution.

If we lower the temperature to 7' = 1.2 K, the paraexcitons form a condensate. As
can be seen in Fig.12, their dispersion is cut at the chemical potential, which exceeds
the bare trapping potential. Now the luminescence spectrum shows a flat bottom
and a weak secondary Bogolibov branch, both of which could act as experimental
footprints of the otherwise undetectable paraexciton condensate. In contrast to the
single species case, we find no orthoexciton condensate in the full calculation: The
presence of multiple repulsive species lowers the critical temperature. Because of the
different minimum positions of the para- and orthoexciton potentials, the thermal
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Fig. 12: Left side: Dispersions and density profiles in z-direction at (z,y) = (0,0)
for paraexcitons (left column) and orthoexcitons (right column) with 7' = 1.2K, N, =
5x 10, and N_ = N, = 5 x 10%. Right side: Corresponding luminescence spectra.
Adapted from article IV.

orthoexciton cloud is pushed aside, which is refelcted in their emission spectrum.

Next, we keep T' = 1.2K, but exchange the particle numbers of para- and or-
thoexcitons. The results are shown in Fig.13. Both orthoexciton species condense
and, due to their strong repulsion, separate into a ball-and-shell structure with fi-
nite overlap [37,38]. With h%_ > hiih__, our interaction parameters fulfill the
condition for phase-separation of interacting trapped condensates [37,39]. The com-
bined orthoexciton emission spectrum shows no clear sign of this phase separation.
However, the displacement of the noncondensed paraexciton cloud and the resulting
distortion of the emission spectrum is strongest in the area of overlapping orthoexci-
ton condensates. As we argued in article V, this W-shaped signature could provide
an indirect footprint of a phase separation of orthoexciton condensates. If detected,
it would suggest that hy_ > hy,.

If we lower the temperature to 7' = 0.8 K (not shown) all the species condense.
The ortho- and paraexciton condensates do not separate due to their weak inter-
action. The paraexciton spectrum develops a flat bottom and the aforementioned
W-shaped distortion vanishes.

Extended luminescence theory The luminescence formula according to Shi [44]
used in the articles IV and V takes into account “normal” processes that involve the
annihilation of an exciton and subsequent creation of a photon. To be consistent
with the Bogoliubov picture of condensed excitons, however, anomalous processes
should also be included. The aim of article VII was to derive such an expression for
the zero-phonon paraexciton decay luminescence.

As seen above, the Bogoliubov transformation converts the system of interacting
excitons into a system of noninteracting bogolons with the operators bg ) and the

dispersion Fq. Similarly, we write the photon field as a sum of oscillator modes with

the operators ag ) and the dispersion wq = gco/+/€p, Where ¢ is the vacuum veloc-

ity of light and ¢, is the background dielectric constant. The interaction between
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Fig. 13: Left side: Dispersions and density profiles in z-direction at (z,y) = (0,0)
for paraexcitons (left column) and orthoexcitons (right column) with 7' = 1.2K, N, =
5x 10%, and N_ = N, = 5 x 10°. Right side: Corresponding luminescence spectra.
Adapted from article IV.

bogolons and photons is given by the minimal coupling Hamiltonian [76],
T =~ S AR bt ST A 27
xp——m—ozj: (rj)'Pj+2—mO2j:| ()", (27)

with the mass my, the position t;, and the momentum p; of the j-th electron. We
expand the position operator to lowest order in terms of the bogolon states ]‘Iff ) and

evaluate the Heisenberg equation of motion ihp; = my[t;, I:IX] Writing the vector
potential operator in terms of the photonic operators, A(r) oc > (aq + dT_q), the

total Hamiltonian H = ]:IX + I:Ip + ﬁxp takes the form
> B blb, + Zhwqa iq +1ZO (g + alg)(b_q — 0F)
aq
+) Dyl + af)(ag +aly), (28)

with the coupling strength parameters Dg = Cg /Eq and

h?e? f E, 2m0E
C<21 - deoermg V hw(; ; q| \I/B|qu er 0) [* (29)

Here, f is the oscillator strength of paraexciton decay [77], which we do not derive
microscopically, but replace with the experimentally obtained value. In the next
step, we consider the (normal-ordered) field—field correlation function

GOl (r1,t1Ta, ts) = (B (1a, ) B (01, 1)) (30)

where E®) are the field components of positive and negative frequencies [78]. The
frequency-dependent intensity signal I(r,w) follows from the Fourier transform of
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this correlation function at r{ =ry =r, ie.,

ih? ) n.
[(r7 w) X gg])g(r7 r)w) — QVEO Z(l + cos @), /WqWq! g;}z< (q’ q/7w) el(q—Q) r 7 (31)

aq’

with © = Z(q,q’). In contrast to Eq. (25) the luminescence now depends on the
photonic real-time correlation function

Gaa~(a,d 1, to) = —ih{al, (t2)ag(t)) - (32)

To calculate g}1<, a number of similar normal and anomalous real-time correlation

functions of mixed photon and bogolon operators have to be evaluated (cf. Eq.(28) of
article VII). To this end, we define corresponding Keldysh Green functions G?‘g, [46,
79] on the two-branch time contour. Based on the Heisenberg equations of motion

of the operators df{f ) and I;g ) we arrive at a number of coupled selfconsistent Dyson
equations on the contour, which can be analytically continued to the real time
axis via the Langreth rules [80]. Assuming a steady-state, Fourier transformation
results in a system of four coupled equations for ¢'!<(q,q’,w), ¢21<(q,q’,w), and
the two respective retarded or advanced functions, a closed solution of which is still
pending. The solution of the subsystem of retarded and advanced functions can be

given straightforwardly,

11r/a
Yaa

o(a—q)
((wEi€) + wq + 2dg)((w £ i€)* — €2) 4 2cieq

(wEi€)? — w2 — ddqwqg)((w Ei€)? — €2) — 4cieqwq

(a,q,w) =

St =

. (33)

with Eq = heq, Cq = hcq, and Dy = hdq. The poles of these functions give the
excitation spectrum. We find four solutions (w % ie) = j:Q(f, with

1 1
02 = 5(631 + Wl + Adqwg) 5\/(631 —w? —ddqwq)? + 16cZequq - (34)

This result is analogous to the Hopfield polariton spectrum [81] with its noncrossing
upper and lower polariton branches. The energy E is now the Bogoliubov dispersion
of the interacting, condensed exciton system, so that the new quasiparticles will be
called “bogolaritons” in the following. The corresponding photonic spectral function
reads

Ada(a,q',w) = 2m0(q—q) |UF?0(w — Q) + V26(w + QF)

—2 - —92 _

FU 0w — Q) + V0 (w+ Q)| - (35)

with the weights of the positive and negative upper and lower bogolariton branches
given in Egs. (38)-(41) of article VII. We note that, in contrast to the bogolon

spectrum in Eq. (26), the bogolariton spectrum features four branches, even for
n. = 0. Only for Cq = 0, the spectrum reverts to a single free photon branch.
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Fig. 14: Panel (a): Upper and lower bogolariton spectrum E = thi —E,—-Vo+pu
as a function of ¢, for r = 0 and T' = 2K. The inset magnifies the (avoided) crossing
region of the free photon and bogolon dispersions. Panel (b): spectral weights of the
upper and lower bogolariton spectrum, in dependence on ¢, for the same parameters.
Adapted from article VII.

Results II: Bogolariton spectrum The numerical calculation of the paraexciton
luminescence is carried out in two steps: First, we calculate self-consistently the
paraexciton density distribution using a one-species version of Eqgs. (21)-(24). For
simplicity we consider a spherical harmonic trap V(r) fitted to the bottom of the
experimentally observed trap potentials. The total exciton number is N = 10'°,
which gives a critical temperature of T, ~ 1.5K. Secondly, the resulting bogolon
spectrum Eq and the free photon dispersion wq are put into the bogolariton spectrum
Qf;. For the oscillator strength per unit cell we use the experimental values f =
4.7 x 1071 and V = (4.48A)3.

Figure 14(a) shows the resulting positive upper and lower branches of the bogo-
lariton spectrum as a function of ¢ at the trap center r = 0. The inset of Fig. 14(a)
shows a zoom in on the crossing point of the uncoupled photon and bogolon disper-
sions. It illustrates how the upper and lower bogolariton branches avoid crossing,
resulting in a gap with a width of 2Cyq ~ 90peV. Varying r shifts the energetic
position of this gap according to Eq(r).

Figure 14(b) gives the ¢-dependence of the spectral weights U3 ? and V=2 in the
photonic spectral function. Far from the gap, the weights qu 2 equal one or zero,
representing the undisturbed photon states. Near the gap, they smoothly switch
roles. In contrast to the weights v4 of the bogolon mirror branch, the ti are finite
even for n. = 0. The weights of the mirror branches, however, are smaller by ten
orders of magnitude, and they will be ignored in the following.

Combining our results for the dispersions and weights, Fig. 15 presents the photon
spectral function A, (g, E) in the vicinity of the gap. The photon dispersion is
considerably renormalized, with a hockey stick like structure at the gap. In contrast
to the Shi-formula in Eq. (25), where the paraexciton luminescence was given by
the single value gy = 30.2 um™"! at the intersection bogolon and photon dispersions,
the signal now depends on two critical wavenumbers q(jf. For a given energy, we
numerically determine the wavenumbers ¢i so that £ = hQ;‘E. As Fig. 15(b) shows,
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Adapted from article VII.

for energies E below the gap, the wavenumber ¢j is undetermined and we find
Gy ~ Go- After E crosses the gap position, we find ¢ ~ ¢, while ¢; grows due
to the g>-dependence of the bogolon dispersion. The smallest difference between g
and ¢, is found at the gap: ¢ —¢f = 0.38 pm™'.

Summary and outlook We have presented a theoretical approach for the de-
scription of multi-component interacting excitonic gases in potential traps. Based
on the grand canonical Hamiltonian of weakly interacting Bose gases in external
potentials, we used the Bogoliubov prescription to derive self-consistent equations
of motion for the condensed and noncondensed excitons. Applying the local density
approximation and neglecting mixed-species averages, we arrived at Hartree-Fock-
Bogoliubov equations for the densities of condensed and thermal excitons. The
corresponding excitonic spectral functions yielded the systems luminescence signal
via the formula by Shi and Verechaka [44].

Based on these equations, we have investigated numerically the interplay of three
exciton species in Cu,O and their influence on thermodynamical and spectral fea-
tures for different combinations of temperature and particle numbers. Due to the
mutual repulsion, the critical temperatures lower compared to the single species sit-
uation. In our local density aproximation, the paraexciton condensate is invisible,
due to wavevector conservation. However, signatures of a possible Bose-Einstein con-
densate might be found in the luminescene spectra of noncondensed particles: Our
calculation predicts the formation of a flat bottom and weak second, bogolon mirror
branch in the paraexciton spectrum. Moreover, since the para- and orthoexciton
trap centers are not aligned, the paracondensate pushes the selfconsistent orthoex-
citon densities and spectra aside. In case of an orthoexciton condensate, the strong
repulsion between orthoexciton species leads to a spatial separation of the respective
condensates into a ball-and-shell structure. This is not obvious from the combined
orthoexciton spectrum, but the para spectrum is distorted at the crossover region,
providing an experimental footprint of this phase separation. If detected, the inter-

24



1.3 Luminescence of trapped semiconductor excitons

and intra-species interaction strengths of the ortho(+) and (—) species would satisfy
the relation Ay > hy ..

We extended our theory of the zero-phonon decay luminescene by using an interac-
tion Hamiltonian that accounts for anomalous exciton-photon coupling terms. The
resulting luminescence formula is dependent upon the interacting photonic Green
functions, whose equations of motion were derived in a nonequilibrium Green func-
tion framework. We investigated the spectral features by means of the photonic
spectral function. Near the former crossing point of free bogolon and photon disper-
sions, a hockey stick structure hints at the formation of polariton-like quasiparticles,
which we call bogolaritons. The calculation predicts mirror branches even without
the formation of a condensate, which, however, carry negligable spectral weight. In
contrast to the Shi-formula, the luminescence signal will now be given by the spec-
tral weight at two distinct wavevectors. The very next step of our calculations will
be the solution of the equation of motion of the phononic correlation function.

In the future, the theory may be extended in several ways. Neglecting the
Thomas—Fermi approximation, the full Gross—Pitaevskii equation for the conden-
sate function in the external potential should be solved numerically. This would
provide a better solution at the condensates boundaries. Moreover, the wavefunc-
tions Fourier transform would include contributions with finite wavevectors, so that
the paraexciton condensate may contribute to the luminescence.

The multi-component theory for the noncondensed particles could be improved
by including the mixed-species averages. This would overcome the effective single-
component picture with a pure mean-field coupling, but complicate the Bogoliubov
transformation approach. Moreover, one could consider spectral broadening due
to exciton-exciton interactions, i.e., go beyond the Hartree-Fock-Bogoliubov-Popov
approximation by incluging higher order correlations on the level of the Beliaev
approximation [82].

Our luminescene theory should be extended to orthoexciton decay, i.e., consider
phonon assisted exciton-photon interaction within the self-consistent Green function
calculation. Lastly, profound evidence for the creation of an exciton condensate
would be the emission of coherent light. That is why the theoretical calcualtion of
higher order correlation functions should be pursued.
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Nonequilibrium transport through molecular junctions in the quantum regime
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We consider a quantum dot, affected by a local vibrational mode and contacted to macroscopic leads, in
the nonequilibrium steady-state regime. We apply a variational Lang-Firsov transformation and solve the
equations of motion of the Green functions in the Kadanoff-Baym formalism up to a second order in the
interaction coefficients. The variational determination of the transformation parameter through minimization of
the thermodynamic potential allows us to calculate the electron/polaron spectral function and conductance for
adiabatic to antiadiabatic phonon frequencies and weak to strong electron-phonon couplings. We investigate the
qualitative impact of the quasiparticle renormalization on the inelastic electron tunneling spectroscopy signatures
and discuss the possibility of a polaron induced negative differential conductance. In the high-voltage regime,

we find that the polaron level follows the lead chemical potential to enhance resonant transport.

DOI: 10.1103/PhysRevB.84.125131

I. INTRODUCTION

Recent advances in nanotechnology have made possible the
creation of electronic devices with the active element being a
single organic molecule. Such molecular junctions may be
an alternative to semiconductor technology in the search for
further miniaturization and novel transport properties. They
can be described as quantum dots, i.e., as systems of finite size
coupled to macroscopic leads acting as charge reservoirs. As
with metallic or semiconducting junctions, energy level quanti-
zation determines transport. In addition, when being occupied
by charge carriers, molecular quantum dots are susceptible
to structural changes that may be induced by the interaction
with optical phonons. As a consequence, vibrational signatures
show up in the current-voltage characteristics. Moreover, they
render inelastic tunneling spectroscopy (IETS), the primary
experimental tool for the identification and characterization of
molecular quantum dots.'-?

For a thorough understanding of the underlying transport
mechanisms suitable theoretical models have to be studied.
The simplest one is based on a modified Fano-Anderson
model where the static impurity is replaced by a single site
coupled to a local phonon mode. Then the current is given
by the interacting dot spectral function and the voltage bias
between the noninteracting macroscopic leads.® The transport
properties of the system strongly depend on the relative time
scales of the electronic and phononic subsystems.*

In the regime of fast electron motion and weak electron-
phonon (EP) coupling, standard perturbation theory applies.>’
Here, IETS signatures result from the interference of
(quasi)elastic and inelastic tunneling processes.®® The calcu-
lated line shapes in the total current are found to be especially
sensitive to changes in the dot-lead coupling parameter and the
dot-level energy.'®!" In general, both these quantities should
be affected by conformational changes of the molecule. In the
equilibrium situation, the question remains whether vibrational
coupling leads to a broadening® or narrowing’ of the linear
conductance resonance as a function of the dot level.

On the other hand, in molecular quantum dots the vi-
brational frequency can be larger than the kinetic energy of

1098-0121/2011/84(12)/125131(16)
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incident electrons. From the study of the Holstein molecular
crystal model,'? it is well known that in this regime, strong
EP interaction may heavily reduce the “mobility” of the
electrons through the formation of small polarons (electrons
dressed by phonon clouds).'*'* Consequently, for quantum
dots, the formation of a local polaron is considered a possible
mechanism for the observed nonlinear transport properties,
such as hysteresis, negative differential conductance (NDC)
and switching.!>~!8 Approaches based on the application of
a Lang-Firsov transformation'®?° to the Hamiltonian suggest
that the vibrational structure of the polaron state is revealed by
distinct steps in the current-voltage signal.®?!->> Here, electron
transport takes place via resonant tunneling through phonon
sidebands.

In this paper, we investigate steady-state transport through
molecular quantum dots for small-to-large dot-lead coupling
and weak-to-strong EP interaction. Using the Meir-Wingreen
current formula,’ our main task is the determination of the
interacting electronic spectral function of the quantum dot. As
the background of our calculations we choose the formalism
of Kadanoff-Baym,?* which relies on the correspondence
of the nonequilibrium Green functions of complex times to
the real-time response functions. Starting from the Dyson
equation, the general steady-state equations for the response
functions will be deduced. The solution of the latter equations
will lead to a nonequilibrium spectral function, which has a
form analogous to the equilibrium one. The dot self-energy
determining the spectral function will be calculated from the
equations of motion of the Green functions up to a second
order in the interaction coefficients.

Our approach is based on a variational Lang-Firsov trans-
formation, which was developed for Holstein polarons at finite
densities”* and recently applied to the molecular quantum
dot in equilibrium.”> We extend these calculations to the
nonequilibrium situation and to finite temperatures, whereby
the dot self-energy will be calculated self-consistently to ac-
count for the density-dependent oscillator shift. The variational
parameter of the Lang-Firsov transformation is determined
numerically via the minimization of the thermodynamic

©2011 American Physical Society
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potential. In this way, we are able to interpolate between the
self-consistent Born approximation (SCBA)'!-?6 and the small-
polaron approach?? previously used in the weak and strong EP
coupling limits. We note that already in the equilibrium case,
our variational calculation introduces important corrections
to the corresponding spectral functions that determine the
conductance in the linear response theory. We reexamine the
low-temperature equilibrium quantum dot system and analyze
the occurrence of high-temperature phonon sidebands in
the linear conductance.

In the nonequilibrium situation, we show the impact of
the optimal polaron state on the IETS signatures mentioned
above. For comparable electronic and phononic time scales,
we study the crossover from coherent tunneling to sequential
hopping via a transient polaron state, where the interplay
of both resonant and off-resonant multiphonon processes
leads to complicated electron tunneling spectra. Recently La
Magna and Deretzis'” applied a similar variational ansatz
to an effective electron Hamiltonian and found polaron-
formation-induced NDC. Considering the dependence of the
current-voltage characteristics on the full spectral function, we
critically discuss this effect.

The paper is organized as follows: Sec. II A introduces the
model Hamiltonian and describes the variational Lang-Firsov
transformation. In Secs. IIB and IIC, a formal steady-state
solution to the equations of motion is presented. In Sec. II D,
we derive an approximation to the polaronic self-energy that
is self-consistent and depends on the variational parameter.
The latter is determined from the numerical minimization
of the thermodynamic potential that is deduced in Sec. IIE.
Section IIF gives the relation between the electronic and
polaronic spectral functions. In Sec. II G, the general current
formula for arbitrary voltage is discussed and the special case
of linear conductance is mentioned. Section III presents our
numerical results and Sec. IV summarizes.

II. THEORY

A. General equations

Our considerations are based on the standard Hamiltonian
of the single-site quantum dot model:

H=(A—wdid — gwyddd + b) + wob'd

1
E i § : t PRI
+ (gka - 'u’)ckacka T T = (tkad Cka + tkackad)'
k,a N k,a

M

Here, the quantum dot is represented by the energy level A,
with the fermionic creation (destruction) operator d t (d). The
dot is coupled to a local phonon mode »™ of energy wy,
with g being the dimensionless EP coupling strength. The &,
(fork =1, ...,N) are the energies of noninteracting electrons
in the left and right lead (a = L,R) with the equilibrium
chemical potential p. The corresponding operators cza (cpy)
create (annihilate) free fermions in the N lead states. The last
term in Eq. (1) allows for dot-lead particle transfer.

We apply to the model (1) a variational Lang-Firsov
transformation,'”'>2>?7 introducing two parameters y and j:

H = SIS HS1(1)S:(7), 2)
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Si(y) = explyg(b' — b)d'd], 3)
5:(7) = exp[yg(b' — b)]. )

S1(y) describes the antiadiabatic limit where the phononic
time scale is much faster than the electronic time scale and
the deformation of the dot adjusts instantaneously to the
presence of an electron. For y =1, it coincides with the
shift transformation of the Lang-Firsov small polaron theory, '’
which eliminates the second term on the right-hand side of
Eq. (1) and lowers the dot level by the polaron binding energy:

£p = § . (&)

To account for the competition between polaron localization
and charge transport, an incomplete Lang-Firsov transfor-
mation with y € [0,1] is used where y will be determined
variationally. The second shift transformation S,(y7) describes
the regime of fast electron motion, where the quasistatic
displacement of the equilibrium position of the oscillator
affects transport. According to similar considerations in
Ref. 27, the parameter y is fixed by the condition that the
oscillator shift is stationary in the equilibrium and steady state.
Then y = (1 — y)n,, with the dot occupation

na = (d'd), (6)

where (- - -) denotes the steady state mean value.
After the transformation, the Hamiltonian reads

H=7d'd —Cyd'd—ng)+wob'b + e,(1 — y)n}

+ Z Ekacltacka - Z(Ckachka + Cl-l-aciad)’ (N
k,a k.a

with

T=A—n—eyQ—y)—26,(1—y’ns. (8
§=ng Eka = Eka — s ©)]

t ~
Cra = ﬁ e FNCy = gwp(1 — y)(b' +b). (10)

Here, 7 is the renormalized energy of the single dot level.
Crqs and Cy are the renormalized interaction coefficients of
the dot-lead transfer and the EP interaction, respectively. Note
that now the operators d and b represent dressed electrons
(in analogy to polarons) and the shifted local oscillator. The
original electron and oscillator operators, now denoted by d
and b, read

d=e¥-Dq  p=pb+3did+1—y)gns (11)
We describe the application of a potential difference between

the leads by adding to Eq. (7) the interaction with the external
fields {U} and define the voltage bias ® accordingly:

Hiy = Z U, Zciacka’ with U, = —ua, (12)
a k

& = (Up — Ug)/e, (13)
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where e is the (negative) elementary charge. The response
of the quantum dot is given by the polaronic nonequilibrium
real-time Green functions:

gaa(t1,12:U) = —i(Tdy(t)d)) (12)), (14)
i (t1,1; U) = i(d) ()dy (1)), (15)
8o (t1,1: U) = —ildy (1)d] (12)). (16)

Remember that (---) denotes the equilibrium average with
respect to H, while the time dependence of the operators d M s
now given by H+ H;y. The time ordering operator in Eq. (14)
is defined by

Tdy(t)d](t2) = dy(t)d), (1),
= —d} ()dy(1),

According to Kadanoff-Baym,?® the real-time response func-
tions (14)—(16) may be deduced using the equations of motion
for the nonequilibrium Green functions of the complex time
variables t =ty — it, T € [0, 8], defined as

tt—1, >0, a7
tt—1 <0. (18)

Gaatr i Uoty) = =~ (Tod(t)d | (1)S), 19)

(s)
G (t1,12: Usto) = (lﬁ('ﬁdf(lz)d(ll)s), (20)
G (1,12 Uoto) = —<1§<ﬁd<r1)dT<rz)s>, @1)

where the order of #; and 1, is fixed in G;; and G,. The
time dependence of all operators is determined by H and the
external disturbance is explicit in the time-ordered exponential
operator S:

to—ip
S = ﬁexp{ - i/ dr Him(t)}. (22)

In Egs. (19)—(21) and (22), the operator 7, orders times
according to

i(ty — ) > 0, (23)
it — ) <0. (24)

Tody()d], (1) = d(t)d' (1),
= —d'()d(1),

In the following, the Green functions of “mixed” operators
Goa(k,a;t),tr; U, tp) and g.q(k,a;t),tr; U) will be used, which
are defined similar to Egs. (14)—(21). The functions g
follow from the functions G through the limiting procedure
o —> —O0.

B. Equations of motion

We consider the polaronic dot Green function (19), where
the index “dd” will be omitted for the moment, and start from
the Dyson equation in the matrix form:

(GO~ (1,75 U 1) — B(t1,7; U, 19)] ® G(7,12; U, 1o)
=48(t) — 1) . (25)

In Eq. (25), the matrix multiplication “e” is defined by

ft'” #df... and the § function of complex arguments is
understood with respect to this integration. With the inverse
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zeroth-order Green function

NS
GO (t,1) = (15 - n>8(t1 —b), (26)
1

Eq. (25) gives for i(t; — ty) < i(t — tp)

d
(l* - ﬂ)G (t1,12; U, 1)
oty

n
_ f dF 7 (10,7 U.10)G=(F,12: U to)

fo

15}
+f 4 S<(t1,7: Ust0)G= (o2 U o)

n

i
[ EUG U, @)
153
where the self-energy functions X< are defined analogously
to G<:
Z7 (11,125 U o) = Z(t1,12; U o),
(.12 Uotg) = E(11,1023 U o),

i(th — ) >0, (28)
i(ti — ) <0. (29)

On the other hand, the matrix-transposed form of (25) yields

0
(—l* - U)G (t1,12; U, 1)
)

n
_ / dF G (11,7 Usto) S (Fota; Ut

Iy

15}
+/ df G=(t1,1;U,t9)X~(f,1; U, 1)

t

ip
+/ di G=(t1,1; U 1)) X7 (,12; U, 19). 30)
[5)
Similarly to Egs. (27) and (30), equations having
G~ (t1,t; U,tp) on the left-hand side are obtained in the case
i(t; — tp) > i(ty — ty). After the limiting procedure ) — —oo,
we arrive at the equations for the real-time response functions
of the dot operators:

0
— = S(t,t; U
(latl '7)8(12 )

f
=f di [Z7 (1,5, U) — £<(t; 1, U)1gS (7,123 U)

oo
g~ (T, U],

(€20)

53
_/ di =S5 0)g” (F,1;U) —
—00

d
—1— — >, U
( lat 77)8(12 )

f
= / di [¢7 (1,1, U) — g~(t; 1; U)ISS (7,123 U)

oo

5]
—/ di g5(n.LU)E™ (0 U) — B(Fn: U)).

(o8]

(32)

The latter equations are general; up to this point no special
assumptions or approximations were made.

125131-3
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C. Steady-state solution

Limiting ourselves to the steady-state regime, all functions
of (#1,,) will be supposed to depend only on ¢ =1t — t,.
Then, after suitable change of the integration variables, the
difference of the equations for g= in Eqs. (31) and (32)

PHYSICAL REVIEW B 84, 125131 (2011)
gives

/oo di [g=HGUE" (1t -1 U)—g” (G UE~(t -1 U)] =0,

oo

(33)

while the differential equation for (g~ — g~) following from
Eq. (31) reads

0

0 - o _ _ _ _ _ _
(i——n)[g><z;U>—g<<z;U>] =f dr[z>(r;U)—2<<z;U>][g><t—r;U>—g<(r—t;U>]—f di[S> (i — £U)
0

at —00
— I -nU)g" @ U) — g~ U)] (34
Using the Fourier transformations of ¢S and £ with factors according to Kadanoff-Baym,? e.g.,
o0
g U) = Fi / dt g=(1;U)e'™, (35)
—00
o0
d .
G =7 [ T2 Fwue, (36)
oo 27
the following exact equations for the steady-state are obtained
g (@ UE7 (0 U) — g7 (0 U)E7(0; U) = 0, 37
- * do X7 (0 U)+Z<(w;U) ], o <
[w—n—Pf - - [¢7(@;U) + g™ (w; U)]
oo 2T w—
[e¢] d ! o> /; U < /; U
= [E>(w;U)+Z<(w;U)]P/ o g @i U) +e"@sU) (38)
oo 2T w—w

If we define, in analogy to the equilibrium expressions,”’

A(w;U) = g7 (;U) + g~ (w3 V), (39)
do Alw;U)
gz U) = / > , (40)
T I—w
MNw;U) =7 (w; U) + T (w; U), 41)
E(Z;U):/d—w M, 42)
2 z—w
Eq. (38) takes the form
[ — 7% —Re Z(w; U)]A(w; U) = T'(w; U) Re g(w; U).
43)
According to Eq. (39), we can write
g (@ U) = A(w; U) f(w; U), (44)
g7 (@ U) = A(w; U)[1 — f(o: V)], (45)

introducing the nonequilibrium distribution f, which follows
from the steady-state equation (37) and the definition (41) as

YX<(w;U)

flU) = M@ 0)

(46)

Looking for a solution A(w; U) of Eq. (43), which would be
equal to the equilibrium spectral function for {U} — 0, we

assume (according to similar considerations in Ref. 23) that
g(z; U) has the form

gz;U) =

1
=72 U)
Together with Eq. (40), Eq. (47) fulfils Eq. (43) identically,
and the polaronic nonequilibrium spectral function becomes

I'(w;U)

-~ do' L(@:U)7]2 MwU)72"
[o—7—PJ % 20T + [(42]

21 w-—w 2

47

Alw;U) =

(48)

D. Self-energy

We determine the polaron self-energy X,;; from the
equations of motion for the generalized Green functions of
complex time, which were considered for the equilibrium case
in Ref. 25. In particular, the coupled equations for G,; and
G.q read

GO (11,1) @ G yy(F,12; U, to) = 8(ty — 1)
i
+®(7?Cd(l1)d(t1)dT(t2)S>

+> é (T: Cha(t)ep (1A (12)S), (49)
k,a
GO (k,a;1,,7;U) o G y(k,a;7,t2; U, to)
= L(ﬁCla(tl)d(tl)dT(tz)S), (50)

(S)
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where, in analogy to Eq. (26),
-1 0

GCC (k,a;t),t;U) = zg—éka—Ua 8(ty — ). (51)
1

To deduce the functional differential equations for the self-
energy Xjq = GSZ_I - G;a}, in addition to the physical fields
{U}, we introduce the fictitious fields {V} by adding to Hjy
(cf. Refs. 23, 25, and 28 )

Y WVia(Cp0 (1) + Via(OCL (O] + Va())Ca(0).
k,a

(52)

In the same way as in Ref. 25, the averages on the right-
hand side of Egs. (49) and (50) are expressed by means of
the functional derivatives of Green functions with respect to
{V}. The resulting functional differential equation for X,
is solved by iteration to the second order in the interaction
coefficients defined in Eq. (10). The correlation functions of the
interaction coefficients are evaluated supposing independent
Einstein oscillators. Letting then {V} — 0, the following self-
consistent result is obtained

Saa(ti12; Usto) = S9Nt1,123 U k) + [gep(1 — p)I?

XGaq(ty,t2; U o) F3(t,).  (53)

The result of the first iteration step,

Sud(t0; Usto) = Y (C PG (ks 11,13 U)

k,a
+ Y UC PGk ,as t1,1; UYFi (11,1),
k.a

(54)

is independent of G,4. The quasiequilibrium nonperturbed
Green functions of the leads read

GO (kas11,0; U) = ie™ ) f (&, + U,),
G (k11,10 U) = —ie SO [1 — f(& + U,
with f(x) = (e#* + 1)~!. The functions F| and F3 are given
by F~ and F5 for i(tj — 1) <0, and by F;” and F; for

i(t) — 1) > 0, respectively:

FE(11.1) = exp{@[(ng(wo) + DeFnt—)

+ np(wo)e U]} — 1, (56)
Ff(tl,tz) = (ng(wp) + 1)eT =)
+np(wp)e =), (57)

with ng(x) = (e#* — 1)~!. In Eq. (53), we perform the limit
to — —oo and the continuation of the complex time variables
to real times, while keeping the condition i(#; — #,) < 0O for
Yy andi(ty — 1) > 0 for X7,. We arrive at

<
E(tLtU)
< <
= Ef,]d)>(t; U) + [(1 — y)gwol* g5, (t1,12:U)
x[(ng(wo) + D)eX 172 4 pg(wg)e™ ™M=, (58)

PHYSICAL REVIEW B 84, 125131 (2011)

s
de>(t17t2; U)

= D NP g0 (koa; 11,12 U) o)
k.a

+ Z L,(5)2 sinh(s0)[(n g (swp) + 1)eTis@ot =)

s>1

+ nB(st)éFimo(tl*tz)]}’ (59)

where
0= 1,3 _F (60)

2P KT e
o0
1 K\ S+H2m
1 = — (= , 61
0= (5) (61)
and
< do 7 —iw(t —1)

8au(t1,1;U) = — i Al@; U) f(w; U) e 72, (62)

d _ .
82t 1 U) = /ﬁ Aw; U)[1— f(w; U)le 172 (63)

Now we insert [(Cia)l? = (|txal?/N)exp{—5%cothf} in
Eq. (59) and go from the k summation to the integration over
the lead states with the help of the density of states of lead a:

1 [e]
NZ|rka|2---—>Z/ do |tg(@)ou(@) -+, (64)

k,a

1
0al®) = ; 8(w — €1a)- (65)

We then Fourier transform Eq. (58) according to Eq. (35) and,
after evaluating the resulting delta functions, obtain

Z;d(a); U)
= = (@ U) + [(1 - y)gaoP[A( — wp; U)
X f(@ — wo; U)np(wy) + Alw + wo; U)
x f(w+ wo; U)ng(wo) + D],
20 (@ U)
= e T ST (@ + ) f @+ Us)

a

+ D L02sinh(s6) [n 5 (@) (@ — swo + 1)

s>1

x f(w— swy + Uy) + (np(wo) + DI'P(w + swy + p)

(66)

X f(w+swo + Ud)|}. 67)
IF'2%w) = 27 |t,(®)|*0a (). (68)

The function X7,(w; U) can be understood as a generalized
in-scattering function of polaron-like quasiparticles at the
dot.?® The second to fourth line in Eq. (67) accounts for
multiple-phonon emission and, if 7 > 0, absorption processes.
After some algebraic manipulations of the Bose- and Fermi-
functions, the first-order self-energy (67) may be written in the
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following form:

PHYSICAL REVIEW B 84, 125131 (2011)

20 (@;U) = T (0, U) f(0 + Up) + TR (@3 U) f(w + Ug), (69)

IV U) = 78 en? <Io<x>rg°>(w + )+ Y L()2sinh(s0){ TV (@ + 1 — swo)lnp(swp) + 1 — f(@ + Uy — se)]

s>1

AT (@ + 4 swo)np(swo) + f(@+ Ua + SwO)]})' N

Because X7, (w; U) results from interchanging ng <> (np + 1), f < (1 — f)and f < (1 — f)inEgs. (66)—(69), Eq. (41) gives

F(w;U) = I'Y(w; U) + [(1 — y)gwolH{A(w — wo; U)[np(wo) + 1 — flw — wg; U)]
+A(® + wo; U)np(wo) + f(@ + wo; U]}, (71)

I'D(w; U) = T (w; U) + TV (w3 U).

From Eq. (71), the spectral function follows using Eq. (48). For
any parameter y < 1, the spectral function A and distribution
f have to be determined self-consistently. Furthermore,
because the renormalized dot level defined in Eq. (8) depends
on the dot occupation n4, the latter has to fulfill the self-
consistency condition

®do -

ng = 5= S U)A(@; U). (73)
oo 2T

We note that for y =0, our results are equivalent to the

SCBA.?® For y = 1, no self-consistency condition has to be

fulfilled, as ¥, = E;ld) and 7 is independent of n,.

E. Variational procedure

To determine the variational parameter y, we minimize the
thermodynamic potential €2, which is given by the partition
function Q as

Q= _1 In Q. (74)
B
We assume the leads to be macroscopic objects, which are
negligibly influenced by the states of the dot. Accordingly, the
contributions of the leads to 2 and to the mean energy (H)
give only additive constants. Since the electronic degrees of
freedom of the dot are coupled to the oscillator ones by the
second term on the right-hand side of Eq. (7), a decoupling
approximation will be used to determine the electronic part of
the thermodynamic potential.
As a consequence of the equation of motion, the following
identity holds

d d
(l an 1 8t2> d (tz)d([l) et
= 7d'(11)d(t) — Cad'(t)d(t)) + H'(1).  (75)

Here, H' represents the part of the Hamiltonian (7) that
depends on the operators d' and d. As an approximation, we
neglect the second term on the right-hand side of Eq. (75) and
in H'. Taking the statistical averages on both sides of Eq. (75),
remembering that

(d(R)d(1)) = —igg (1,12, U) (76)

(72)

and using Eq. (62),

, dw =
(H') = / L o= A @) 1)

is obtained. To determine the corresponding electronic part of
the thermodynamic potential, &', we consider the canonical
ensemble given by the Hamiltonian H; = Hy + V;, where
Hy =7d'd and V, represents the interaction part of the
Hamiltonian (7) with coefficients ACy, and ACy, for A € [0,1].
Applying the result (77) gives

dw _
(Via = 2/ pr (0 —1) Au(@; U) f(w; U). (78)
Here, (- - -), denotes the dependence of the statistical average
on X and the indices A on the right-hand side of Eq. (78) refer
to the interaction coefficients in H,. We use the well-known
general relations®-° for the determination of &/, namely,

Q= Q= 1) = —%m Q0. =1, (19

1
InQgAh=1)=mnQ*r=0) - ,3/ di %(Vxh, (80)
0

where
In QO = 0) = In(1 + &), (81)

To make the integration in Eq. (80) feasible, the general
procedure leading to the thermodynamic potential outlined
above will be carried out using the solution for the dot response
in the first iteration step, described in the preceding section.
In particular, the spectral function A,(w;U) is determined
according to Eq. (48), using I" ;1)(60; U), which is proportional
to 22 T (w; U) = 22T D(w; U). Similarly, f(w; U) is deter-
mined by Eq. (46) using )= and T™ on the right-hand
side. Note, however, that 7 will be determined from the
electron density n, corresponding to the complete self-energy
25 U).

To complete the function €2, which is to be varied with
respect to y, we have to take into account the renormalization
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of the oscillator energy given in the first line of Eq. (7). We

finally obtain that
/ d / too do

=M fV(w;U) AT D(w;U)
[a) )\Z'Pf do' F(“(w U)] + [)\2 F">(§);U)]2
1

Q

—% In(l + ¢ )+ e,(1 — y)’n?

do
3 In(1 + ™) + &,(1 — y)*n] — /7 )
~ w—T—P do/ TOW)
T + arctan 2 wo—of .
77 — rO(w)/2

(82)
The parameter y resulting from the variation of Eq. (82) is
used to determine E ~(w; U) according to Eq. (66). The self-
energy functions obtamed in this way give the distribution
function f(w; U) and the spectral function A(w; U) according
to Egs. (46) and (48), respectively.

F. Relation between electronic and polaronic functions

In the previous sections, the functions A(w;U) and
g.4(w; U) in polaron representation were deduced. Because
the current through the quantum dot will be given by the
corresponding electronic functions A(w; U) and g5, (w; U),
we have to find a relation between these quantities. We start
by decoupling the fermionic and bosonic degrees of freedom
in the electronic dot Green function of complex times:

<’T><7;f7<z1)2*(r2)5>

~ Gaa(ty,ty; U, 1) (T, e8¢ D00 =80 =b)e2)y

Gaa(t1,12; U 1g) = —

(83)
Assuming an independent Einstein oscillator, we find
(T B0 =0)tn) =B =b)12))
- .
— ¢ 8 cothG{IO(K) + Z I‘Y(K)[e.vﬁeitswo(tl —1)
s>1
+e—sé)e:FiswU(I|—tz)] } (84)

where the upper signs correspond to i(#; — t;) > 0 and the
lower ones to i(t; — t;) < 0. Going from the complex time
variables to the real ones, the following relation between

d?i,(cu; U) and gi(a); U) is obtained

T (@;U) = e T 100 g5 (3 U)
+ 3 L)€ g5 (@ % swo; U)

s>1
+e ™ gl F swp: U)]}- (85)

With the identities
% = 2sinh(s0)[1 + ng(swo)l, (86)
59 = 2 sinh(s0)n g(swp), 87

PHYSICAL REVIEW B 84, 125131 (2011)

the electronic function g7d§d(a); U) may be expanded as

ACAY
= e T (Io(i0) g7 (@3 U)
+ 3 102 sinh(sO){[1 + np(sw0)lg (@ + swo: U)

s>1

+np(swo)g (@ F swo; U))). (88)

Considering Egs. (44) and (45), the electronic spectral function
is obtained in terms of the polaronic one as

Aw;U) = Ziy(@:U) + Zry(: U)
= e TN ([() A(w; U) + Y _I,(x)2 sinh(s6)
s=>1
x {[np(swo) + f(w+ swo; U)]A(w + swo; U)
+ [np(swo)+1— f(w — swo; U)]A(w — swo; U)}).
(89)

G. Current

The operator of the electron current from lead a to the dot
reads

N

ie ~ ~
Ji= 7= D ltrad' ey, — 1yt d). (90)
k

To calculate the mean value J, = (fa), the following connec-
tion of the expectation values to the real-time Green functions
is used

ildie,,) = g5kast,n; U)
B /‘X’ dw
) 2w
i{cl,d) = Ziotk.astn,11:U)

“do .. R
= —/_ pr [gy(k,a;w; U] 92)

oo

goylk,a;w;U), (C29)

We start from the nonequilibrium Green function of the
complex time variables for the electron operators, namely,

<’T><7;cka(r1)c7*(tz)3>, (93)

Gealk,a; 11,1, U tg) = —

where S is given by Eq. (22). From the commutators with
the Hamiltonian in the electron representation, the equation of
motion is obtained

. a
8t

— &0 — U ) Gealk,a 11,12, U, o)

1~
jaﬁ 05U o). (%94)
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Equation (94) can be rewritten as

Gealk,a; 11,3 U, 1)

l: to—i

_ a

Rv4 N 0
Performing the limit 1) — —oo while keeping i(¢; — 1;) < O,
the following equation for the real-time response functions is
obtained

VN
———8qk.a;t1,6;U)
ka

1
= / di 97 (k,a; 11,1, U)g5,(T,12;U)

o0

p ~
di GQ(k,a;11,5;U)Gaa(,12; U tg). (95)

o0
4 / dT 8O (k.as 17 V)G U)

n

o0
—[ di g0 (k.a: 1y, U)g;,(T.1r: U)

n

[5)
—/ di §9<(k,a;t,,1; U)g;,(,1;U),  (96)

[o9]

where the quasiequilibrium functions of the noninteracting
leads, gé(c))g, coincide with the expressions (55), with (¢#; — 1,)
real. Based on Eq. (96), the formal manipulations presented in
the Appendix, which are analogous to the considerations made
in Ref. 3, finally lead to the following formula for the electron

current from the lead a to the dot:

e o0
Jo= = ltwal® / dw 8(w — £xa)
N & oo

X [f (Era + U A(@; U) — Z5y(@; U))

/00 dw 1_,(0)( + )
= e —_— w
oo 2 H

X [f(@+ U)A;U) — Zi(@; U], (97)

where the electronic functions g, (w; U), Z(w; U) are given
by Egs. (88) and (89), respectively. Since J; = —Jy in steady
state, the current formula acquires the well-known form?
J = 1(J JRr)
=5 R
e [ dw ~
=5 52O W) faw) A U), 98)
2 ) o 21

with f,(w) = f(w+ U,). In Eq. (98), identical leads are
assumed, so that 'Q(w) = I‘(LO)(a)) = Fg))(a)). As a check of
our numerics, we find indeed that the condition J; = —Jg
holds, as expected for the SCBA. For vanishing voltage bias
® — 0, we can express the current as J = —L®, where the
linear conductance

L = lim{-J/®} 99)

results from Eq. (98) as
e (®do © , ~
L= 5= Mo+ w [—f (@] Aw)
2 J_o 2w

e? *® dw © ~
= 5,3 /700 EF (@ + W) f@Il - f(®]A(w), (100)
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and the electronic spectral function is now calculated in
equilibrium.

III. NUMERICAL RESULTS

As stated above, the spectral function, dot occupation,
and y have to be evaluated self-consistently. We do this in
a two-step manner: (i) for fixed y and a starting value ny
in Eq. (8) we calculate Efild)(w), I'D(w). The corresponding
AD(w) and fD(w) are inserted for A and £ in the right-hand
side of Egs. (66) and (71). All functions are then iterated until
convergence, which is signalled by

max {|Aj11(@; U) — Ai(@: U)I} <8, (101)
with § being a predefined tolerance. In analogy to the
occurrence of multiple stable solutions in the mean-field ansatz
of Galperin et al.,"” for strong EP coupling or high voltages,
several roots of Eq. (73) may exist. We choose the root that
minimizes the thermodynamic potential. (ii) We do this for all
parameters y to find the global minimum of Q[y,n,(y)]. The
corresponding parameter will be referred to as yin.

In the following numerical calculations, we suppose iden-
tical leads and work in the wide-band limit, so that I'©(w) =
I'® is energy independent.

The equilibrium state, as well as the transport proper-
ties of molecular junctions crucially depend on the time
scales of the electronic and phononic subsystem. While the
lifetime of an electron on the dot is given by the dot-lead
coupling parameter, 7 o< 1/ T®,2° the phononic time scale
is given by the phonon energy T, o 1/wy. The ratio I'? /wy
determines which subsystem is the faster one. Moreover, one
should compare the polaron formation time 7,0 o 1/€, to
the electron lifetime. If the latter is long enough, i.e., if the
ratio g,/ I'® is large, a transient polaron can form at the dot.
The parameter g will yield the mean number of phonons it
contains.

A. Equilibrium situation, low temperature

We first consider the equilibrium low-temperature limit
with ; = g = pteq =0 and T = 0.01. Before we study
the physically more interesting regime of equal electronic
and phononic time scales, we analyze the two limiting cases
I'® > wy and TO® « wy. In the following, wy = 1 fixes the
energy unit.

1. Limiting cases

In the adiabatic case I'® > wy, the dot deformation adjusts
quasistatically to the average electronic occupation. For small
EP coupling, standard perturbation approaches are applicable
and the expansion of the self-energy to second order leads to
the Born-approximation (BA). On a higher level, the SCBAZ6
provides a partial resummation of the perturbation series by
replacing the zero-order Green function in the BA self-energy
with the full Green function in a self-consistent way. As was
mentioned above, our result (53) reduces to the SCBA for
y — 0.

Figure 1(a) shows the electronic spectral function of the
adiabatic quantum dot system with A =0 and ¢, =5. We
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FIG. 1. (Color online) For model parameters 7' = 0.01, u = 0,
and ® = 0. (a) Electronic spectral functions for I'¥ = 10, ¢, = 5,
and A = 0 with y =0 and yyin = 0.28, respectively. Arrows mark
the phononic features for y = 0. (b) Electronic spectral functions for
r®=0.1,¢e, =1,and A = 1 with y = 1 and yini» = 0.81, respec-
tively. (c) Dot occupation and variational parameter as functions of
the bare dot level A for ¥ = 0.1 and ¢, = 0.3.

compare the SCBA result (y = 0) to the result of the varia-
tional calculation, yielding ymin = 0.28. The SCBA spectrum
consists of a single band, whose width is given by I'®. Due
to the mean-field shift oc n; = 0.7, the renormalized dot level
lies beneath the Fermi level of the leads (at @ = 0) and the dot
acts as a tunneling well. Because of the short residence time
of electrons, the effects of inelastic scattering at the dot are
small. At ® = —wp (v = +wp), we find a small peak (dip) in
A (see arrows) due to narrow logarithmic singularities in the
denominator of Eq. (48).”

The variational calculation introduces several corrections to
the spectrum. The finite yy,;, reduces the effective mean-field
coupling, i.e., the last term in the polaron shift (8). Because it
is not fully compensated by the n,-independent contribution

PHYSICAL REVIEW B 84, 125131 (2011)

to Eq. (8), the overall band shifts upward. In addition, situated
at integer multiples of wy from the lead chemical potential,
several inelastic resonances form overlapping phononic side-
bands. Because A(w = 0) is lowered, transport through the
dot remains coherent, but with a slightly reduced tunneling
amplitude.

In the strong coupling, antiadiabatic case I'® « wy, the
electron occupies the dot long enough to loose coherence and
interact with the phonons. Several approaches’*>? handle this
regime by applying a complete Lang-Firsov transformation
(y = 1! to the Hamiltonian, which gives the exact solution
for the isolated molecule or when the finite occupation of the
leads is neglected.’! Consequently, yimin can be considered a
measure of the small polaron character of the dot state.

Again we compare the corresponding limit y =1 to
the result of the variational calculation while setting A =
g, =1 [see Fig. 1(b)]. In the former case, the dot level is
renormalized by the polaron binding energy and represented
by the zero-phonon peak at A = A — ¢, = 0. In addition, we
find pronounced peaks separated by wy, signaling the emission
of phonons by incident electrons and holes. The spectrum
documents the formation of a long-living polaron state at the
dot, with a mean number of phonons given by g2 = 1.

For the same parameters, the variational calculation yields
Ymin = 0.81 < 1 and we find a somewhat broader main peak
and less spectral weight in the phonon sidebands (g2 = 0.66).
Consequently, incoherent hopping transport through the dot
takes place via an intermediate polaron state, whose spectral
weight and lifetime are smaller than predicted by the complete
(y = 1) Lang-Firsov calculation.

Figure 1(c) finally shows the dot occupation and variational
parameter as functions of the dot level A in the antiadiabatic
case I = 0.1, but for small EP coupling ¢, = 0.3. In this
regime, we find ymin & 0.7. This is in good quantitative
agreement with the result of La Magna and Deretzis,’
who applied a variational Lang-Firsov transformation to an
effective electron model [cf. Fig. 2(b) in Ref. 17]. The above
calculations show that, although the Lang-Firsov approach
provides the correct physical mechanism, away from the
very strong coupling limit, adiabatic corrections may not be
neglected.

2. Intermediate dot-lead coupling regime

We now investigate the regime of comparable electronic and
phononic time scales by setting I'® = 1. Figure 2 presents
the results of the equilibrium calculation for zero to large
EP coupling strengths. Shown here are, as functions of the
bare dot level A: the dot occupation n, (a), the variational
parameter ymi, and the renormalized dot level 77 (b), and the
linear conductance L (d). For fixed ¢, and A, Fig. 2(c) gives
the thermodynamic potential as a function of  while Figs. 2(e)
and 2(f) display the electronic spectral functions at A = ¢,,.

For ¢, =0, the self-energy (53) is exact (black curves
in Fig. 2) and the rigid dot acts as a tunneling barrier. As
A is lowered and the dot charges continuously, the linear
conductance increases, reaching a maximum at A = 0, where
the dot level aligns with the lead chemical potentials and
resonant tunneling is possible. The width of the conductance
resonance is determined by the electron lifetime I'©.
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FIG. 2. (Color online) For model parameters I'” = 1, T = 0.01, u = 0, and ® = 0. (a) Dot occupation as a function of the bare dot level
for several g,. (b) Variationally determined yii, and renormalized dot level as functions of the bare dot level A. (c) Thermodynamic potential as
a function of y for ¢, = 6 and A in the vicinity of the discontinuous transition. Here, we consider the lower (black solid line) or upper (dashed
red line) root of the self-consistency equation for n,. (d) Linear conductance as a function of the bare dot level. (e) Electronic spectral function
for £, = 2 at resonance. (f) Electronic spectral functions for £, = 6 and A slightly above (A = 6™) and below (A = 67) the discontinuous

transition.

For finite ¢,, the variational parameter ymi, ~ 0.5 and
grows only slightly at A =¢,. As expected, for equal
electronic and phononic time scales we are far from the
weak coupling (y = 0) and strong coupling (y = 1) limits.
As a consequence of the EP coupling, the charging transition
from ny; ~ 0 to ny ~ 1 shifts to higher A because of an
overall lowering of the effective tunneling barrier. Due to the
self-consistent mean-field coupling in Eq. (8), the transition
becomes more rapid and even discontinuous for &, > 5
(signalled by the dotted green lines). Here, the system switches
between two stable solutions of Eq. (73) in analogy to the
strong-coupling results of Refs. 15 and 17. Figure 2(c) shows
the thermodynamic potential as a function of y for g, =6
with A slightly below and above resonance. For y < 0.55,
the effective mean-field coupling in Eq. (8) is so strong, that
Eq. (73) has two roots. For A < ¢, the global minimum of
the thermodynamic potential, situated at y = 0.5, corresponds
to high n,;. As A crosses the resonance, the roots change
roles and the relevant n,; jumps. An adiabatic phase transition
from ny; = 0 to ny; = 1 was also found for a single electron
at a vibrating quantum dot.'*3> Rapid polaron formation and
multistability are considered possible mechanisms for strongly
nonlinear transport properties of molecular junctions such as
NDC.15—17

From Fig. 2(a) we see that, in case of a continuous transition,
ng = 0.5 whenever A = ¢,. As can be easily checked from
Eq. (8), at this point the renormalized dot level resonates
with the lead chemical potentials, i.e., 7 =0 irrespective
of Ymin. Figure 2(e) shows the corresponding electronic
spectral function for moderate coupling &, = A = 2. Few
(g% = 0.5) broad sidebands signal phonon emission by either

particles (w > 0) or holes (w < 0). The spectrum suggests that
transmission remains coherent, but is governed by the slightly
increased lifetime of the transient polaron state oc 1/T',
with T©® = 0.6. In case of a discontinuous charging, the
dot level is shifted instantly across the resonance and there
is no particle-hole symmetric situation, as is demonstrated
by the spectral functions near the transition for ¢, = 6 [see
Fig. 2(f)]. Because 3> = 1.5 > 1, spectral weight is shifted
from the narrow main peak to multiphonon states, reducing
the tunneling rate in the off-resonant situation considerably
(Franck-Condon blockade).

The effects of the EP coupling on the linear response of
the quantum dot can be seen in Fig. 2(d). Due to the rapid
charging and the growing lifetime of the transient polaron,
the symmetrical conductance resonance shifts and narrows.
This result coincides with the findings of Entin-Wohlmann
et al.” and contradicts the &,-dependent broadening shown in
the work of Mitra et al.® Note that in case of a continuous
transition, the maximum value of L is independent of the
EP coupling strength because the dependence of L on T'®
cancels in the low-temperature limit.”->? In the strong-coupling
limit, the resonance is skipped and the linear-response signal
lowers. In accordance with Refs. 7 and 6, we find no side
peaks in the linear conductance at low temperatures. This
is due to “floating” side bands® in the electronic spectral
functions: for all A the phonon signatures are offset by
wo below and above the lead Fermi level, as can be seen
from Fig. 2(f). Consequently, they are not resolved in the
low-temperature linear response. This fact is missed by single-
particle approaches.?!
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FIG. 3. (Color online) For model parameters '® = 0.3, 41 =0, ® =0, ¢ » = 4, and several temperatures. (a) Dot occupation as a function
of the bare dot level. (b) Variationally determined y,,;,, and renormalized dot level as functions of the bare dot level. (c) Thermodynamic potential
as afunction of y for T = 0.3 and A in the vicinity of the resonance. Here, we consider the lower (black solid line) or upper (dashed red line) root
of the self-consistency equation for n,. (d) Linear conductance as a function of the bare dot level. Inset: renormalized dot-lead coupling. (e) and
(f) Electronic spectral function A and integrated spectral weight S for 7 = 0.3 and A = 5 and A = 4.5, respectively.

B. Equilibrium, high temperature

In the following, we consider the effect of finite tempera-
tures on the equilibrium properties of the quantum dot. We set
r®=0.3ande¢ p = 4, thereby entering the strong-coupling,
nonadiabatic regime. Figure 3 shows the same quantities as
Fig. 2, but compares the low-temperature result (7 = 0.01,
black curves) to our findings for 7 = 0.3, which, considering
phonon energies in the order of 100 meV,>** corresponds to
room temperature.

Comparing the low-temperature result in Fig. 3(a) to the
one for £, = 4 in Fig. 2(a), we see that the reduction of the
bare-electron tunneling rate increases the effective EP coupling
strength in such a way that the charging transition becomes
discontinuous. If we increase the temperature, the transition
becomes continuous again. As Fig. 3(c) shows, for T = 0.3
the optimal y is situated in a region where only a single root
of Eq. (73) exists [cf. Fig. 2(c)].

Moreover, at high temperatures the Fermi edges of the leads
soften. Thermally excited lead electrons see a considerably
reduced injection gap so that the charging transition becomes
wide spread. We know from Sec. III A1 that in the strong-
coupling antiadiabatic regime at resonance, when phonon
emission by electrons and holes is possible, the variational
parameter yn,i, comes close to unity. At finite temperatures
T =~ wo absorption of free phonons by incident electrons
opens additional inelastic transmission channels. Our ansatz
accounts for this with Yy approaching one at A ~ 4.5
well above resonance. The polaron formation is signalled
by two wiggles in the renormalized dot level. The impact
on the linear conductance can be seen in Fig. 3(d): in

contrast to the low-temperature result, we now find three peaks
in L.

Figures 3(e) and 3(f) compare the electronic spectral
functions before and after the polaron formation. For A =5
and Ymin &~ 0.6, nearly all spectral weight lies in a few
overlapping emission signals situated above the chemical
potential. Because at 7 ~ o, the floating condition mentioned
in Sec. IIT A2 is relaxed, we find a small phonon peak at the
chemical potential. That is why the conductance resonance
broadens with respect to the low-temperature result. For A —
4.5, the phonon peaks are shifted away from the chemical
potential. As y approaches one, the polaron lifetime oc 1/T©
is increased by one order of magnitude [see inset Fig. 3(d)].
Consequently, the peaks in the spectral function narrow and
spectral weight is transferred to higher-order phonon signals.
The net linear response, being an average over transmission
channels near the chemical potential, decreases and shapes
the outer conductance peaks. At A =g, =4 the narrow
zero-phonon peak crosses the usual resonance. We note that
the maximum value of L is smaller than in the low-temperature
calculation.

C. Nonequilibrium situation

The most important experimental technique for the charac-
terization of molecular junctions is IETS. Experiments can be
subdivided into nonresonant and resonant tunneling scenarios
(RIETS). In the former, the energy of the molecular ion (i.e.,
) lies far above the lead chemical potentials. Consequently,
electron residence times are short and inelastic effects are
small. In the latter, resonance is achieved via the application
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FIG. 4. (Color online) For model parameters T = 0.01, I'¥ =
10, &, =2, and A = 8. (a) Second derivative of the electron current
as a function of the voltage bias for fixed y = 0 (scaled by a factor of
20) and variationally determined parameter ¥, , respectively. (b) and
(c) Electronic spectral functions and their first derivatives at ® = wy,
respectively.

of a gate voltage and strong EP interaction is expected. In
both cases the current-voltage characteristics exhibit distinct
features attributed to vibrational coupling at the junction.
In analogy to the preceding sections, we will analyze the
adiabatic and antiadiabatic limiting cases before considering
equal phononic and electronic time scales.

1. Limiting cases

Figure 4(a) shows the second derivative of the total electron
current as a function of the voltage in the nonresonant (A = 8)
adiabatic regime (I'® = 10) for intermediate EP coupling
strength (¢, = 2). For fixed y =0 we find a single dip at
® = wy, where 7 = 6.8. Here, phonon-emission by incident
electrons causes an additional inelastic tunneling current.
Moreover, quasielastic processes involving the emission and
subsequent absorption of a single phonon are no longer
virtual, because the intermediate polaron state is only partially
occupied. The tunneling current (98) is an integral over the
energies of all incident and outgoing electrons and does not
resolve the various tunneling processes. Therefore polaronic
features are observed in the second derivative of J. As
Persson showed,® the destructive interference of the elastic
and quasielastic processes may overcompensate the positive
inelastic contribution, leading to the dip in the IETS signal. In
their SCBA analysis, Galperin et al.'' demonstrated the strong
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qualitative dependence of this signature on the dot level A and
the bare molecule-lead coupling I'?. Our ansatz allows for the
polaronic renormalization of both these parameters; at ® = wy
the variational calculation gives an optimal yi, = 0.3 and the
effective dot level is further lowered (7] = 6.4 at ® = wy). As
can be seen from the electronic spectral function in Fig. 4(b),
the spectral weight of inelastic electron tunneling processes at
o > ©/2 = 0.5 grows at the cost of the elastic transmission at
o = 0. As a consequence, the overall IETS signal now shows
a pronounced peak at ® = w, [note the scaling of the curves
in Fig. 4(a)] and additional phonon features whenever the
voltage crosses integer multiples of w(. With the current being
an integral over the quantum dot spectrum, the qualitative
change in the one-phonon IETS signal can be traced back to
the first derivative of A(w),'® which can be seen in Fig. 4(c).
When going from y = 1 t0 ymin = 0.3, the sum of the peak
derivatives of A at w = uy g = £®/2 changes sign, showing
that the inelastic tunneling current outweighs the destructive
interference of the elastic channels.

Figures 5(a) and 5(b) present the total current and differen-
tial conductance as functions of the voltage in the resonant
(A =2) antiadiabatic regime (I'® = 0.1) for intermediate
EP coupling strength (¢, = 2). Because the voltage is raised
symmetrically around the equilibrium chemical potential, the
dot occupation as well as the renormalized dot level 77 = 0
remain constant. Both the variational calculation and the
y = 1 case exhibit steps in the total current and pronounced
peaks in the differential conductance whenever the voltage
equals multiple integers of 2w,. Here, resonant tunneling
through phononic sidebands becomes possible. At ® ~ 12, the
current saturates because now the so-called “Fermi window”
w e [-D/2, + /2] encompasses all phonon side bands [see
Fig. 5(c)]. In the low-voltage region & < 4, the optimal
variational parameter differs considerably from one (ymin ~
0.9), thereby increasing the overall weight of the relevant
few-phonon inelastic tunneling channels. As a consequence,
the low-voltage current is larger than in the y =1 case.
Nevertheless, the growth of yy;, along a current plateau
dynamically shifts spectral weight from the corresponding
resonant inelastic channel to higher lying bands outside the
Fermi window. As can be seen from the inset of Fig. 5(b), the
differential conductance is negative, which is in accordance
with the polaron-induced NDC found by La Magna and
Deretzis.!” Only when an upward step (peak in d>J/d®?)
signals the opening of a nonresonant inelastic channel, the
differential conductance becomes positive again.

2. Intermediate dot-lead coupling regime

‘We now turn to the regime of equal electronic and phononic
time scales, setting I'® = 1 and keeping 7 = 0.01 and &, =
2 fixed. First, we hold A =2 at resonance, starting with
Ymin = 0.5 and ny; = 0.5 in equilibrium (cf. Fig. 2). Figure 6(a)
presents the corresponding current-voltage characteristics. We
compare the result of the variational calculation (black solid
lines) to the case with fixed y = 1 (blue dashed lines) and to
an effective electron model (red dash-dotted lines). The latter
is obtained by setting g = 0 in Egs. (66) and (71) and inserting
for I'") the renormalized dot-lead coupling I'” resulting from
the variational calculation. It is comparable to earlier works
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FIG. 5. (Color online) For model parameters T = 0.01, I'® =
0.1, ¢, =2, and A =2. (a) Electron current as a function of
the voltage bias, compared to the result with fixed y = 1. Inset:
renormalized dot-lead coupling. (b) Differential conductance as a
function of the voltage bias. Inset: zoom on the low-voltage region.
(c) Electronic spectral functions A and nonequilibrium electron
distribution functions f for several voltages.

where the averaging over the phonon state leads to an effective
electron Hamiltonian.!”-3

With growing voltage, the variational parameter steadily
increases and approaches one in the high-voltage limit @ > 6.
The elastic transmission rate ') shown in the inset of Fig. 6(a)
decreases accordingly. It exhibits steps at integer multiples of

PHYSICAL REVIEW B 84, 125131 (2011)
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FIG. 6. (Color online) I'” = 1, A = 2, and ¢, = 2. (a) Electron
current as a function of the voltage for the variational calculation
(¥min), compared to the result with fixed y = 1 as well as an effective
electron model using renormalized parameters [ and 7] determined
by the variational calculation. (b) Differential conductance as a
function of the voltage bias. Inset: zoom on the low-voltage region.
(c) Electronic spectral functions A and nonequilibrium electron
distribution functions ffor several voltages.

2wy, suggesting that the polaron formation is especially rapid
whenever a new resonant inelastic channel is accessible. The
electronic spectral functions in Fig. 6(c) show that spectral
weight is shifted from the zero-phonon peak to the overlapping
phonon side bands.
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FIG. 7. (Color online) I'” = 1, A = 8, and &, = 2. (a) Electron
current as a function of the voltage. (b) Variationally determined
parameter yy,, and renormalized dot-level as functions of the voltage.
(c) Electronic spectral functions A and nonequilibrium electron
distribution functions f for several voltages, e.g., slightly below
(® = 147) and above (® = 14") the jump in Yipiy.

The current-voltage characteristics of the interacting results
(¥min and y = 1) contain signatures of both limiting cases
discussed in Sec. III C 1, as can be seen from the differential
conductance in Fig. 6(b). As before, at voltages corresponding

PHYSICAL REVIEW B 84, 125131 (2011)

to integer multiples of 2wy, steps in the current (peaks in the
conductance) signal the onset of resonant inelastic tunneling.
These steps are considerably broadened and overlap with the
onset of nonresonant inelastic tunneling. As a consequence,
the polaron-induced renormalization of the resonant channel
is compensated and, in contrast to the low-voltage antiadiabatic
regime, dJ /d ® remains strictly positive.

The effective electron model overestimates the current in
the region wy < ® < 2wy. Since the spectrum contains no
phonon side bands, for ® > 2wy the decrease of the elastic
tunneling rate oc I'® is not compensated by resonant or
nonresonant inelastic transmission processes. Consequently,
we find a considerably lower maximum current and, in
accordance with the results of La Magna and Deretzis,!” NDC
in the intermediate-to-high-voltage region. We conclude that
the polaron-induced renormalization of the dot-lead coupling
is indeed a possible mechanism for NDC. Yet, the effective
electron calculation misses the spectral features that are
essential for electron transport at voltages exceeding wy.
The interplay of several inelastic transmission channels may
heavily reduce or, for I'© > wy, even prevent the occurrence
of NDC.

Another interesting consequence of the dynamic polaron
formation can be observed in the high-voltage regime, where
a crossover from nonresonant to resonant transport takes place.
We keep the above system parameters, but start from the
nonresonant equilibrium situation with A = 8. The result is
presented in Fig. 7. As the voltage is raised, the variational
parameter as well as the effective dot level remain nearly
constant and transport takes place via nonresonant inelastic
tunneling. At ® = 12.4, the chemical potential of one lead
resonates with 77 = 6.2, causing a broad step in the total
current. When the voltage is raised further, the system
maximizes its kinetic energy by decreasing the polaronic shift
in such a way, that 7 stays locked to the lead chemical potential
[see Fig. 7(b)]. As the spectral functions in Fig. 7(c) suggest,
this happens at the cost of the inelastic transmission channels.
As soon as yYmin = 0 and resonance of the zero-phonon level
can no longer be maintained, the system reduces its potential
energy by forming a transient polaron. Here, yin jumps to
one and the effective dot level is lowered by the full polaron
binding energy &,. The spectral functions in the vicinity of
this transition show that the spectral weight is redistributed to
inelastic channels within the Fermi window. Consequently, the
current shows no discontinuity or NDC at this point.

IV. SUMMARY

In this work, we investigate the steady-state transport
through a vibrating molecular quantum dot. Within the
Kadanoff-Baym formalism, the nonequilibrium dot self-
energy is calculated to second order in the interaction coef-
ficients. To describe the polaronic character of the quantum
dot state, we apply a variational Lang-Firsov transformation
and determine the degree of transformation self-consistently
by minimizing the thermodynamic potential.

In this framework, we are able to study the molecular
junction for all ratios of the dot-lead coupling to the energy
of the local phonon mode, i.e., from the adiabatic to the
antiadiabatic regime. Moreover, the EP interaction can be
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varied from weak to strong coupling. Tuning the electronic
dot level and the external voltage bias, we can finally consider
resonant and off-resonant transport in the equilibrium and
nonequilibrium situation.

In the adiabatic regime, we find important corrections to
the result of the SCBA when the EP coupling grows: in the
equilibrium off-resonant situation, the mean-field oscillator
shift is reduced and spectral weight is transferred from
elastic to inelastic channels. For finite voltages, we observe
a pronounced peak in the electron tunneling signal, followed
by several pronounced multiphonon features.

In the antiadiabatic regime, away from the very strong
coupling limit, the weight of the transient polaron state is
smaller than predicted by the complete Lang-Firsov trans-
formation. Accordingly, the equilibrium linear conductance
as well as the low-voltage resonant tunneling current in-
crease, because few-phonon emission processes are amplified.
As the voltage bias grows, the full Lang-Firsov polaron
forms. Here, due to a dynamical renormalization of the
dot-lead coupling, we find NDC along the resonant current
plateaus.

Most notably, our variational approach also allows the
investigation of the intermediate regime where the dot-lead
coupling and the phonon energy are of the same order. For
weak EP coupling, the linear conductance shows a single
resonance peak as a function of the electronic dot level. When
the coupling strength is increased, this peak narrows and shifts,
signaling the crossover from coherent tunneling to sequential
hopping via a long-living, transient polaron at the dot. For very
strong coupling, the polaron formation takes place discontin-
uously, as the system switches between various metastable
states. At finite temperatures, this transition becomes contin-
uous again. At the same time, the equilibrium linear conduc-
tance signal broadens and shows distinct phonon side peaks.
Thermally activated transport via phonon absorption induces
polaron formation far from resonance. In the low-temperature
nonequilibrium situation, the differential conductance remains
positive for all voltages: the polaron-induced renormalization
of the dot-lead coupling is compensated by the onset of off-
resonant inelastic transport. In the off-resonant high-voltage
regime, the polaron level follows the lead chemical potential
to enhance resonant transport and maximize the kinetic
energy.

Let us emphasize that we determine the current through the
dot by means of an approximation to the electronic spectral
function that contains inelastic features to all orders in the
EP coupling. We compare our results to an effective electron
model, which accounts for the electron-phonon interaction
only via a renormalized dot-lead coupling parameter (e.g.,
in analogy to Ref. 17). For this model negative differential
conductance is observed. This is because the effective elec-
tronic spectral function does not include inelastic features
that affect transport for voltages exceeding the phonon
frequency.

The present study may be extended in several directions:
(i) description of hysteretic behavior in the strong-coupling,
high-voltage regime, (ii) inclusion of the dynamics of the
phonon subsystem by means of nonequilibrium phonon Green
functions, and (iii) incorporation of Coulomb interaction at
the dot to produce even stronger nonlinear effects through the

PHYSICAL REVIEW B 84, 125131 (2011)

competition of a population-dependent repulsive dot potential
with the polaronic level shift.

ACKNOWLEDGMENTS

This work was supported by Deutsche Forschungsgemein-
schaft through SFB 652 B5. T.K. and H.F. acknowledge the
hospitality at the Institute of Physics ASCR.

APPENDIX: DERIVATION OF THE
CURRENT FORMULA

Deducing the current response in Sec. II G, the following
real-time Green functions (defined according to Mahan’!) are
used

gt_(ZIJZ) =0t — )8 (t1,h) + O, — 11)g~(t1,12), (Al)
g'(t1,1) = O, — 1)g™ (t1,1) + Ot — 1)g=(t1,12), (A2)

where © is the Heaviside function. The relations of g’ and g’
to the retarded and advanced Green functions read

(A3)
(A4)

gretzgt_g<=g>_gr:7
gadvzgt_g>=g<_gt7

and Eq. (96) may be written as

R
—tTgcd(k,a;ll,lz;U)
ka

o0
- f diy g9 ka1, UNEy (s U)

(o8]

00 —
—/ diy g0<(k.a;11,f1; U)gg,(Fi,12:U). (AS)

oo

As far as the steady-state is concerned, all averages in the
definitions of the Green functions above dependent only on
the differences of time variables. Consequently, the integrals
on the right-hand side of Eq. (A5) may be rewritten in the form
of a convolution and the Fourier transformation of Eq. (AS) is

~< . _ i 0yt C . =< .
gak,a;w;U) = — &c (k,a;w;U)g 1 (w; U)

VN

—g0(kas 0 U@ )] (A6)

Here, the Fourier transforms of the response functions are
defined in the usual convention, i.e., without the factors
+i introduced by Egs. (35) and (36). In particular, the
conventional Fourier transforms fulfill
[§5(@)]" = —g5(w), (AT)
because the left-hand side of Eq. (35) is a real function. Taking

into account the general property that [g™!(w)]* = g*%(w), the
relations (A3), (A4) and (A7) give

[g' ()] = —g' (). (A8)
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With the help of Egs. (A7) and (AS8), the complex conjugate
of §C§d(k,a; w; U) in Eq. (92) is determined and the following
formula for the current J, results:

__¢ 2 Oodﬁ o -
Ja=— ; Itral /m 5 {[¢9" k,a; 0, U)

+gW(k,a; 0, U)]g5,(0:U) — g% (k.a;0, U)
x [gha(@; U) + ghy(0; U)]}. (A9)

Substituting the explicit forms of the free electron functions
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(O3S

gec— and using the relation g’ + g’ = g~ 4+ g= following
from Eqgs. (A3) and (A4), we obtain

Jo=—2 2l IZ/OO 20 s — & —iF (@ U)
a = T3 a ~_ @ — Ska 1 ;
N - k 27 k 8dd

+f Era + Ua)i[84(@: U) — gg4(e: U1} (A10)

Going back to the definitions of the Fourier transforms
according to Eqs. (35) and (36), we arrive at Eq. (97) of
Sec. IIG.
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Abstract

We consider the transport through a vibrating molecular quantum dot contacted to
macroscopic leads acting as charge reservoirs. In the equilibrium and nonequilibrium regimes,
we study the formation of a polaron-like transient state at the quantum dot for all the ratios of
the dot-lead coupling to the energy of the local phonon mode. We show that the polaronic
renormalization of the dot-lead coupling is a possible mechanism for negative differential
conductance. Moreover, the effective dot level follows one of the lead chemical potentials to
enhance resonant transport, causing novel features in the inelastic tunneling signal. In the
linear response regime, we investigate the impact of the electron—phonon interaction on the

thermoelectrical properties of the quantum dot device.

PACS numbers: 72.10.—d, 71.38.—k, 73.21.La, 73.63.Kv

(Some figures may appear in color only in the online journal)

1. Introduction

Electronic devices featuring a single organic molecule as
the active element, the so-called molecular junctions, are
promising candidates in the search for further miniaturization
and novel functionality. Such systems can be described as
quantum dots: mesoscopic systems coupled to macroscopic
charge and heat reservoirs.

Molecular junctions are susceptible to structural changes
when being occupied by charge carriers. The local interaction
with optical phonons becomes apparent as vibrational
signatures in the current—voltage characteristics of the
device [1-3], resulting from the interference of elastic and
inelastic tunneling processes and the renormalization of the
effective dot level energy [4-8]. When the vibrational energy
and the electron—phonon (EP) interaction become sufficiently
large, nonlinear phenomena emerge, such as hysteresis,
switching and negative differential conductance (NDC). As is
well known from the Holstein molecular crystal model [9, 10],
strong EP interaction may heavily reduce the ‘mobility’ of
electrons through the formation of small polarons [11-14].
Thus, the formation of a local polaron is considered a possible

0031-8949/12/014039+10$33.00

1

mechanism for the observed nonlinear transport properties of
molecular junctions [15].

Molecular junctions may also constitute efficient power
generators or heat pumps. Their highly energy-dependent
transmission together with the tunable level energy could be
used to optimize the thermoelectrical figure of merit. In the
weak dot-lead (DL) coupling limit, the theoretical efficiency
approaches the Carnot value [16]. However, long electron
residence times increase the effective EP coupling. Moreover,
some level broadening is needed to ensure useable power
output. That is why, for practical applications, the regime
of comparable electronic and phononic time scales becomes
interesting.

In this work, we calculate the steady-state charge and
energy transport through the quantum dot for small-to-large
DL coupling and weak-to-strong EP interaction. On the basis
of a variational Lang—Firsov transformation [15, 17-21],
we determine the nonequilibrium dot spectral function in
the formalism of Kadanoff-Baym [22] and calculate the
dot self-energy in a self-consistent way up to second order
in the renormalized interaction coefficients. The variational
parameter is determined numerically by minimizing the
thermodynamic potential.

© 2012 The Royal Swedish Academy of Sciences Printed in the UK
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2. The model

We consider the standard Hamiltonian of the single-site
quantum dot. It is based on a modified Fano—Anderson model
with the static impurity being replaced by a single site coupled
to a local phonon mode (% = 1):

H=(A—p)d'd — gwyd'dd"+b) +wob'b
+ 1 * T
+ kZa:(Ska — W)€y — il ; (t,md*c,m +t,mckad) :

ey

The quantum dot is represented by the energy level A, with
the fermionic operators d(”. It is coupled to a local phonon
mode b'" of energy wy, with the dimensionless EP coupling
strength g. The operators c,(:;) (for k=1,...,N; a=LR)
correspond to free electrons in the N states of the left and
right the lead, with the energies &, and the equilibrium
chemical potential . The last term in equation (1) allows for
DL particle transfer.

To account for the competition between polaron
localization and charge transport, we apply to model (1) an
incomplete Lang—Firsov transformation [21], introducing the
variational parameter y € [0, 1]. Then H= S;H S, , with

S, =exp{g(d" —b)(yd'd + (1 — y)ng)}. 2)

For y =1, S, coincides with the shift-transformation of the
Lang—Firsov small-polaron theory [17], which eliminates the
EP coupling term in equation (1) and lowers the dot level
by the polaron binding energy e, = gwo. For y <1, S,
accounts for the quasi-static displacement of the equilibrium
position of the oscillator, which is proportional to the dot
mean occupation ngq = (d'd). After the transformation the
Hamiltonian reads

H=id'd —gwy(1—y)(b' +b)(d'd —ny)

roob bte,(1—y)Pn3+ Y (e, — 1)c 0y
k,a

1 ; X P
—vgb'=b) ji (b"=Db) .7
I E (lkae e dcp+17, 88 ckad).
k,a

3

In (3), the DL coupling is affected by the EP interaction.
Furthermore, the bare dot level is renormalized:
T=A—-p—gyQ2-y) =260 -y)’na. @
Note that now d and b are the operators of dressed electrons
(in analogy to polarons) and the shifted oscillator. The
original electron and oscillator operators now read d =
expl{yg(bt —b)}yd and b=b+ygd'd + (1 —y)gna.

The application of a potential difference between the
leads is described by adding to (3) the interaction with the
external fields U, = —48u, and defining the voltage bias P,
with e being the negative elementary charge:

Huy=Y Us Y ClyCiyn ©=(UL—Ur)fe. (5
a k

46

3. Theoretical approach

3.1. The polaronic spectral function in the Kadanoff-Baym
formalism

For a finite voltage bias between the noninteracting
macroscopic leads, the response of the quantum dot is given
by the polaronic nonequilibrium real-time Green functions

g1, 123 U) = i(d), (1) dy (1)), (6)

g24(1, 13 U) = =ildy ()dyy (1)), ©)
where the time dependence of dl(j ) is determined by H + Hip.
According to Kadanoff-Baym [22], the real-time response
functions may be deduced using the equations of motion for
the nonequilibrium Green functions Gfd(tl, tr; U, ty) of the
complex time variables t =1y —it, 7 € [0, 8]. We base our
calculations on the Dyson equation of the polaronic Green
functions, which defines the polaronic self-energy X,; =
GS);_I — G;dl. For a given ordering of t#;, t,, the equations
of motion of the functions gfd follow through the limiting
procedure ty) — —oo. Limiting ourselves to the steady-state
regime, we suppose that all functions depend only on t =
t] — t. After a Fourier transformation by the method used
in [22], the following exact equations for the steady state are
obtained [21]:

8aa(@; X (05 U) — ggy(@; U7, (w; U) =0, ®)
[@— 71 —Re Zyq(w; U)] Aw; U)
=T(w; U) Re guq(w; U). &)
Here we defined, in analogy to the equilibrium case,
Alw; U) = ggg(w; U) + ggy(w; U), (10)
do A(w; U)
84d(z; U) = " e an
T -
Fw; U)=3%7,(w; U)+ X 7,(w; U), (12)
do I'w; U)
Zaa(z; U) = P (13)
T ZI—w

where A(w; U) is the polaronic nonequilibrium spectral
function. According to equation (10), we can write

gia(@: U) = A(w; U) f (w; U), (14)

gia(@; U) = A(w; U)(1 = f(w; U)),

introducing the nonequilibrium distribution f, which follows
from equations (8) and (12) as

15)

Tl U)

R (16)

fl@;U)=



Article 11

Phys. Scr. T151 (2012) 014039

T Koch et al

For the Green function g4, in equation (11) we use the ansatz
gaa(z; U)=1/(z—1—X44(z; U)) and find the following
formal solution to equation (9):

['(w; U)
Alw; U) = P R — (17)
(omi-Prs i) +(45")
To deduce a functional differential equation for the

self-energy X4, we add to Hiy in equation (5) the interaction
with fictitious external fields {V'} (cf [19-23]). The equations
of motion of the polaronic Green functions are then expressed
by means of the functional derivatives of X;; with respect

to {V'}. The resulting equations for X 51 are solved iteratively
to second order in the renormalized EP and DL interaction
coefficients in (3), while the correlation functions of the
interaction coefficients are evaluated supposing independent
Einstein oscillators. We then let {V} — 0 and perform the
limit #p) — —oo. A subsequent Fourier transformation yields

5@ U) =S8 (0; U) +[(1 — y)gwol?

x [A(w —wo; U) f(w — wo; U)ng(wp)
+ A(w+wo; U) f (@ +w0; U)(ng (@) + 1)],
(18)

Zf,bk(w; U)= Z [Io(K)fflO)(w+,u)nF(a)+ U,)

a

+3 " 1,()2sinh(s6) [f;‘” (@ — swp+ 1)

s>1

X ng(swp)np(w—swy+U,) + 1—11(10) (w+swo+p)

x (ng (sao) + 1)ng( +swo + Ua)]}, (19)
with np(w) = €+ 1), ng(w) = (€#® — 1)~! and
FO (@) =77 ¢ hfTO) ), (20)
I'%(w) = 271t,(0)* 04 (), @1
1
0u(@) =+ ;5@ — &1a), (22)
_ 1 _ ]/2 g2
0= Eﬂwo’ = sinh @ (23)
i 1 KN S+2m
o= ) e

m=0

The function X;,(w; U) describes the in-scattering of
polaron-like quasiparticles at the dot [24]. It accounts for
multiple phonon emission/absorption processes at finite
temperature and with finite particle densities. X7, (w; U)
results from interchanging ng <> (ng + 1), ng <> (1 — ng) and
f < (1—f) in equation (18). Then the spectral function
follows using equations (12) and (17). As we see from
equation (18), for any y < 1 the functions A and f have to
be determined self-consistently. Moreover, the renormalized

dot level (4) depends on the dot occupation n4, which also has
to fulfill a self-consistency condition:

*® dw -
nd=/ — f(w; U)A(w; U).

N 25)

To determine the variational parameter y, we minimize
the thermodynamic potential 2. We use a decoupling
approximation between the electron and oscillator degrees
of freedom and neglect the influence of the dot states on
the leads. We consider an ensemble given by (3), but with
the EP and DL interaction coefficients being multiplied by
X € [0, 1]. Then the thermodynamic potential follows from the
well-known general relations in [22, 25]:

1 N
Q= — 3 In(1+e A7) +&,(1 — y)?n]

' 1 (dw . -
+2f dk*/*(a)—n) Ay(@; U) fiw; U).
0 A 27T
(26)

To make the integration in equation (26) feasible, we
determine A, from equation (17) with the self-energy
in the first iteration step, i.e. F;l):)\z(2$>+2$<).
Correspondingly, f (xl) follows from equation (16) using 2((111)<
and T, However, 7 will be determined from the dot
occupation nq resulting from the complete self-energy. The
parameter y that minimizes the thermodynamic potential

determines Ei (w; U) and, consequently, the complete
functions f(w; U) and A(w; U).

3.2. Electron current and linear response thermopower

The operator of the electron current from lead a to the dot
reads

~ ie ~ oo~

Jo=—= Y [nader = tiuclid| @7)
e

with the negative elementary charge e. We determine the

mean value J, = (ja) using the connection of the required

expectation values to the real-time ‘mixed’ Green functions

ged(k, a; t, ty; U), which are defined similar to equations (6)

and (7) [21]. In the following, we assume identical leads and

work in the wide-band approximation, i.e. we set T'¥(w) =

'y = const. Then the steady-state charge current through the

dot, J = (Ji, — Jr)/2, reads as

ey [* do -

=— -— A(@; U) [np(w+ UL) —np(w+ Ur)],

J
2 J_ o 21

(28)

with the electronic spectral function A(a); U). The latter
is obtained in terms of the polaronic spectral function as
follows [21]:

Aw; U)=e7" 8 L) Aw; U) + ) L(k)2sinh(s6)
s>1

X ( [nB(swo) + f(w+swp; U)] A(w+swy; U)

+ [nB (swp)+1 —f(a)—swo; U)] A(w—swy; U))

(29)
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Moreover, we define the differential conductance G of the
quantum dot system as

dJ

G= 1 (30)

In the linear response regime, we suppose the application
of an infinitesimal voltage bias ® =4du/e and temperature
difference 67 between the leads. Then we can expand the
current to first order in ¢ and 8T as [26]

5 5T
J=1 i x2
e T

€1y
where L is the linear response conductance and X is the
thermoelectric coefficient. Both quantities follow from the
linearization of the Fermi functions in equation (28) around
the equilibrium chemical potential p and the equilibrium
temperature 7':

L= lim{eJ/s (
5;1_1)10{6 / M} 8§T=0

2 Ood 5
eZFOﬁ / S A@ne@)(1 =ne@).  (2)
oo 2T

X = lim (TJ/5T)

Spu=0
eFo

o0 d -
Tﬂ/ z—w o A(@)np(@)(1 —np(w)).  (33)
oo 2

In (32) and (33), the electronic spectral function is calculated
in equilibrium. With the help of these transport coefficients
we define the linear response thermopower

s=* (34)
T
which is a measure of the thermoelectric efficiency of the
quantum dot system.

3.3. The weak electron—phonon coupling limit

The current formula (28) and the expressions for the linear
response coefficients in equations (32) and (33) have a simple
structure, because all the effects of the EP interaction are
contained in the electronic spectral function A. However,
our approximation to the spectral function includes terms
of arbitrarily high order in the EP coupling strength g:
for y > 0, this can be seen explicitly in the summations
over s in equations (19) and (29), which describe inelastic
(quasielastic) processes involving the emission and absorption
of an unequal (equal) number of phonons. As long as y < 1,
high order terms will also result from the iterative calculation
of the self-consistent equation (18). Via the denominator
of the polaronic spectral function in equation (17), the
transport channels will be affected by a voltage-dependent
renormalization of the effective dot level and the real part of
the self-energy. Lastly, all these contributions are functions
of the optimal parameter ymin, Which itself will be voltage
dependent. This will lead to complicated current—voltage
characteristics in the numerical evaluation of equation (28),
which are presented in the next section.

48

For a better understanding of the numerical results, we
want to gain more insight into the different EP coupling
effects and their dependence on the parameter y. To this end,
we consider the limit of small EP coupling strengths g and
low voltages ® < 2wy. Then we can expand the self-energy
and the spectral function to second order in g around the
noninteracting (i.e. zeroth-order) results. In doing so, we
work in the wide-band approximation I'\?’(w) = Ty = const
and consider low temperatures 7' << wp, so that ng(wp) ~ 0.
First, we set g =0 in equations (18) and (19) and obtain the
zeroth-order functions

rOw) =2r,, (35)

2T

AO () = ’
@ = AT T2

(36)
- 1
FO@: U) = (n(@+ U +ne@+Un).  G37)

0) Fdo - 0
n =f o FO>w; U)AQ (). (38)
o0 2T

Equations (35)—(38) are the exact solution for g =0 and
describe a rigid quantum dot acting as a tunneling barrier
between the leads. Next, we substitute A® and f© for A and
f in equation (18), which corresponds to the first step in the
self-consistent calculation. Moreover, for T < wg, we expand
the rhs of equation (19) to second order in g, whereby only the
terms with s = 0, 1 contribute. The resulting approximation of
the function I" can be written as

[(w; U) ~T9)+T'?(w; U), (39)

with the second-order correction
TP (w; U) = —2y% g°To+2y? ¢’y
% (FO@+on; U)+1 = FO0—an: 1))

+1(1 =gl [ A0 @ +00) [ @+ a0: U)
+A%@=00)(1 = FO@=w: V)] 40)

The second-order renormalization of the dot level results
from substituting nflo) for ngq in equation (25). Then 7 is
approximated as ij &~ A — p + 7@, with

~ 2_(0)
q -

7? =gy 2 —y) —26,(1—y)’n D

Consequently, we expand the polaronic spectral function in
equation (17) with respect to the second-order corrections I'®
and 7® and obtain

Aw) ~ A9 () + AP (w; U), 42)
with
A«’)(w) 2
2, _
- (%)

x { ATo(w — A+ 1) (ﬁ(2> +ReS Y (o U))

+ ((a) — At ré)rm(w; U) } 43)
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and
do' T®(w'; U)

ReEgi)(w; Uu)y="r T~

(44)

Now we replace the polaronic spectral functions on the rhs of
equation (29) with the approximation in equation (42), and
keep only terms up to second order in g. Then the small
coupling approximation to the electronic spectral function
follows as

Aw; 1)~ A () =y 240 (@) + AP (; U)

+72 @[ A0 @+ 00) O+ oy U)
+A%@ =01 = FO@—w; V)] @5)

If we insert I'® from equation (40) into equation (43) and
substitute the resulting expression for A® in equation (45),
the electronic spectral function can be written as the sum of
five terms,

Aw; U) = A (0) + A (0) + AL (0: U)
+AD (0 U) + AR (@ U),

me!

(46)
whereby A is given in equation (36) and we have defined

- 252 2
A =" (40@) @=asp?, @)

- 1 2 -
AP )= (A%@) @=a+w i, @)

A2 1) = = (A9@)) @ A+ ) ReE @: V).
Ty
(49)

i®

inel

(@ U) =72 8240 @+00) ] @+ w; U)

+4(@—w0)(1 = FO (@ —on: V)]

A(O)(w) 2 , ,
+< T > ((a)—A+M) —ro)

%[22 (FO @+ 1)+ 1= FO@—n; )
+(1 = y)ganl[ A0 @ +00) [ @+ a0 U)

A= 0)(1 = FO @ —an: V)] . (50)

The function A](DZI)‘(Q)) results from the second term on the
rhs of equation (45) and the first term in equation (40). It
accounts (to second order) for the polaronic renormalization
of the DL coupling, which gives an overall reduction of
the electronic density of states, apart from the resonance at
® = A — ju. The terms Aff) (@; U) and A (w; U) represent
the voltage-dependent renormalization of the energy levels
and contain y implicitly. Finally, Afﬁ;l(a); U) denotes the
inelastic contribution to the spectral function, which results
from tunneling processes that involve the emission of a
single phonon at the quantum dot. It includes all the terms
in the electronic spectral function (45) that contain the
functions f© (w+wp; U) and 1 — J_‘ O (w — wp; U) explicitly.

As a consequence, it is finite only for |w| > @y and produces
phononic sidebands in the dot spectrum. However, via ReE;Z)
the inelastic channels also contribute to the renormalization
of the spectrum at |@| < wy. Most notably, for w — £wy+
U,, ReEle) causes logarithmic divergences in the spectral
function. If we evaluate the function f©@ for T — 0 in
equation (40), then ReZﬁi) follows from equation (44) and
contains the logarithmic divergent term

(1_)/)2 gzw(z)[‘o Z ln((w—wo+Ua)2)
4r — (w—wo— A+ )2 +T§

In ((w+wo + Uy)?)

-2 (w+w0—A+M)2+r§}' 1)

a

This term corresponds to the result of Entin-Wohlman
et al [27], but is modified by the prefactor (1 — y)z. Moreover,
there is a new contribution to Rer,), namely the term

V2 g2F0 Zln ((U—COO"‘Ua)2 )
4 - (w+wy+U,)?
For & =0 the logarithmic divergence appearing in
ReEfi) (w; U) for w — wy has the overall prefactor

¢*To ( 2, (1 —y)’w; )
4 " T a2 )
so that in the adiabatic (antiadiabatic) limit wy << Iy (wo >
I'y), an increase in y raises (lowers) the overall weight of the
divergences in the spectral function.

If we insert equations (47)—-(50) into the current
formula (28), we obtain the respective second-order
corrections to the noninteracting current J© and the
differential conductance, i.e.

(52)

(53)

N A A IS SR A (54)
G~GY+Gp +GP+GY +Gl). (55)

For example, for T — 0 the second-order inelastic tunneling
current reads

212,22
) eI 8
Jinel = 47(_)[ O(P — wy)
—UL—wyg — A+ 2_1‘*2
X / dw )/2 @ 2 02
—Ur [(@—A+p)?+T3]
1
2 2.2
+ +(1—-y)ow
Y wra—Arpper TV
(w—A+p)?—T}
X
[(@+wg—A+0)2+T2] [(@—A+p)2+T2]

, (W—A+p)?*—T3
2
[(@—A+p)?+T3]

—UL
+ / do i y
—Ur+wy

5 1

+(1—y)w?
Y o—m—arpparz TATT

+

» (C()—A+/L)2—F§
[(©—wo— A+p)2+T2] [(0—A+w2+T] | )
(56)
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It is finite only for ® > wy, so that the onset of the inelastic
tunneling processes will cause a jump in the differential
conductance. In general, explicit analytical expressions for
the second-order contributions to the differential conductance
cannot be derived, since the optimal parameter yp;, is an
unknown function of the voltage. However, if we suppose that
the derivative of ¥, (®) is continuous, then for a symmetrical
voltage drop Ug = —UL = e®/2, the jump in the differential
conductance follows from equation (56) as

G2l = e’Tig’ y? (2 —A+w?
inel b=a, 27 [(% _ A+IL)2+F§]2
(=% —A+p)?
+y? . s+(1—y) ]

[(=% —A+w?+T7]

2 2 4
(F=A+pu) (= F—A+p)" =Ty

[(2—A+p)24T2] [(—2—A+p)? +T2]

(57)

Again, for y — 0 only the last term on the rhs of equation (57)
remains and coincides with the result of Entin-Wohlman
et al [27]. As has been discussed in [27], this term is negative
if the following condition is fulfilled:

w2
o> |3 —@a—-w| (58)
Then, at ® = wp, it may cause a downward step in the
differential conductance. However, the new terms o y? in
equation (57) are always positive. For large enough y,
they outweigh the negative contribution to (57), so that the
overall conductance jumps upwards even if the condition in
equation (58) is fulfilled.

4. Results and discussion

In the following numerical calculations, wg =1 is fixed as
the unit of energy and we set u =0 and 7 = 0.01. We work
in the wide-band approximation, with the large bandwidth
of the leads W = 60 and I'¥(w) = I'y® (w? — (W/2)?). The
phononic time scale is fixed by 1/wy, while the electronic
time scale is given by 1/ " and is used to determine which
subsystem is the faster one. We will analyze the adiabatic and
antiadiabatic limiting cases before considering comparable
phononic and electronic time scales. In doing so, we use the
ratio &,/ I'g as a measure of the EP interaction strength.

For small to large DL coupling, we calculate the
polaronic spectral function A and the dot occupation ng
self-consistently and determine the variational parameter yyin
by numerically minimizing the thermodynamical potential
as a function of y. From A, the electronic spectral function
A as well as the linear response coefficients L, X and the
particle current J follow. For finite voltages, the differential
conductance G is calculated numerically.

Depending on the bare dot level A, we distinguish
between the off-resonant (A # &p) and the resonant (A = g;)
configuration. In the latter case we find that ng = 0.5 is a root
of (25) and we see from equation (4) that the renormalized
dot level resonates with the equilibrium chemical potential,
i.e. 7 =0, for all .
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Figure 1. For model parameters T = 0.01, I'y = 10, &, =2 and

A = 8. (a) Electronic spectral functions at & = 0 for fixed y =0
and variationally determined parameter yy,;, = 0.29. (b) Differential
conductance as a function of the voltage bias for y = 0 and 1y, in
comparison with the noninteracting case &, = 0. Inset: ypin as a
function of the voltage bias.

4.1. Polaron-induced negative differential conductance

In their work, La Magna and Deretzis [15] suggested that the
variationally determined renormalization of the DL coupling
is a possible mechanism for the observed nonlinear behavior
of the differential conductance. We investigate whether this
remains true within our approximation, which, in contrast to
the effective electron model in [15], accounts for vibrational
features in the electronic spectral function to all orders in the
EP coupling.

First we consider the adiabatic regime for weak EP
coupling by setting I'y = 10 and &, = 2. We vary the voltage
bias 0 < ® < 4 and determine the differential conductance G.
In doing so, we choose an off-resonant configuration with
A = 8 fixed, so that the dot occupation is small and remains
nearly constant during our calculations: ng & 0.3.

As a starting point, figure 1(a) displays the electronic
spectral function at & =0 for the variationally determined
parameter ymi, (black line) and compares it to the result
of a calculation where we kept y =0 fixed instead of
determining ymi, variationally. In general, due to the large
DL coupling parameter ', the electronic spectral function
consists of a single wide band. For finite EP coupling,
vibrational features arise at w = Fwy. These features can
be attributed to logarithmic divergences in ReX;,, as the
second-order approximation in equation (51) suggests. While
they are hardly noticeable for y =0, the weight of the
logarithmic divergences increases strongly in the variational
calculation, which yields the optimal parameter i, = 0.29.
This observation agrees with our discussion in the previous
section: for the parameters used, equation (53) predicts an
increase in the weight of the logarithmic contributions by
a factor of about 15 with respect to the y =0 case. Note,
however, that any divergences in the spectrum will be smeared
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Figure 2. For the same parameters as in figure 1. The various
second-order contributions to the total differential conductance.

out in our results due to the low but finite temperature and
a numerical constraint: we evaluate the self-energy slightly
above the real w-axis to prevent the unphysical loss of spectral
weight.

In figure 1(b), the black line presents our result for
the total differential conductance G as a function of the
voltage, with the inset showing the optimal parameter ;.
We compare the variational calculation to the cases y =0 and
&p = 0. For a better understanding of the results of figure 1(b),
the four panels in figure 2 show the various second-order
contributions to the total differential conductance. From
figure 1(b), it follows that for finite EP coupling the overall
conductance grows with respect to the noninteracting case.
Since we are considering the off-resonant regime, this can be
attributed mainly to the lowering of the effective dot level.
Accordingly, for y =0, we see in figure 2 that the function
Gﬁlz) accounts for almost all the increase in the conductance.
For finite yni, the effective dot level is lowered even further,
but the positive contribution Gﬁlz) is nearly compensated
for by the polaronic renormalization of the DL coupling,
which is shown in the upper right panel of figure 2. With
growing voltage, the optimal parameter ypi, increases. As
the renormalization of the DL coupling grows stronger, a
pronounced dip forms in the differential conductance. This
mechanism is crucial for the interpretation of our calculations,
as we will see below.

At ® =1, phonon emission by incident electrons
becomes possible and opens up an inelastic tunneling channel.
In the case of y =0, we find a small downward step in
the conductance signal, since with I'y = 10 and A =8, the
condition in equation (58) is fulfilled. As we discussed in
the previous section, for finite ymin the first two terms on the
rhs of equation (57) can outweigh the third, negative term.
Accordingly, our numerics show a relatively large upward
step in the differential conductance (note the different scaling
factors in the lower right panel of figure 2).

Next we investigate the polaronic renormalization in
the antiadiabatic limit (I'g =0.1) with strong EP coupling
(ep = 2). We choose the resonant configuration A = ¢g,. For
these parameters, we expect the formation of a polaron-like
transient state at the quantum dot. This is confirmed by the
electronic spectral function in figure 3(a), which features
several narrow phononic bands. In the low-voltage region we
find that ypin ~ 0.9, i.e. the weight of the variational polaron

0.005 |

Figure 3. For model parameters T = 0.01, 'y = 0.1, &, =2 and

A = 2. (a) Electronic spectral function of the variational calculation
for ® =0 and i, = 0.9. (b) Differential conductance as a function
of the voltage bias, compared to the result with fixed y = 1.

state is smaller than predicted by the complete Lang—Firsov
transformation.

Figure 3(b) compares the differential conductance as
a function of the voltage bias for fixed y =1 and the
optimal Ymin. Just as in the adiabatic regime considered
above, we note small steps in the conductance at & =
1,3 and 5 that signal the onset of inelastic transport. In
addition, a second kind of vibrational feature can be found:
pronounced conductance peaks arise whenever the voltage
equals multiple integers of 2w,. Here, resonant transport
takes place through the polaronic side bands in A. For
y =1 the differential conductance stays strictly positive,
but approaches zero between these well-separated peaks.
As seen for the adiabatic case, in the full calculation the
polaronic renormalization grows stronger with increasing
voltage bias. As a consequence, in the low-voltage region
the differential conductance becomes negative between the
resonance peaks. Note, however, that at ® =1 and ® =3
the positive nonresonant conductance steps, although carrying
little weight, render the differential conductance positive
again.

Thanks to our variational approach, we are able to
investigate the interesting regime of comparable electronic
and phononic energies. To this end, we set 'y =1 and
consider intermediate EP coupling &, =2. As before, we
examine the resonant, electron—hole-symmetric situation with
A = 2. Figure 4(a) shows the electronic spectral function at
zero voltage, where the variational calculation yields i, &
0.5. Due to comparable electronic and phononic time scales,
the width of the few phononic side bands is of the order of
their spacing.

In figure 4(b), we compare the conductance signal of
the variational calculation to both, the y =0 and y =1
cases. In the low-voltage regime, we have i, = 0.5 and
the DL coupling is moderately renormalized. As the voltage
grows, the variational parameter steadily increases and, as
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Figure 4. For model parameters 7 =0.01, 'y =1, A =2 and

&, = 2. (a) Electronic spectral function in the variational calculation
for ® =0 and yp,;, = 0.5. (b) Differential conductance as a function
of voltage for the variational calculation ()y,;,), compared to the
results with fixed y =0 and y = 1. Inset: optimized variational
parameter as a function of the voltage.

can be seen in the inset of figure 4(b), the polaron effect
strengthens whenever a new resonant inelastic channel is
accessible. The vibrational features in the conductance signal
are heavily modulated by the voltage-dependent polaronic
renormalization: in contrast to the cases with fixed y, there
is no clear distinction between resonant peaks at ® = 2, 4 and
off-resonant steps at ® =1, 3 and 5, since the latter become
peaks, too. Due to the comparable phononic and electronic
time scales, both kinds of vibrational features have nearly the
same spectral weight. Moreover, the differential conductance
approaches zero between the broad conductance peaks, but no
NDC is observed.

To sum up, the polaron formation involves the
redistribution of spectral weight in the local density of
states and, most importantly, the renormalization of the
effective DL coupling. For strong EP interaction, it is
indeed a possible mechanism for NDC. However, for small
to intermediate coupling, the NDC is suppressed when
multi-phonon transport processes are taken into account.

4.2. Effective dot level

In the following, we present another interesting consequence
of the variational polaronic renormalization, which concerns
the effective dot level.

We choose a slightly off-resonant configuration with A =
0 and &, > 0, so that in contrast to the above calculations,
the effective dot level is not pinned to the equilibrium
chemical potential. We decrease the bare DL coupling slightly
(I'op = 0.33) and consider weak to intermediate EP coupling
strengths. Figure 5(a) compares the differential conductance
for y = 0 to the variational calculation. For weak EP coupling,
figure 5(b) shows the second-order approximations G(EZ) and
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Figure 5. For T =0.01, 'y = 0.33 and A = 0. (a) Differential
conductance as a function of voltage for the variational calculation
(Ymin)> compared to the results with fixed y = 0. (b) Second-order
contributions to the differential conductance for g, =0.11.

(c) Variationally determined parameter y,;, and renormalized dot
level 7 as functions of the voltage for ¢, = 0.33.

Gi(fgl. Figure 5(c) finally presents the optimal parameter yin
and the effective dot level 7 as functions of the voltage.

With e, = 0.11, the system parameters correspond to the
case of high zeroth-order transmission presented in figure 5(a)
in the work of Entin-Wohlman et al [27]. Our result for y =0
is in good agreement with [27]. The conductance maximum
lies near ® = 0 and we find a small conductance dip at =1,
which is caused by the logarithmic divergence in ReX ;. In
the full calculation for &, = 0.11, we find that ypi, = 0.75 at
@ = 1. Here the dip in the total conductance vanishes. The
second-order approximation in the left panel of figure 5(b)
suggests that this is mainly due to a reduction of the weight
of the logarithmic divergence in ReX ;4. From figure 5(b) we
can also see that the jump in Gif;l is positive for both y =0
and Ymin, since condition (58) is not fulfilled for the given
parameters. Moreover, in the variational calculation the height
of the conductance jump is reduced with respect to the y =0
result, which can be confirmed using equation (57).

If we increase the EP coupling to &, = 0.33, the dip in the
total conductance reappears. But most importantly, instead of
a broad conductance resonance, we find a peak-like feature
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Figure 6. For model parameters 7 = 0.01, I'y = 1, A = 10 and
&p = 8. (a) Electron current as a function of the voltage.

(b) Variationally determined parameter yy,;, and renormalized dot
level 77 as functions of the voltage.

at ® =0.7. As we see from figure 5(c), with increasing
voltage 7 shifts upwards until at & =0.62 it approaches
the chemical potential of a lead. For 0.65 < ® < 0.8, the
variational parameter decreases in such a way that 7 stays in
resonance with the lead chemical potential. The decrease in
¥min Teduces the renormalization of the DL coupling. Thereby,
the system maximizes the resonant tunneling current with
respect to the y =0 case and a new peak-like conductance
feature is observed in figure 5(a). This ‘sticking’ of the
effective dot level to the lead chemical potentials is the second
main result of our variational calculations.

Now we consider the off-resonant scenario A = 10 for
strong EP coupling &, =8. The results are presented in
figure 6 (note that figure 6(a) shows the total current).
As expected, the effective dot level 7 sinks notably with
growing voltage, until at ® = 6.2 it begins to grow linearly,
following the upper lead chemical potential. Again, the
differential conductance grows considerably. In contrast to
the intermediate EP coupling case, Ymin jumps from 0.4 to
0.6 when the system switches between two local minima in
the thermodynamic potential. The resulting discontinuities
in 77 and I’y cause a noticeable drop in the total current.
As the voltage grows further, ymin decreases again. Now the
first phonon side band at 77+ wy sticks to the lead chemical
potential and the conductance grows once more. A similar
behavior, involving the second and third side bands, is found
at ®~9 and ® ~ 10.5, respectively, until yp;, =1 in the
high-voltage limit. Moreover, due to the strong EP coupling,
the upward steps in the current are followed by regions
with NDC.
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Figure 7. For model parameters T = 0.01, 'y = 1, &, =2 and
@ = 0. (a) Thermopower as a function of the bare dot level in the
noninteracting (¢, = 0) and the interacting system. (b) Thermo-
electric response X and linear conductance L as functions of the
bare dot level. (c) Electronic spectral functions at A = 2.2 for

y =0, 1 and ymin = 0.5.

4.3. Thermopower

Finally, we investigate the thermoelectric response of the
molecular junction in the physically most interesting regime
of intermediate DL coupling. Setting I'g = 1, we consider
the equilibrium situation ® = 0. For &, =2, we compare the
variational calculation to the cases with fixed y =0, 1 and to
the noninteracting system &, = 0. Figure 7(a) shows the linear
response thermopower S as a function of the bare dot level,
while figure 7(b) presents the thermoelectric coefficient and
the linear response conductance.

In general, S features two resonances of opposite sign.
For ¢, =2 they are located at A ~ ¢, £0.2. In the small
polaron limit y =1, our calculation predicts a substantial
increase in the maximum thermopower with respect to all
the other cases. This can be explained with the help of the
respective electronic spectral functions plotted in figure 7(c)
for A =2.2. In the case of y =0, the spectral function
features a broad band around the Fermi edge at w = 0. The
states with high energies w > 0 have only slightly more
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spectral weight than the states with low energies w <O.
Because the integrand on the rhs of equation (33) is weighted
by w, the resulting thermoelectric response coefficient X
is small. Physically, this means that a small temperature
difference between the leads induces the flow of high-energy
particles through the quantum dot, which, in principle, can
result in a voltage drop across the junction. In the case of
y =0 however, the current is compensated for by a nearly
equal counterflow of low-energy carriers, so that the overall
thermoelectric effect is small. If A is lowered to 1.8, the
low-energy states have the larger spectral weight and the
thermoelectric response coefficient changes sign. For A =
&p =2, the spectral function is symmetric around o =0
so that the net charge current induced by the temperature
difference vanishes and we have X = 0.

For y = 1, the strong renormalization of the DL coupling
reduces the width of the bands in the spectral function in
figure 7(c). As a result, near the Fermi edge the relative
weight of the high-energy states increases, so that the dot
acts as a more effective energy filter. The unfavorable
counterflow of low-energy charge carriers is suppressed
and the thermoelectric response X grows considerably (see
figure 7(b)). As can also be seen in figure 7(b), the linear
response conductance L in equation (32) decreases when y is
set from zero to one, since it depends only on the (shrinking)
spectral weight around the Fermi edge. This, too, boosts the
thermopower S.

At A = 2.2 the variational calculation yields yyin = 0.5,
so that the width of the zero-phonon band lies between the
other results. Consequently, this is also true for the maximum
value of X. Note, however, that our variational calculation
maximizes the linear response conductance L with respect
to both limiting cases, so that the maximum thermopower
is only slightly larger than for y = 0. We conclude that the
local EP interaction can, in principle, enhance the maximum
thermopower of the quantum dot device. However, for
intermediate DL coupling strengths the small polaron picture
with y =1 greatly overestimates the effect.

5. Concluding remarks

To summarize, adopting a generalized variational
Lang-Firsov transformation, we calculate the interacting
spectral function of a molecular quantum dot for small-to-
large DL coupling and weak-to-strong EP interaction. We
investigate the impact of the formation of a polaronic dot
state on the steady-state current—voltage characteristics, as
well as on the linear response thermopower of the system.

In the case of strong EP interaction, the
voltage-dependent polaronic renormalization of the DL
coupling causes NDC. For comparable electronic and
phononic time scales, this effect is diminished by transport
through overlapping phonon side bands.

We find that in the off-resonant or ungated configuration,
the renormalized dot level follows the lead chemical
potentials. This process generates new peaks in the differential
conductance signal.

In the equilibrium situation, the EP coupling enhances the
thermopower of the quantum dot device, albeit by a smaller
factor than predicted in the small polaron limit.

This work may be extended in several directions. Most
notably, in the nonequilibrium regime, one should investigate

o4
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the impact of the observed NDC on the thermoelectric
properties of the molecular junction. The dynamics and
heating of the vibrational subsystem could be included
by means of nonequilibrium phonon Green functions [28].
Moreover, in the light of recent advances in nanotechnology
and experimental studies, new geometries have come into
focus, such as multi-terminal junctions or a molecule placed
on an Aharonov—Bohm ring [29].
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Thermoelectric effects in molecular quantum dots with contacts
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We consider the steady-state thermoelectric transport through a vibrating molecular quantum dot that is
contacted to macroscopic leads. For moderate electron-phonon interaction strength and comparable electronic
and phononic timescales, we investigate the impact of the formation of a local polaron on the thermoelectric
properties of the junction. We apply a variational Lang-Firsov transformation and solve the equations of motion
in the Kadanoff-Baym formalism up to second order in the dot-lead coupling parameter. We calculate the
thermoelectric current and voltage for finite temperature differences in the resonant and inelastic tunneling
regimes. For a near resonant dot level, the formation of a local polaron can boost the thermoelectric effect because
of the Franck-Condon blockade. The line shape of the thermoelectric voltage signal becomes asymmetrical due
to the varying polaronic character of the dot state and in the nonlinear transport regime, vibrational signatures

arise.

DOI: 10.1103/PhysRevB.89.155133

I. INTRODUCTION

Molecular junctions are electronic devices that consist of
an organic quantum dot that is contacted by two macroscopic
leads. Modern nanotechnology allows for the reliable fabri-
cation of systems where the dots are single aromatic rings,
molecular wires [1], Cgq fullerenes [2,3], or carbon nanotubes
[4]. They are a promising candidates in the search for further
miniaturization of electronic and thermoelectric devices [5].

Transport through such systems is determined by the dis-
crete levels of the dot, whose position relative to the Fermi en-
ergy can be tuned, e.g., with the help of a third (gate) electrode
[6]. The level broadening depends on the dot-lead coupling
strength, which can be manipulated via the lead distance
or through the choice of different metal-molecule anchoring
groups [7]. In addition to these two external parameters,
electron-phonon (EP) interaction influences transport through
molecular junctions: when it is occupied by charge carriers,
the molecule may undergo structural changes or vibrations
that correspond to the excitation of local optical phonons of
considerable energy. They show up as vibrational signatures
in the current-voltage characteristics of the device [2,8].

A temperature difference between the leads induces a cur-
rent of charge carriers across the junction. This thermoelectric
effect is measured by recording, for constant temperature
difference, the voltage bias necessary to cancel this current
[9]. The quotient of the temperature difference and the ther-
movoltage, the so-called thermopower, can be used to probe
the systems Fermi energy [10] and the vibronic structure of
the molecule’s state [11,12]. Most of the experimental findings
are well understood within a linear response formulation
of the thermopower [13]. However, the applied temperature
differences can be tens of degrees Kelvin, i.e., larger than
the dot-lead coupling energy. Some features of the measured
voltage histograms, such as side peaks and temperature
dependent widths [9], are not accounted for in the linear theory.
That is why, recently, the discussion of the thermopower
has been extended to the nonlinear regime [14,15]. Then the
question arises, how the thermoelectric coefficients can be
generalized. Our approach in the present work is motivated by
the experimental situation; for a given temperature bias, we
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determine the thermovoltage numerically by minimizing the
thermally induced charge current.

We base our calculations on the Anderson-Holstein model.
Here, the organic molecule is represented by a single energy
level and a local optical mode, which is linearly coupled to
the electron on this level. The quantum dot is connected to
two macroscopic leads, while the local mode is coupled
to a phonon bath. The current between the leads is given
by the interacting dot density of states [16]. Based on such
models, different methods have been applied, such as the
numerical [17,18] and functional renormalization group [19],
rate equations [11,20], master equations [12,14,21], and
nonequilibrium Keldysh Green functions [22] to describe
transport through the dot for small-to-large dot-lead coupling
and weak-to-strong EP interaction.

In the antiadiabatic, strong EP coupling regime, typically, a
Lang-Firsov transformation [23] is applied, based on the exact
solution of the isolated dot. It predicts the formation of a local
polaron, which reduces the effective dot-lead coupling expo-
nentially. This could be beneficial for the thermoelectric re-
sponse of the system [14,24]. For practical applications, how-
ever, a moderate level broadening is needed to ensure usable
power output. Moreover, long electron residence times and
strong EP interaction may lead to the accumulation of energy
at the dot and, consequently, to its degradation [25]. Because
of this, the regime of comparable electronic and phononic time
scales and intermediate EP interaction becomes interesting.

To account for the polaronic character of the dot-state
away from the strong EP coupling, antiadiabatic limit, we
use an approach that is based on a variational form of the
Lang-Firsov transformation [26]. For the polaron problem,
the variational Lang-Firsov approach has been proven to
give reliable results in the whole electron-phonon coupling
and phonon frequency regime, even in the most physically
difficult polaron crossover region [27]. Here, the polaron
variational parameter is determined by minimizing the relevant
thermodynamical potential.

In previous work [28], we considered the steady-state
current response of the quantum dot to a finite voltage
difference between the leads. In doing so, we assumed that the

©2014 American Physical Society
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temperatures of the leads and of the phonon bath are all equal.
The calculations in these papers were based on the Kadanoff-
Baym formalism [29], which relies on the relation between
the real-time response functions and the nonequilibrium Green
functions of the complex time variables.

The present work will focus on the thermoelectric effects
induced by a finite temperature difference between the leads.
Section IT' A introduces the model and the variational ansatz
we employ to describe a vibrating quantum dot that is coupled
to a phonon heat bath and two macroscopic leads at different
temperatures. Because for such a setup, the temperature is
not constant throughout the system, the reasonings of our
earlier approach [28] have to be modified. That is why in
Sec. II B we generalize the Kadanoff-Baym method such that
the steady-state equation of the response functions, as well as
their formal solution deduced in Ref. [28], are applicable to the
present case. In Sec. II C, we then derive an approximation for
the polaronic self-energy, and Sec. II D provides the relation
between the polaronic and electronic spectral functions, the
latter of which enters the current formula. In Sec. IIE, we
derive the thermodynamic potential which will be used to
determine the variational parameter numerically. Section IIT
presents our numerical results. The main conclusions and
future prospects can be found in Sec. I'V.

II. THEORY
A. Model and variational ansatz

We consider a molecular quantum dot in the three-terminal
configuration depicted in Fig. 1, which will be modelled by
the following Hamiltonian:

H = (A — wd'd — gwodtd(b" + b) + wob'b

1 )

T 1 s T
+ E (&ka — W)ChyCha — ——= E (txad cra + 17,¢1,d).
k,a ¢ N k,a ko

M

Here, the quantum dot is represented by a single energy level
A with the fermionic operators d". It interacts with a local
optical phonon mode bV of energy w, where the EP coupling
strength is given by the so-called polaron binding energy,

&p =8 . 2

FIG. 1. (Color online) Sketch of the quantum dot model. The
electronic level A is coupled to two macroscopic leads, each in
its own thermal equilibrium with different temperatures 7, x and
chemical potentials y, g. The dot electrons interact with an optical
phonon mode of energy wy that is coupled to a phonon bath at
temperature 7p.
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By the last term in Eq. (1), the dot is coupled to left
(a = L) and right (@ = R) leads, each of which contains N
free electrons with the energies &, and the corresponding
fermionic operators c,(L), respectively. In equilibrium, the dot-
lead system is characterized by a common chemical potential
w and a global temperature 7.

In the nonequilibrium situation, a voltage difference be-

tween the leads is described by adding to (7) the term
Hiy = Z U, Z C]Tmcka (3)
a k

with the voltage bias
® = (U, — Ug)/e, 4)

where e < 0 is the electron charge. In addition, we consider
a temperature difference between the macroscopic leads,
whereby each lead is supposed to stay in its own thermal
equilibrium with the temperatures 77, and T, respectively. We
also suppose that the local oscillator is coupled to its own
heat bath, which has the temperature 7Tp. In accordance with
Entin-Wohlman [30], we assume that the coupling to this heat
bath (indicated as #p in Fig. 1) far exceeds the EP-coupling
strength, so that the phonon population at the dot is given by
the Bose-Einstein distribution:

np(@) = (e’ — 17" with Bp = ((kgTp)™". (5

In the following calculations, we suppose that Tp = T = T
and T; # T in general. Moreover, all energies will be taken
with respect to the equilibrium chemical potential, i.e., u = 0.
We raise the voltage bias symmetrically around u, i.e., up =
—e®/2 and ug = ed/2.

To account for the polaron localization at the dot, we
apply to the Hamiltonian (1) an incomplete Lang-Firsov trans-
formation §,, [26,28], introducing the variational parameter
y €[0,1]:

H=SIHS, S, =explygb' —byd'd]. (6)
The transformed Hamiltonian then reads
H=Ad'd - Cydld + wob'b
+ D eralhyCra — Y (Crad'cra + Clicl,d). (1)
k,a k,a
where the renormalization of the dot level and the interaction
coefficients depends on the parameter y:

A=A-gyQ2-y). T=vs. ®

Tha _goi—
Cra = —=e ¥ Cy = gap(1 — )b +b).  (9)
Now d and b are the operators of dressed electrons (in analogy
to polarons) and the shifted local oscillator. The original
electron and oscillator operators read d = exp[y gt —b)d
and b = b + ygd'd, respectively.

B. Response functions and steady-state equations

In our previous works [28], we considered the electron
current response of a molecular quantum dot that was initially
in equilibrium with the leads as well as with the phononic bath
at a common, fixed temperature. Our calculations were based
on the Kadanoff-Baym theory [29]. At first, we summarize
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the aspects of this nonequilibrium response theory that are
essential for the present setting.

The relevant response functions are represented by the real-
time Green functions of the dot-operators d’ and the lead

operators c,(c'a) e.g.,

gaa(t1,12:U) = —i(Tdy(t)d), (12)), (10)
g5 (t1,1: U) = i(d), ()dy (1), (11)
8 (t1,12: U) = —ildy (1)d]) (12)). (12)

The functions g.; of the “mixed” operators ck ) and d'V are
defined in an analogous way. In Egs. (10)—(12), the time
dependence of d(T) is determined by H+ Hin. The symbol T
means the standard time-ordering operator so that the function
gaa is equal to the functions g7, (t1,t; U) and g, (t1,t2; U)
for t; < t, and t; > t,, respectively. The statistical average
(- - - ) corresponds to the equilibrium state at the temperature T
before the disturbance was turned on. Going to the interaction
representation, the Heisenberg operators dy; are expressed as

dy(t) = V-1 (0)d®)V (1), (13)

V(t) = T, exp |:—i/ dt/Him(t/)i| . (14)

The real-time response functions may be deduced using the
equations of motion for the nonequilibrium Green functions of
the complex time variables t = fy — it, 7 € [0, ], defined as

—<IT>(7?d(t1)dT(tz)S), (15)

th—ip
i/ dt Him(t):| . (16)

fo

Gaa(ti,12; U tp) =

S=7}exp|:—

The time dependence of the operators in Eq. (15) is determined
by H only, while the external disturbance is explicit in the
time-ordered exponential operator S. The operation 7; orders
the operators by the imaginary parts of the times #; and t,, so
that Gaq(t1,12; U, t0) = G7,(t1,t2; U, 1) for i(t; — 1) > 0 and
Gaa(ty,tr; U, tg) = G;d(l‘l,lz; U,tp) for i(t; — 1) < 0. To find
the relation between the functions Gi
G 44 1s considered fori(f; — 1) < O:

and gi, the function
i
(U(to,t0 — iB))

x (U(to,to — ip)U " (to,12)d" (12)U (19, 12)
x U™ (to,1)d(1)U (to,11)), 17

Go(t1,0; U tp) =

where
Ul(ty,1) = exp[ / dr’ Him(t')] . (18)

The continuation of U (ty,7) and V(¢) to analytic functions of
the time variables leads to the identification of U (ty,t) with
V(¢) in the limit zy — —oo. Consequently, the connection of

the analytic functions G§ and gi is given by

hm Goy(t1.0:Uto) = g5 (11,13 U), 19)

. .. . . < <
with similar relations for the functions G, and g_,.
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It is evident that the derivation of Eq. (19) outlined above
does not refer to some special properties of the statistical
ensemble, nor to the physical meaning of 8. In this way, it
is possible to generalize the definition (15) for G 44 assuming
the mean value (- - - ) to be unspecified and the complex-time
variable to be defined in the interval ¢ € [#y,#) — io' ], where the
time-ordering parameter o has no specific physical meaning.
We assume that before the disturbance (3) was turned on, the
system was in a steady state with the temperatures 77, Tg
of the left and right leads, and Tp of the phonon bath. The
function G4, defined in this way does not have the properties
of the temperature (f) dependent Green function in Eq. (15),
it rather represents a functional of the ordered operators which
we use to determine the real-time response functions gg,.

To do this, we define, in analogy to the self-energy, the
function X,,4(t1,52; U, ty) by the equation

(G (11,0) — Sua(t1,1: U 19)] @ Gaa(F,12; U,t9) = 8(ty — 1),
(20)

with the inverse zeroth-order function
_ 9 ~
GO () = <i§ - A>6(t1 — 1), @1
|

In Eq. (20), the matrix multiplication “e” is defined by the
integration f T gF . containing the time-ordering param-
eter 0. The § function of complex arguments is understood
with respect to this integration. The inverse function to G4
is given as G 1 (t1,12; U, o) = Gy~ (t1,12) — Saa(tr,12: U 10).
The deduction of the steady-state equations for the real-
time functions g=(t;,t>; U) and g~ (¢;,t; U) by the limiting
procedure #o — —oo is analogous to that given in Ref. [28].
Defining the Fourier transformations according to Kadanoff-
Baym [29],

o0
Ti / dr g5 (t:U)el”, 22)

o0

<
g U) =

and, similarly for £5(w; U), the solution of the steady-state
equations may be written as follows:

Ao, U) = g7, (0; U) + gy(w; U), (23)
g0 U) = A(w; U) f(w; U), 24)
_ _ 2 (o U)
flw;U) = T (25)
Nw;U) = £7,(0;U) + Z5,(w; V), (26)

with the nonequilibrium polaronic spectral function
IN'(w;U)

A(a)9U) = Pf do' F(w U)] + [M]z
2

@n

[0-&

C. Self-energy
According to the preceeding section, the concrete form of
the steady-state solution for the special choice of interactions is
. . < . .
determined by the functions X7,. To find an explicit expression

for X7, we start with the equations of motion for G 44 and G .4,
which are given by the commutators of the operators d" and
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c,(ja) with H. Asa purely formal device, we add to Hy, in Eq. (3)

the interaction with fictitious external fields { V'}. The equations
of motion of G4, and G4 are then expressed by means of the
functional derivatives of X;,; with respect to these fields. The

resulting equations for ngd are solved iteratively. We then let
{V} — 0 and perform the limit 7y — —oo. In the following
calculations, we will use the self-energy function after the first
iteration step [28]:

n<
Shd” (0.0 0) = Y (Cra) P 805 (koas 1,12: U)
k.a

X (]()(K) + Z I;(x)2 sinh(s6)

s>1

x {[np(swp) + 1]e*sen=1)

+ np(swp)eFe ”2)}> , (28)
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where we have defined

0= Lonps. k=& (29)
QPP K= Gihe
[ee] 1 P s+2m
L=y — (= . 30
() ;mKHmﬂ(z) (30)

The Bose function np in (28) contains the phonon-bath
temperature Tp according to Eq. (5), while the zeroth-order
functions of the leads depend on the different temperatures Tg
and 77 :

8O (k,as11,1;U) = i7" f(exq + Uy, 31)

807 (k,as 11,0, U) = —ie ! [1 — fo(e1a + Ua)l, (32)
with the lead Fermi-functions
fulw) = (P + 1)1, B, = (kgT,) ™" (33)

The Fourier transformation of Eq. (28) leads to

S @)=Y <Io(lc)F;°)(w)fa(w + U+ Y 1(c)2sinh(s0)

a s>1

<T@ — swo)np(swo) fulw — swo + Ua) + T + swo)ns(swp) + 1 falw + swo + Ua)}>, (34)

with the renormalized dot-lead coupling function

FP@) = e &), (35)

which depends on the lead density of states:

1
r'%w) = 2n|za<w)|2ﬁ ; 8o — e14)- (36)

From Eq. (34), Ef,iib(a); U) results by interchanging ng <> (ng + 1) and f, <> (1 — f,). Note that Eq. (34) is similar to our
result for the self-energy in Ref. [28], but now f is replaced by the individual lead Fermi-functions f, that were defined in (33).

If we insert the approximation (34) into Eq. (26), we find

I'Y(;U) = I U) + Ty (0 U), 37)

T (w; U) = LT V(@) + Y L0)2sinh(s0){ T (@ — swo)np(swo) + 1 — fulw + Us — swp)]

s=>1

+ F[(;O)(w + swo)[np(swo) + folw + U, + Sa)o)]}. (38)

From the functions I'V(w;U) and EE,{f(w;U ), the first-
order spectral function A"(w; U), the distribution function
FD(w;U) and the response functions gf,ld)%(a); U) follow
according to Egs. (27), (25), and (24), respectively.

D. Electron current

The operator of the particle current from lead a to the dot
reads

i ~ .
Jo= = Xk:(zkadfc,m — el ). (39)

N

Its mean value J, = (J,) is given by the real-time response
functions g, of the electron operators, which are defined in
analogy to Egs. (11) and (12), e.g.,

i cra) = 85k,as 11,03 U). (40)

We determine 2., based on the equation of motion of the
corresponding function G.4(k,a;t;,t; U,ty) of complex-time
variables:
~ 1 _
Gea(k,a;t1,t;U 1) = —Llava?(k,a;tl,t; U)

N

G aa(f,12; U, 1p). 1)
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The current J, results as
7= / * dw
2w

where A and 3= are the electronic dot spectral function
and response functlon. In the steady-state regime, our approx-
imation conserves the particle current: J; + Jg = 0. In the
following, identical leads are assumed and we work in the
wide-band limit where F(LO)(a)) = Fgg)(w) = I'y. Then the total
particle current through the dot, J = (J; — Jg)/2, is given by

IO fulw + U) AN (03 U) — 84~ (@; V)],

42)

*® dw ~
sz

> | 5 AV@ Ui+ U = fro+ Up)l.

(43)

Based on Eq. (43), we determine the electron current through
the quantum dot numerically. We note that in the present
work we are only interested in the current response to finite
voltage biases and temperature differences between the leads.
The generation of an electronic response merely by the
interaction with a hot phonon bath would require different,
energy-dependent densities of states in the leads, as was shown
in Ref. [30]. In our calculations however, we consider identical
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lead densities of states. That is why J = O for all Tp, as long
as Ty, = Tg and ® = 0.

To find a relation between the polaronic and electronic
functions, we decouple the fermionic and bosonic degrees of
freedom in the electronic response function as is customary
[31,32],

Tt U) = gi(t1,10; U) (e B =00 B =iy (44

As stated in Sec. II A, the local oscillator is supposed to be
strongly coupled to the heat bath. Accordingly, we neglect the
influence of the EP interaction on the dynamics of the phonon
subsystem and evaluate the bosonic correlation function in (44)
using Eq. (5). The first-order electronic response functions then
read

1
2 (0 U)

— % cothd (1 (K)g(|)>(a); U)+ Z I(k)2 sinh(s8)

s>1

{[1 + nB(swo)]gdd>(w + swy; U)
+ng(sw0)giy (@ F swp; U)}). (45)

The corresponding electronic spectral function Z(l)(a); U)
follows according to the steady-state equation (23) as

E%wum—gﬁﬂwim+§$dwim:eﬁ%mgodmmW@un+§:4@pgmmm

s>1

x{[np(swo) + FP(w + swo; VAP (@ + swo; U) + [np(swp) + 1 — FP(w — swo; U)]

x A (w — sw; U)})‘

E. Variational procedure

To determine the optimal variational parameter Yin, We
have to minimize the relevant thermodynamic potential. This
poses a problem, since for finite AT, the effective temperature
determining the statistics of the dot electron is not known. It
will be given by the constitution of the steady state due to the
coupling of the dot with the surroundings. In the present paper,
we suppose y to be mainly determined by the EP interaction
terms contained in Eq. (1), since the variational parameter was
introduced to characterize the polaronlike quasilocalization
of the dot electron. Therefore we assume the equilibrium
thermodynamic potential of the system, before the temperature
and voltage differences were turned on, to be a reasonable
first approximation for the variational function. The use of the
well-known “A trick” to take the interaction terms from H into
account results in [29]:

1 ~
Q=——In(1+e2F)
B

1 1 d ~
+2f0 X/ e-Bal@f@. @)

(46)

The function A(Al) represents the first-order equilibrium spectral
function if the interaction coefficients in Eq. (7) are multiplied
by the factor A. If we write A" in terms of T'\"” = A2T'), we
can carry out the A integration and find

> dw b1
o [l

a)—A Pfdw F()(a))
S

—+ arctan |:

Via A and T, the thermodynamic potential €2 is a function
of y. For given parameters €, Iy, wp, A, and T, the optimal
variational parameter ypi, will be determined in equilibrium,
ie., for AT =0 and ® =0, by minimizing Q. We then
keep ymin fixed and calculate the self-energy, the spectral
function and the resulting particle current for finite voltages or
temperature differences between the leads.

III. NUMERICAL RESULTS

Depending on the type of molecular junction, the energies
of the characteristic vibrational modes range from the order
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of 10 meV in small molecules [33] to several 100 meV
in Cg molecules [2]. In the following calculations, the
corresponding model parameter wy will be used as the unit of
energy, i.e., we keep wp = 1 fixedand set h = 1, |e] = 1, and
kg = 1. We assume identical leads and work in the wide band
approximation, so that the dot-lead coupling is determined
by a single parameter: F(LO)(a)) = Fg))(a)) = I'y. Furthermore,
we consider low equilibrium temperatures, 7' /wo < 1. Then,
according to Eq. (35), the renormalized dot-lead coupling
parameter is approximately given as

FO ~ T e—yzgp/wo. (49)

Usually, the ratio of the bare dot-lead coupling parameter
Iy to the phonon energy w is used to determine whether
the system is in the adiabatic (I'g 3> wp) or anitadiabatic
(T < wp) regime. Recently, Eidelstein ef al. [18] argued that
for strong EP interaction, i.e., £,/wo > 1, the antiadiabatic
regime can be extended to Iy < wg as long the exponential
renormalization of the dot-lead coupling parameter in (49) is
so strong that Ty < w. In this case, the * ‘mobility” of passing
charge carriers is reduced, so far, that the local oscillator is still
fast enough to adjust to them individually. Because then the
physics is essentially those of the antiadiabatic regime, it can
be called the “extended antiadiabatic regime” [18]. Only when
I'p approaches wy the system crosses over to the adiabatic
regime.

To investigate the latter situation, in the present work, we
consider comparable electronic and phononic timescales 'y <
wo and moderate EP coupling &, 2 wy. Since in our approach,
the polaronic renormalization in Eq. (49) also depends on the
value of the variational parameter y € [0, 1], we can interpolate
between the extended adiabatic regime and the aforementioned
crossover regime.

A. Dot state in the crossover regime

To understand the thermoelectric response of the dot,
we first investigate the dots electronic spectral function in
equilibrium. Thereby we keep the parameters wy =1, T =
0.01, ® =0, AT =0, and ¢, =2 fixed and consider two
parameter sets for I'g and A.

The first set is ' =1 and A =2, which means that
the electronic and phononic subsystems react on a similar
timescale and the dot level acts as a tunneling barrier between
the leads. For these parameters, our variational calculation
yields an optimal yimin = 0.59. As a consequence, the effective
dot level given in Eq. (8) is lowered to near resonance, A =
0.33. Moreover, the effective dot-lead coupling is reduced
by about half, I'g &~ 0.5, and we are in the aforementioned
crossover regime [18].

For the second parameter set, we reduced the dot-lead
coupling to I'y = 0.5 (meaning the phononic subsystem is
the faster one) and raised the bare dot level to A = 2.5. This
results in ymi, = 0.54, Ty = 0.28, and A = 0.91, so that the
renormalized dot level is still far from resonance.

The electronic spectral functions for the first and second
parameter set are presented as the black curves in Figs. 2(a)
and 2(b), respectively. We compare them to two limiting cases:
the red dashed curves represent the small polaron limit, where
we set y = 1 instead of the optimal yy,;n. Then S, in Eq. (6)
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FIG. 2. (Color online) For wy =1, T =0.01, and ¢, = 2. (a)
Electronic equilibrium spectral function for 'y = 1, A = 2, Yyin =
0.59, A =0.33, and T’y = 0.5. The variational calculation (black
lines) is compared to the small polaron limit y = 1 (red dashed lines)
and to the result for £, = 0 (blue dot dashed lines). In the latter two
cases, we set A in such a way that A is the same as in the variational
calculatlon (b) Same as (a), but for Ty = 0.5, A = 2.5, yin = 0.54,

=0.91,and Fo = 0.28. (c) and (d) For the same parameters as in (a)
and (b), thermally induced current J as a function of the temperature
difference AT between the leads.

corresponds to the complete Lang-Firsov transformation. In
this case, we have I'g = 0.14 and 0.07, respectively, and the
system is described as being in the extended antiadiabatic
regime. The blue dot-dashed curves follow from setting ¢, =
0, which represents arigid quantum dot without EP interaction.
In both limiting cases, we set A in such a way, that A is the
same as in the respective variational calculation.

In general, for ¢, =0, the electronic spectral function
features a single broad band centered at w = A. From
setting g = 0 in Egs. (37) and (27), we see that it has a
Lorentzian shape and its width is given by the bare dot-lead
coupling parameter I'y. For finite EP interaction and y = 1,
the polaronic character of the dot state is signalled by the
appearance of several narrow side bands, which are given by
the terms with s > 1 in Eq. (46). These side bands represent
the emission and absorption of optical phonons by the incident
electrons. Their width is determined mainly by the small
parameter ['y and their maxima are located multiple integers
of wy away from the central (zero-phonon) peak.

Note, however, that the phonon peak corresponding to
w = A — wy is suppressed in Figs. 2(a) and 2(b), and only a
small shoulder at ® = —wy remains. This is a consequence of
Pauli blocking and can be understood from Eqgs. (34) and (38);
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for small AT, we have ng(swy) ~ 0 and the Fermi functions
of both leads are nearly steplike. Then, on the right hand sides
of Egs. (34) and (38), only the terms proportional to I(k)
contribute in the region w € [—wp + |D|/2, + wo — |P|/2].
From Eq. (25), we see that f = (f; + f&)/2 in this region
and, consequently, only the term proportional to /y(x) on the
right hand side of Eq. (46) contributes to the spectral function.
This “floating” of the phonon bands has been discussed for
linear electric transport through molecular quantum dots [34].
As we will see, it is also the reason why the low-temperature
thermoelectric response is determined by the shape and
position of the zero-phonon peak alone.

The variational dot state, due to the moderate renormaliza-
tion, features broad, overlapping side bands. Still, we find a
considerable shift of spectral weight to higher energies and a
suppression of the zero-phonon peak. The resulting reduction
of the low-energy tunneling rate is a main consequence of
the polaron formation and is known as the Franck-Condon
blockade [17].

B. Thermally-induced current

In the following, we calculate the particle current through
the junction that results from a finite temperature difference
AT between the leads. Let us again consider the two sets
of parameters used in Sec. III A. Keeping the respective
variational parameters i, fixed, we increase the temperature
difference AT, whereby T, =T + AT and Tp =Tp =T.
This induces a net particle current through the junction, which
is depicted as a function of AT in Figs. 2(c) and 2(d). For the
first parameter set, we find that the EP interaction enhances the
thermally induced current for small temperature differences.
However, it reduces the current throughout the temperature
range for the second parameter set.

This can be understood from Eq. (43): the net current
through the dot depends on the electronic nonequilibrium
spectral function and the difference of the Fermi distribution
functions of the left and right lead. For zero voltage bias
and small temperature differences, the term f7(w) — fr(w)
in Eq. (43) differs from zero only in the narrow region
w € [-AT, + AT] and changes sign at w = 0. Physically,
this means that the temperature difference between the leads
induces a flow of hot charge carriers from the left to the right
lead, since fi(w) — fr(w) is positive for w > 0. This current,
however, is compensated by a counterflow of cold carriers
at w < 0, where f(w)— fr(w) is negative. Since A > 0 in
our calculations, dot states above the Fermi energy have more
spectral weight than the states below the Fermi energy. The net
particle current is positive, i.e., it goes from the left to the right
lead. The magnitude of the current is determined by the relative
weight of the two flows, i.e., by the slope of the dot spectral
function around the Fermi energy.

That is why the effect of the polaron formation on the
thermally induced current crucially depends on the specific
values of A and I'g. For the first parameter set, the dot level
A = 0.33 lies near the Fermi surface. In this situation, the
polaronic renormalization of the effective dot-lead coupling
increases the slope of A(w) atw = 0, as can be seenin Fig. 2(a).
Consequently, in Fig. 2(c) the low-temperature thermoelectric
current grows with respect to the noninteracting case. For
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the second parameter set (corresponding to the nonresonant
situation), the effect is reversed: the slope of A(w) decreases
and the thermoelectric response of the vibrating molecule is
smaller than that of the rigid quantum dot.

For both parameter sets, we find that, as AT — oo, the
maximum thermo-current is largest in the case of zero EP in-
teraction. This can also be understood from Eq. (43). For large
AT, theregionw € [-AT, + AT] grows and f1(w) — fr(w)
is finite far from the Fermi surface. Now the thermoelectric
current is given not by the slope of A(w) at @ = 0 but by the
ratio of the integrated spectral weight below and above the
Fermi surface. Because Tp is low, the phonon bands in A are
weighted according to a Poisson distribution with the param-
eter g2 = y?e,/wy. As y grows, a considerable portion of the
total spectral weight is shifted to the phonon bands at @ > 1.
Even for large temperature differences, their contribution to the
thermocurrent will be exponentially small, and the maximum
current decreases with respect to the rigid quantum dot.

C. Thermovoltage

We have seen how, in general, a temperature difference
AT between the leads will induce a particle current through
the dot. In a typical experiment, this thermoelectric effect is
measured by applying a voltage difference ® in such a way that
the thermally induced current is compensated: J(AT,P) =
0 for finite AT and ¢. The determination of the so-called
thermovoltage, ®p, and its dependence on the EP coupling
will be the subject of the following numerical calculations.
Thereby, we use the second parameter set from Sec. Il A, i.e.,
wy=1,T = O.Ql, gp=2,A =~2.5, and 'y = 0.5, resulting
in Ymin = 0.54, T'p = 0.28, and A = 0.91.

To understand the mechanism, we first consider a finite
but fixed temperature difference AT = 0.25. For ® =0,
the corresponding electronic spectral function is shown
as the black curve in Fig. 3(a), where it is again compared
to the noninteracting case and the small polaron limit. We
calculate the total current J as a function of the voltage bias P,
whereby u; = ®/2and ug = —P/2. The results are depicted
in Fig. 3(b).

For negative voltages, the current signal is in qualitative
agreement with the results of previous works [28]. In a nutshell,
the formation of a polaronlike state at the dot reduces the
zero-bias conductance due to the Franck-Condon blockade,
but for growing voltage, we find steps in the current signal
whenever ®/2 = —A — nwy, withn € [0,1,2, ...]. Here, the
chemical potential of the right lead crosses the phonon side
bands in A and resonant transport of electrons takes place via
the emission and subsequent absorption of an equal number
of phonons. The right lead is the cold one and has a steplike
Fermi function. Because of this, the width of the current steps
is mainly determined by the width of the phonon bands in the
spectral function, i.e., by I'y. In the variational calculation, the
bands overlap considerably [see Fig. 3(a)] and the resonant
steps in the current-voltage signal are smeared out.

For positive voltage bias, we find no current steps even in the
small polaron limit. Now it is the chemical potential of the hot
left lead that crosses the renormalized dot level and the phonon
bands. The width of the resonant tunneling steps in J(®) does
not depend on I'y alone but also on the width of the soft
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FIG. 3. (Color online) For the same parameters as in Figs. 2(b)
and 2(d),ie,wy=1,T =0.01,6, =2,y = 0.5, A = 2.5, Yin =
0.54, A= 0.91, and FO = 0.28. (a) Electronic spectral functions for
fixed AT = 0.25 and ® = 0. We compare the variational calculation
(black line) to the small polaron limit y = 1 (red dashed line) and to
the resultfor e, = 0 (blue dot-dashed line). (b) Current J as a function
of the voltage difference ® between the leads for fixed AT = 0.25.
(c) Thermovoltage & as a function of AT.

Fermi-surface. Since AT = 0.25 is of the order of wy, the cur-
rent steps are smeared out and therefore no longer discernible.

Based on the current-voltage signal we now determine
the thermovoltage &y as a function of AT numerically
and show the result in Fig. 3(c). We find that for small
temperature differences, the absolute value of @, grows
strongest for y = 1. This is a consequence of the reduced
electrical conductance of the quantum dot in the small polaron
picture; for a given AT, relatively large voltages are necessary
to compensate the corresponding thermocurrent. For large
temperature differences, we find a maximum value &) =
—1.5 for all three data sets given in Fig. 3(c). This voltage
corresponds to the postition of the zero-phonon step in J(P)
in Fig. 3(b). Here, the systems conductance grows considerably
and any thermally induced current can easily be compensated
by a slight growth in .

D. Varying the dot level

In the previous sections, we chose the bare dot level A
in such a way, that the renormalized level A was equal in

PHYSICAL REVIEW B 89, 155133 (2014)

the scenarios with and without EP interaction. In this way,
we concentrated on the influence of the renormalized dot-lead
coupling on the thermovoltage. However, in an experimental
situation, the dot level may be manipulated, e.g., by applying
a gate voltage through a third electrode, in order to optimize
the thermoelectric effect. To investigate this situation, we now
consider A as our free parameter. For each A, we temporarily
set ® =0 and AT = 0 to determine the optimal parameter
Ymin- We then keep ymin fixed, set AT to a finite value and
calculate the thermovoltage ®(. The remaining parameters are
the same as in Sec. IlIC, i.e.,, g =1, T =0.01, &, = 2, and
Iy =0.5.

First, we consider a small temperature difference AT =
0.1. Our result for the thermovoltage as a function of the bare
dot level is presented in Fig. 4(a). In general, ®(A) features
two resonances of opposite sign and goes to zero when the
ggnormalized dot level crosses the Fermi surface, i.e., when
A=A —¢,y(2 —y) = 0. At this point, the spectral function
is symmetrical around w = 0, and the thermoelectrig flow and
counterflow between the leads cancel exactly. As |A| grows,
the net thermocurrent and, consequently, the thermovoltage
increases. In accordance with our results in Sec. IIIC, the
maximum thermovoltage is largest in the small polaron picture
due to the strong renormalization of the dot-lead coupling.
When |A| grows further and the zero phonon peak shifts away
from the Fermi surface, the dot density of states near w = 0
decreases, and the thermoelectric effect vanishes again.

In Fig. 4(a), the small polaron result is shifted from the
&, = 0 curve by the value of the polaron binding energy ¢,
which can be understood from setting y =1 in Eq. (8). In
both cases, the thermovoltage signal runs linearly through
zero. We note that for growing 7 (not shown here) its slope
reduces, while the position of the positive (negative) resonance
shifts to lower (higher) A. In this regard, our result resembles
the sawtoothlike thermopower signal that was predicted in
Ref. [20] and experimentally measured in Ref. [6]. There, the
periodicity of the thermopower oscillations was determined
by the difference in the ground-state energies for different
numbers of electrons on the dot. In our model however, we only
account for a single dot electron. That is why we only observe
a single “tooth,” i.e., only two thermovoltage resonances in
Fig. 4(a).

Moreover, we find no side peaks in the thermoelectric signal
that could be attributed to the phonon side bands in A. This
is a consequence of the floating effect discussed in Sec. [IT A;
since the thermovoltages in Fig. 4(a) are small, the expression
fr(w+ Uyp) — fr(w + Ug) in Eq. (43) differs from zero only
within the region @ € [—wo + |Po|/2, + wo — [Po|/2]. In this
region, the phonon side bands in A(w) are suppressed and do
not contribute to the thermoelectric transport. That is why the
resonance signal in Fig. 4(a) is given by the varying position
of the zero-phonon peak only.

Consequently, in Fig. 4(a) the variational calculation with
its moderate renormalization of the dot-lead coupling predicts
a weaker resonance signal than the small polaron picture,
which is also shifted from the result for the rigid dot by less
than ¢,. We find that in contrast to the two limiting cases,
the strength of the resonance now depends on the sign of ®.
This can be understood from Fig. 4(b), where we show the
optimal variational parameter as a function of the dot level.
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FIG. 4. (Color online) Forwy =1,T =0.01,¢, =2, =0.5,
as in Fig. 3. (a) Thermovoltage ®, as a function of the bare dot
level A for AT = 0.1. We compare the variational calculation (black
line) to the small polaron limit y = 1 (red dashed line) and the case
with zero EP coupling (blue dash-dot line). (b) Optimal variational
parameter Yy, as a function of the bare dot level. (c) Same as (a)
but with AT = 0.25. (d) Electronic spectral functions for A = 0.8,
Ymin = 0.95 and several temperature differences.

For A > 0, we have ymin =~ 0.5 like in the previous sections.
When the renormalized dot level crosses the Fermi surface,
Ymin approaches 1 and a small transient polaron forms at the
dot. Then the thermoelectric effect increases.

Figure 4(c) shows the thermovoltage signals after having
raised the temperature difference to AT = 0.25. As expected,
for all three cases, the heights and widths of the resonances
grow with respect to Fig. 4(a). More importantly, for finite EP
coupling, the curves now feature side bands at a distance of wy
from their maximum resonances. This becomes possible be-
cause for large temperature differences the floating condition
for the phonon bands is relaxed; since AT < wy, the Fermi
surface of the hot left lead softens considerably. Now, the

PHYSICAL REVIEW B 89, 155133 (2014)

terms with s > 1 on the right hand side of Eq. (46) contribute
to the spectral function even for w € [—wo + |Po|/2, + wo —
|®g|/2]. For example, Fig. 4(d) shows the electronic spectral
function in the variational calculation for A = 0.8 and several
temperature differences. Since ymi, ~ 1, we have A ~ —1.1.
For growing AT, a small peak appears near the Fermi-surface
that is related to the polaronic state with one phonon at w =
A + wy ~ 0. When, for varying A, this peak crosses the Fermi
surface, the side peak in the thermovoltage signal in Fig. 4(c)
appears. Note, however, that the floating condition still holds
for the cold right lead, as can be seen from the shoulder
appearing near = 1inFig. 4(d). As the thermovoltage grows,
the window w € [—wy + |Do|/2, + wo — |Do|/2] closes and
the shoulder shifts towards w = 0.

IV. SUMMARY AND OUTLOOK

In this work, we investigated the steady-state thermoelectric
transport through a vibrating molecular quantum dot in the
crossover regime far from the antiadiabatic limit. Within a
Kadanoff-Baym formalism that is generalized to account for
different lead temperatures, the nonequilibrium dot self-energy
was calculated to second order in the dot-lead interaction
coefficient. In order to account for the polaronic character
of the dot state, we applied a variational small-polaron
transformation and determined the degree of transformation
by minimizing the relevant thermodynamic potential.

In essence, we calculated the current induced by a finite
temperature difference between the leads. For small tem-
perature differences, the influence of the electron-phonon
(EP) interaction strongly depends on the specific system
parameters; for a near-resonant dot level, the interacting
quantum dot acts as a more efficient energy filter and the
thermo-current increases. In the tunneling regime, however, we
found a reduction of the thermo-current due to the decreasing
density of states near the Fermi surface.

In order to relate our results to experiment, we determined
the thermovoltage required to compensate the thermally
induced particle current at a given temperature difference. We
found that in principle the Franck-Condon blockade boosts the
thermovoltage through the reduction of the systems electrical
conductance. For intermediate EP coupling, the small polaron
picture overestimates this effect.

Finally, we determined the thermovoltage as a function of
the dots energy level. Because of Pauli blocking, we found no
phonon features in the low-temperature thermoelectric signal.
However, our variational calculation predicts an asymmetrical
line shape due to the formation of a small polaron as the dot
level drops beneath the equilibrium Fermi energy. For large
temperature differences of the order of the phonon energy,
Pauli blocking is relaxed and the thermovoltage signal features
multiple resonances that can be attributed to resonant transport
through vibrational dot states.

The present study should be considered a first step in
applying our variational ansatz to the thermoelectric transport
through molecular junctions. Although it captures the essential
physics, it must be extended in several directions. Most
importantly, we have yet to consider energy transport through
the junction. The efficiency of energy deposition by the
excitation of local phonons will strongly depend on the

155133-9

63



2 Thesis Articles

T. KOCH, J. LOOS, AND H. FEHSKE

effective EP interaction, i.e., on the polaronic character of
the dot state. To investigate the subsequent heating or cooling
of the molecule, the effective temperature of the dot electrons
has to be determined numerically, for which several methods
have been proposed [22]. This should have some influence on
the variational parameter y as well. In our previous works, a
voltage-dependent variational parameter was responsible for
the junctions negative differential conductance. Therefore it
would be highly desirable to carry this nonlinear behavior
over to the discussion of thermoelectric transport.

Another worthwhile extension of our work concerns
Coulomb interaction effects. Recently, Andergassen et al. [35]
argued for the negative-U Anderson model (which neglects the
coupling to the phonon degrees of freedom however) that the
resulting charge Kondo effect leads to a large enhancement of
the linear response thermopower due to the highly asymmetric
dot spectral function. This effect was shown to be tunable
applying a gate voltage. It would be interesting to reexamine

PHYSICAL REVIEW B 89, 155133 (2014)

this problem for a model with additional EP interaction, using
our variational scheme, since—as we have demonstrated in
Sec. Il D—the effective EP interaction (described by the
variational parameter) is strongly influenced by the gate
voltage. In this connection, we like to stress that for acombined
Holstein-Hubbard quantum dot model it has been shown that
strong EP coupling may result in a net attractive Coulomb
interaction [36]. Then, depending on the energy of the dot
level, a variational ansatz might be able to interpolate between
the positive-U Holstein-Hubbard dot model and the effective
anisotropic Kondo model regime investigated in Ref. [35].
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Interacting multicomponent exciton gases in a potential trap:
Phase separation and Bose-Einstein condensation
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The system under consideration is a multicomponent gas of interacting paraexcitons and orthoexcitons
confined in a three-dimensional potential trap. We calculate the spatially resolved optical emission spectrum
due to interband transitions involving weak direct and phonon-mediated exciton-photon interactions. For each
component, the occurrence of a Bose-Einstein condensate changes the spectrum in a characteristic way so that

it directly reflects the constant chemical potential of the excitons and the renormalization of the quasiparticle
excitation spectrum. Moreover, the interaction between the components leads, in dependence on temperature
and particle number, to modifications of the spectra indicating phase separation of the subsystems. Typical
examples of density profiles and luminescence spectra of ground-state paraexcitons and orthoexcitons in Cu,O

are given.

DOI: 10.1103/PhysRevB.82.064505

I. INTRODUCTION

Excitons in semiconductors have been promising candi-
dates for the observation of Bose-Einstein condensation for
several decades. At present, cuprous oxide (Cu,0O) is in the
focus of experimental efforts due to the large binding energy
and long lifetime of the exciton states. In order to obtain
sufficiently high densities, entrapment by an external poten-
tial is an approved method.

The theoretical description of excitons in potential traps
has been carried out so far mostly in the frame of a model of
ideal bosons. Concepts for the inclusion of the interaction are
well known from the theory of atomic condensates'~* and
first applications to excitons exist, t0oo.’ Recent investigations
in the framework of a mean-field formalism in local-density
approximation (LDA) have shown distinct signatures of a
condensate in the decay luminescence spectrum of the non-
condensed excitons.® It is the aim of the present paper to
introduce a generalization of this theory to a multicomponent
gas of interacting paraexcitons and orthoexcitons, where the
consequences of the interaction on the condensation process
are of particular interest. We show results for the densities of
the individual components and their spatially resolved lumi-
nescence spectra for several parameter regimes and highlight
experimentally relevant cases.

II. THERMODYNAMICS OF EXCITONS
IN A POTENTIAL TRAP

The thermodynamics of a one-component Bose gas has
been investigated in detail, see, e.g., Refs. 1-4. First appli-
cations of these concepts to excitons have been presented in
Ref. 5 and, looking at spectral signatures of a condensate, in
Ref. 6. In analogy to generalizations for multicomponent
atomic gases, e.g., Refs. 7-12 and spinor polaritons, e.g.,
Refs. 13 and 14, in the following, we generalize this ap-
proach to the case of multiple species of excitons, i.e.,

1098-0121/2010/82(6)/064505(8)
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paraexcitons and orthoexcitons, adopting a mean-field cou-
pling scheme between the components.'

The multicomponent exciton gas is considered in second
quantization. We start from the Hamiltonian for a
K-component system in the grand-canonical ensemble,

2y72

K
h°V

= d T 7[ —
H z ri(r )[ Y,

1

+Vi(r) - ,U«l] Yi(x,1)

K
33 [ e 0w g onen ()

ij=1

with respective external potentials V; and chemical potentials
wm; for each species. We assume a contact potential for the
exciton-exciton interaction with the matrix ;; containing the
intraspecies and interspecies interaction strengths. Its compo-
nents are given by the s-wave scattering lengths afj,

11
h--=2wh2(—+—>aj. (2)
Y M; M;)Y

The Bose field operator ; obeys the Heisenberg equation of
motion

22
zﬁw = [— Y i(r,1)

— + Vir) — w;
o M, (1) =

K
+ 2 (e, ()
j=1
We decompose the field operators ; in the usual fashion,

Gi(r,1) = D(r) + §(r,1), (4)

where ®; is the (scalar) condensate wave function with
®,(r)=(y(r,1))=((r)) and ¢, is the operator of the thermal
excitons. Inserting the decomposition Eq. (4) into Eq. (3) and
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following the steps of Ref. 1, we obtain (arguments dropped
for the sake of brevity)

2v72
0=|:_ 2M +V lu’t+hu(nu+nu)+2hl/ //:|(I)

JFI
+ hi; O +Eh,,(n,,<13 + 7 (I);) (5)
J#i
and
a; #2V2
h— =\ - +Vi— i+ 2h;mn; + 2, hyn +h;
l ot ( 2M Mi iilii % ij ]] lll m”l//
+ 2 byl + mij’z;) (6)
j#i
with n;; —(D NON i+, my; —CID D, i+, and the normal and

anomalous averages n,‘,—<¢i lﬁ) and m,]—<lz,«12j>, respectively.
Equation (5) generalizes the familiar Gross-Pitaevskii equa-
tion by including (i) the coupling to the thermal excitons and
(ii) the coupling of multiple components.

In a first approximation, we neglect all nondiagonal aver-
ages, i.e., ii;=i;=m;=n;=0 Vi#j, reducing Egs. (5) and
(6) to effective one-species equations with an additional
mean-field contribution from the other species,

2v2
0=|- + V M + hu(nu + nll) + 2 hl/ Ji (I)

2M JFi
+ i @7 (7)
L O h*v? 4
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(®)

Thanks to this simplification, Eq. (8) can be formally solved
by a Bogoliubov transformation,

Ui= 2 [u@)ai@)e ™" 4 vi(a)af (o)™ ™, (9)

a

where o enumerates the quasiparticle states. Thereby the
Bogoliubov amplitudes u; and wv; satisfy the relation
Slu(0)>=v(0)*]=1. The excitation spectrum E;(o)
given by the solution of the eigenvalue problem,

< L; hii’"ii)(”i((f))_E (“i(U)) 10
wy, — £ N\oio)) TE Ny ) 1O

7?V?

with

Li=-— + V- M1+2hnnzl+2hl] - (11)

2M JFEI

Equations (7) and (10) are the multicomponent generali-
zations of the Hartree-Fock-Bogoliubov equations. They rep-
resent a system of 3K equations which are coupled via the
interaction matrix elements /;;.

To guarantee gapless spectra, we next apply the Popov
approximation, i.e., we neglect the anomalous averages 7;; in
Eqgs. (7) and (10) and find

PHYSICAL REVIEW B 82, 064505 (2010)
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Since the extension of the potential trap is large compared
to the typical length scale of the system (e.g., the thermal de
Broglie wavelength of the excitons), we can use the LDA.
Then the excitons are treated as a locally homogeneous sys-
tem and the spatial dependence enters only via the trap po-
tential. In that case, the Bogoliubov equations are readily
solved, yielding the density nl.TE n;; of thermally excited ex-
citons as

. &Pk | Lik,r) 11
n;(r)= f [E(k {”B[Ei(k,r)]"'z}—z]

X O[E,(k,r)?] (14)

with ng(E)=[exp(E/kgT)—1]"" being the usual Bose func-
tion. The excitation spectrum E; is explicitly given by

and

E{k,r) = VL(k,r)* - [h;n(r) ], (15)
h2i?
Li(k,r) = ot Vir) = i+ 2hn,(r) + g hin (r)
(16)

with n{=|®,?> and n;=n;=n] +n¢. In consistence with the
LDA, we apply the Thomas-Fermi approximation to the
Gross-Pitaevskii equation, neglecting the kinetic-energy term
in Eq. (12). Then we obtain finally for the densities of the
condensates

‘(r)——[,u, Vi(r) = 2] (r) = 3 ,<r>]

hu J#Fi

x@{m Vi(e) = 2kl () = 2 ,(r)] (17)

JFI

Expressions (14)—(17) have to be solved self-consistently.
Although they look very similar to the one-component case,
a coupling between the components appears via L; and ny.

In what follows we calculate the densities of excitons in
Cu,0 in a strain induced potential trap.'® In addition to the
paraexcitons (labeled “p”), two spin prOJeCtlons of orthoex-
citons are captured by the trap, denoted by “+” and “-,”
while the zero component is expelled and plays no role.
Thus, the number of components K=3. In addition to the
usual symmetry of the interaction matrix, h;=h; with
i,j=p,+,—, in our case it holds that h,,=h__ and h,,=h,_
leaving four independent parameters h,,,, .y, By, and h
As extensive works on two-component systems’ 12 have
shown, one of the most interesting aspects of multicompo-
nent systems—the occurrence of phase separation—is
closely tied to the proportions of interspecies and intraspe-
cies interaction strengths.
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According to Eq. (2), the interaction strengths are given
by the s-wave scattering lengths of the corresponding chan-
nels, which can be obtained by the solution of the four-
particle scattering problem. The case of positronium-
positronium scattering some time ago received much
attention'”!° and quite reliable values of the scattering
length for both the singlet and the triplet channel have been
obtained. In contrast, the description of exciton-exciton
interaction is a long-standing problem and so far no
satisfying solution for the general case has been obtained.
Especially for Cu,0O, we expect a strong effect of the nonpa-
rabolicity of the valence band®® and of the rather large
electron-hole exchange interaction’?’ on the scattering
lengths. Therefore, the values we deduced from the scatter-
ing lengths of the positronium problem given in Ref. 17
(h,,=0.71 h,,, h,,=0.33 hy,, and h, =177 h,, with
hyp=T7.5X 107+ eV um?), should be considered as repre-
sentative, only. Nevertheless, they allow to show the general
behavior of the multicomponent exciton system. In the cal-
culation we also neglect the difference in the paraexciton and
orthoexciton mass due to the k-dependent exchange
interaction.??

III. LUMINESCENCE SPECTRUM

Excitons decay by emitting photons. This takes place ei-
ther directly, whereby momentum conservation requires that
only excitons with the same momentum as the emitted pho-
tons are involved, or with assistance of momentum supplying
phonons such that all exciton states can participate in the
optical emission. Because the optical wavelength of the
emission is much smaller than the trapped exciton cloud, we
apply a local approximation to the emission spectrum,
which, for the homogeneous case, is determined by the ex-
citonic spectral function A(k, w),?>*

1(r,0) = 2718k = 0) &’ = e (r)

+ E |Si(k)|2n8(hw, - m)A(r. ko' — )
k#0

(18)

with S;(k) representing the exciton-photon coupling. The
spectral function is given by the Bogoliubov amplitudes u;
and v; and the quasiparticle spectrum in Eq. (15),

Afr.k, w) =27 (k1) [ fiw — Ek,r)]

- v} (k,r) i + Ei(k,r)]}. (19)
In order to account for a finite spectral resolution being im-
portant for comparison with measured spectra, we convolute
the spectral intensity, Eq. (18), with a slit function of the
shape exp[—(w/A)*]. Here, A is a measure for the spectral
resolution. Furthermore, in a typical experimental situation,
one images a small stripe of width 2Ax elongated along the z
direction onto the entrance slit of a spectrograph. Integrating
over the y direction perpendicular to z we obtain the spatially
resolved spectrum of the thermal excitons (in the following,
the direct condensate contribution is not considered),
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Ax &g
I(w,z) f dx J dy f dK|S(K)[u?(k,r)
—Ax —0

XngE(k,r)lexp[- &*(w' k,1)]

Ax 0
- f dx f dy f dk|S(K)[>v?(k,r)
—Ax —»

Xng[— Ei(k,r)Jexp[- £}(0’ k)]

with e (0’ ,K,r)=[ho’—u* EK,r)]/A.

In the case of phonon-assisted transitions (being relevant
for the orthoexcitons), we have w'=w—E,x/fi—wpnonon With
E,x being the excitonic band gap of the semiconductor. We
assume S(K) to be a constant. Then the first term in Eq. (18)
gives rise to a J-shaped luminescence line at the position of
the chemical potential with a strength determined by the con-
densate density.

For trapped paraexcitons, the zero-phonon decay is
relevant and can be treated by setting w'=w-E,x/fi and
S(k)=S,8(k—k;). Here Kk is the wave vector of the intersec-
tion of photon and exciton dispersion. Its modulus is given
by ky=E,xn/fic, where n is the refraction index and c is the
vacuum velocity of light. Due to the form of S(k), the con-
densate itself does not contribute to the direct luminescence
process.

However, as discussed for the one-component exciton gas
in Ref. 6, in case of a potential trap there will be indirect
signatures of the condensate in the spatially resolved lumi-
nescence spectrum. The spectral line shape follows the den-
sity distribution in the trap, which in turn is bordered by the
minimal excitation energy E(k=0,r). For a noncondensed
gas the latter quantity is roughly parabolic due to the trap-
ping potential while it is zero in the presence of a conden-
sate. Thus with increasing particle number (or decreasing
temperature) the flat bottom of the spectrum of thermal ex-
citons may be a footprint of Bose-Einstein condensation.

(20)

IV. RESULTS

We evaluate the density distributions of the trapped exci-
tons in an iterative way. In each step, we keep the distribu-
tions of two of the components fixed. Under the constraint of
fixed particle number, we iterate the subset of Eqs. (14)—(17)
belonging to the third component to self-consistency. We
cycle through the components until self-consistency of the
whole system, Egs. (14)—(17), is achieved.

Depending on the temperature and particle numbers in the
trap, there may occur six distinct situations, featuring a con-
densate of (i) none of the species, (ii) only the paraexcitons,
(iii) only one species of orthoexcitons, (iv) both species of
orthoexcitons, (v) paraexcitons and one species of orthoex-
citons, and (vi) all species. To analyze these cases, we set the
particle numbers of each component to one of two values:
N;=5X%10° or N;=5X 108 for i=p,+,—, respectively. We get
a rough estimate of the corresponding critical temperatures
by applying a harmonic approximation to the Hertzian po-
tentials. Then, a simple Thomas-Fermi calculation for the
single-component case® yields 7°~2 K for N=5 X 10° and
T°~1 K for N=5x10%.
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FIG. 1. (Color online) Potentials and density profiles in z
direction at (x,y)=(0,0), and luminescence spectra for paraexcitons
(left column) and ortho(—)excitons (right column) for a tempera-
ture of 7=22 K and particle numbers of N,=5X 10° and
N_=N,=5x 108 in the trap. The corresponding chemical potentials
are u,=-2260 weV and pu_=u,=-5920 weV. Upper row: exter-
nal trap potential V;, quasiparticle energy at k=0 shifted by w (i.e.,
renormalized potential) E£(0,z,0), and the same quantity without
interspecies interaction E;4(0,z,0). Middle row: densities of ther-
mal excitons with (n”) and without interspecies interaction (nl.Td).
Lower row: luminescence spectra.

For our calculations, we use values of A=41 ueV for the
spectral resolution and Ax=25 wm for the entrance slit of
the spectrograph being typical for a triple high-resolution
spectrograph used in the current experiments which are
underway.’® In the following figures we show the
respective trap potentials V;, minimal excitation energies
Ei(k=0,z,0=0), and density distributions of paraexcitons
and orthoexcitons versus the z coordinate. We compare the
results to the case without intercomponent interaction (la-
beled “id”).

We first investigate case (i) by setting N,=5X 10,

~=5X 108, and a temperature 7=2.2 K well above both of
the estimated critical values. As Fig. 1 shows, in the absence
of any condensate, the line shapes E;(k=0,z,0=0) roughly
follow the external potentials and the presence of multiple
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FIG. 2. (Color online) Same presentation as in Fig. 1 but for a
temperature of 7=1.2 K and particle numbers of N,=5X 10° and
N_=N,=5X10% in the trap. The chemical potentials are
mp=-2140 peV and p_=p,=-5610 weV. In the middle row, ad-
ditionally the densities of condensed excitons with (n¢) and without
interspecies interaction (n{,) appear.

components causes only a weak additional renormalization.
Both paraexciton and orthoexciton densities—the latter be-
ing equal for + and — species—concentrate in the centers of
their traps. A noticeable redistribution of the orthoexcitons
with respect to the one-component case results from the large
number of paraexcitons as well as from the ortho-ortho in-
teraction. The corresponding luminescence spectra of ther-
mal excitons are shown in Fig. 1, lower row. Because the
modulus of the photon vector |kg| =30 wm™! is rather small,
the integrated zero-phonon spectrum of the paraexcitons al-
most directly resembles the minimal excitation energy
E,(k=0,z,0=0). In the case of orthoexcitons, every k vec-
tor contributes and we find a broad energy distribution above
E.(k=0,z,0=0).

Keeping the particle numbers constant, we lower the tem-
perature to 7=1.2 K and show case (ii) in Fig. 2. Now the
renormalized potential of the paraexcitons (Fig. 2, upper left
panel) is cut at the chemical potential causing an almost flat
bottom of the luminescence spectrum (Fig. 2, lower left
panel). Again the densities of thermal and condensed paraex-
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FIG. 3. (Color online) Same presentation as in Fig. 1 but for a
temperature of 7=1.2 K and particle numbers of N,=N,=5 X 108
and N_=5X10° in the trap. The chemical potentials are
#p=-2310 peV, u,=-5550 weV, and pu_=-5490 ueV.

citons show no significant deviation from the single compo-
nent case (Fig. 2, middle left panel). In contrast, while iso-
lated orthoexcitons would have been condensed, there is no
orthocondensate in the fully interacting case, which shows
that the presence of multiple repulsive components lowers
the critical temperature. Due to the even higher concentration
of paraexcitons and the different minimum positions of the
external potentials (z,=174 wm and z. =164 um), the ther-
mal orthoexcitons are slightly pushed aside (Fig. 2, middle
right panel). Their spectrum (Fig. 2, lower right panel) is
qualitatively nearly unchanged with respect to case (i). How-
ever, due to the lower temperature, the spectrum is less wide-
spread. Furthermore, the chemical potential nearly touches
the renormalized potential causing already a smoother curva-
ture of the spectral shape.

If we exchange the particle numbers of paraexcitons
and one species of orthoexcitons, ie., N,=5X10,
N,,:N_:S X 108, we realize case (iii), which is presented in
Fig. 3. While in this case the density distributions of thermal
and condensed ortho(+)excitons deviate only weakly from
the one-component case, the displacement of the thermal
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FIG. 4. (Color online) Same presentation as in Fig. 1 but for a
temperature of 7=1.2 K and particle numbers of N,=5X 108 and
N_=N,=5X10° in the trap. The chemical potentials are
#p=-2300 peV, u_=-5420 weV, and p,=-5470 peV.

paraexcitons is expressed in a heavily distorted zero-phonon
spectrum.

Increasing also the particle number of the remaining
orthospecies by an order of magnitude, we generate case (iv),
depicted in Fig. 4. As Shi et al.? showed, even for finite
temperature the condition for phase separation of mutually
interacting trapped condensates coincides with the 7=0 re-
sult of Ho and Shenoy:’ hi_>h++h,,. Due to their strong
repulsion, the two orthocondensates fulfill this condition and
separate into a ball-and-shell structure with finite overlap, as
seen in Refs. 7 and 8. Yet, as found in Ref. 12, at 7>0 no
pure + or — phases exist and the respective thermal particles
are not entirely expelled. References 8 and 27 pointed out
that in general the component with the weaker self-
interaction forms the outer shell. In the case of orthoexcitons,
this criterion does not apply and the labels + and — can be
interchanged in all the results presented here. In principle,
there should exist an unstable solution with equal distribu-
tions of the orthocondensates. The breaking of this symmetry
is a consequence of our iterative numerical method. Because
of the symmetry of the interaction, the paraexcitons react to
the combined density of the orthoexciton species. That is
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FIG. 5. (Color online) Same presentation as in Fig. 1 but for a
temperature of 7=1.05 K and particle numbers of N,=5X 10° and
N_=N,=5X10% in the trap. The chemical potentials are
#p==2140 peV, u_=-5585 ueV, and pu,=-5580 ueV.

why the distortion of the paraspectrum is strongest in the
area of overlapping orthocondensates.

Let us switch back to the parameters of case (ii), i.e.,
N,=5X 10° and N,=N_=5X 108, and lower the temperature
to T7=1.05 K. As Fig. 5 shows, besides condensed paraexci-
tons we now find a small condensate of only one species of
orthoexcitons [case (v)]. While in the single-component case,
for N,=N_, both orthospecies have the same critical tem-
perature, now the mutual repulsion prevents the simulta-
neous condensation of the second species. We have to lower
the temperature to 7=0.8 K, to get condensates of all the
components [case (vi), Fig. 6]. While the orthospecies again
form a ball-and-shell structure, orthocondensate and para-
condensate do not separate because of their weak interaction
(i <hpphss).

p+

V. CONCLUSION AND OUTLOOK

We have presented a theoretical approach for the descrip-
tion of multicomponent interacting excitonic gases in poten-
tial traps. The resulting system of equations has been subject
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FIG. 6. (Color online) Upper and lower row: same presentation
as in Fig. 1, middle row: density profiles and potentials for paraex-
citons (left column) and both orthospecies (right column) for a tem-
perature of 7=0.8 K and particle numbers of N,=5X 10° and
N_=N,=5x10% in the trap. The chemical potentials are
pp=—2140 eV, u_=-5560 weV, and u,=-5570 peV.

to a number of approximations to make it numerically fea-
sible. Finally, coupled multicomponent equations for the
densities of thermal excitons in Hartree-Fock-Bogoliubov-
Popov approximation and the condensate densities following
from the Gross-Pitaevskii equation in Thomas-Fermi ap-
proximation have been obtained and numerically solved.
Compared to previous calculations,® an experimentally real-
istic, anharmonic trap potential has been used. Six “typical”
(but not necessarily experimentally realizable) situations
leading to Bose-Einstein condensate in one or more of the
species have been compared. The spatially resolved decay
luminescence spectra of thermal paraexcitons and orthoexci-
tons exhibit clear signatures of a condensate. On the one
hand, there is a flat bottom at the chemical potential known
from the single-component case.® On the other hand, the in-
terspecies interaction causes additional modifications of the
spectra: if there is a condensate in one of the species, the
spectrum of the respective other component is clearly dis-
torted.
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TABLE 1. Summary of cases (i)—(vi): occurrence of a condensate in one or more species, of spatial separation between ortho(+) (0,) and
ortho(-) (0_) excitons and of a deformation of the thermal paraexciton spectrum in dependence on temperature and particle numbers.

Case Temperature Orthoexciton Paraspectrum
No. (K) N,/5X 10° N,/5%10° N_/5%10° Condensate? separation? deformation?
(i) 2.2 1 0.1 0.1

(i) 12 1 0.1 0.1

(iii) 1.2 0.1 0.1 1 o_ J

(iv) 1.2 0.1 1 1 04,0_ N J

(v) 1.05 1 0.1 0.1 p.o_

(vi) 0.8 1 0.1 0.1 P,0,,0_ J

In a typical experiment in the bulk or involving rather
shallow potential traps, orthoexcitons are produced by laser
excitation, but are converted fast into paraexcitons at a rate
of 0.3 ns™'.22 Therefore, under quasiequilibrium condi-
tions, the particle number ratio orthoexciton/paraexciton is
small which corresponds to the cases (i), (ii), (v), and (vi).
By increasing the stress, however, the conversion rate de-
creases by more than an order of magnitude.?® By continuous
excitation of orthoexcitons, therefore, it should be possible to
obtain higher orthoexciton/paraexciton ratios like in cases
(iii) and (iv). For an exciton number of 5 10°, the density
in the center of the trap is about 107 cm™ which is experi-
mentally achievable. The same holds for the considered tem-
peratures of 7=0.8...2.2 K.?

Table I summarizes the essential information obtained
from the cases (i)—(vi) discussed above. Obviously, three
conclusions can be drawn: first, if the temperature is low
enough (below the respective critical temperature), every
species can form a condensate. Its primary signature is a flat
bottom of the respective spectrum. Second, a spatial separa-
tion occurs only between the condensates of the two
orthospecies, because of their strong repulsion. It shows up
only in the densities, not in the combined spectrum. There-

fore, it is important for future experiments to measure also
the spectrally integrated density profile. Third, at occurrence
of any orthocondensate but no paracondensate, the paraspec-
trum is distorted in a characteristic way indicating a conden-
sate in at least one of the other species.

The presented theory is obviously only a first step toward
a deeper understanding of the physics of trapped excitons. To
go beyond that includes the solution of the Gross-Pitaevskii
equation (without the Thomas-Fermi approximation) and the
inclusion of anomalous densities already on the single-
component level. Moreover, a general multicomponent
theory requires the consideration of mixed averages which
overcomes the effective single-component picture but com-
plicates the Bogoliubov transformation remarkably.
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For the observation of Bose—Einstein condensation, ex-
citons in cuprous oxide are regarded as promising can-
didates due to their large binding energy and long life-
time. High particle densities may be achieved by entrap-
ment in a stress induced potential. We consider a multi-
component gas of interacting para- and orthoexcitons in

1 Introduction The theoretical framework for trapped
dilute interacting bosonic gases is well known from the
theory of atomic condensates [1-4]. First applications to
excitonic systems exist, as well [5]. Recent investigations
in the framework of a mean-field formalism in local density
approximation suggest distinct signatures of a condensate
in the decay luminescence spectrum of the thermal exci-
tons [6—8]. Works on two-component systems [9—12] have
shown that the occurrence of phase separation is closely
tied to the proportions of inter- and intra-species interac-
tion strengths. Yet, the description of exciton—exciton in-
teraction is a long-standing problem. Experimental results
and theoretical predictions for the interaction strengths
vary within an order of magnitude [13,5,14]. As an exam-
ple, we present numerical results for the densities and the
spatially resolved luminescence spectra of the three com-
ponent system of excitons in cuprous oxide (Cu20), i.e.,
para-, ortho(+)-, and ortho(—)excitons, trapped in a strain
induced potential [15]. We show how spectral features
may reveal phase separation, thereby yielding a minimum
estimate of the relative strength of the mutual interactions.

2 Multicomponent exciton systems

2.1 Thermodynamics We consider a K -component
exciton gas in second quantization, starting from the

cuprous oxide confined in a three-dimensional potential
trap. Based on the Hartree—-Fock—Bogoliubov theory, we
calculate density profiles as well as decay luminescence
spectra which exhibit signatures of the separation of the
Bose-condensed phases.
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Hamiltonian in the grand canonical ensemble:
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where V; represents the external (trap) potentials and
the chemical potentials. We assume a contact potential for
the exciton—exciton interaction, with the intra- and inter-
species interaction strengths h;; = omh? (M, +Mj*1)afj
given by the respective s-wave scattering lengths a;;.

The Bose field operators 1);(r, t) are decomposed in the
usual fashion, 1;(r,t) = @;(r)+1);(r,t), with the conden-
sate wave functions @;(r) = (1;(r,t)) = (1;(r)) and the
operators of the thermal excitons v;(r, ¢). The Heisenberg
equations of motion ihdyp; = [1);, H]| result in 2K cou-
pled equations (arguments dropped for brevity): the Gross-
Pitaevskii equations (GPE) for the condensates,
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and the equations of motion for the thermal excitons,
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Here n;; = 79; + N, mi; = ©;P; +m;;, with the aver-
ages 71;; = ({1 4;) and m,; = (¢y);). For simplicity, we
neglect all non-diagonal averages, i.e., the last terms on the
r.h.s of (2) and (3) and subsequently obtain effective one-
component equations with mean field contributions from
the respective other components. Because the extension
of the potential trap is large compared to the thermal de-
Broglie wavelength of the excitons, we apply a local den-
sity approximation to (3), setting V2 — —|k|? with a wave
vector k. For the same reason, we apply the Thomas-Fermi
approximation to the GPE, thus neglecting the kinetic en-
ergy term in (2). With the above simplifications, Eq. (3) is
solved by a Bogoliubov transformation

Gi = Y [0, (1) E 0N v (K)a] ()07

K
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T = 7;; of thermally excited excitons are

The densities n;
given by

IR
xO (Ei(k,r)?) (5)

with ng(E) = [exp(E/kgT) — 1] To guarantee gap-
less excitation spectra F;, we neglect all anomalous aver-
ages m;; (Popov approximation) and obtain
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with n¢ = |@;|2 and n; = ny; = nl + né.
From the simplified GPEs, the condensate densities fol-
low as

1
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if this expression is non-negative, and nf(r) = 0 oth-
erwise. Equations (5) to (8) have to be solved self-
consistently. Although they look similar to the one-
component case, the coupling between the components
appears in L; and n{.

2.2 Luminescence spectrum Excitons decay by
emitting photons. We apply a local approximation to the
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emission spectrum, which is determined by the excitonic
spectral function A(k,w) [16,17]:

Ii(r,w) o 27|S;(k = 0)[26(hw’ — pi)ns(r) 9)
+ > 18K Prp(hw’ — ) A(r, k, ha' — i)
kA0

with the exciton-photon coupling S; (k). The spectral func-
tion is given by the Bogoliubov amplitudes w; and v;, and
by the quasiparticle spectrum in (6):

A;(r, k,w) = 27h uf(k7 r)é(hw — E;(k,r)) (10)

—v?(k,r)d(hw + Ei(k,r))

In Cu;0, the decay of orthoexcitons takes place via mo-
mentum supplying phonons, such that all exciton states k
participate and w’ = w — Eyx /A — Wphonon » With Egx be-
ing the excitonic band gap. The paraexcitons decay with-
out phonons, i.e., w' = w — Eyx/h. Here, energy and
momentum conservation only allow for processes, where
the wave vectors of excitons and photons are equal, so that
S(k) = Spd(k — ko), with |ko| = E4xn/hc. Therefore,
the condensate does not contribute to the zero-phonon pro-
cess. Despite this, there are indirect signatures of the con-
densate in the spatially resolved luminescence spectrum of
the non-condensed excitons [6].

In a typical experiment, one images a small stripe of
width 2Az elongated along the z-direction onto the en-
trance slit of a spectrograph. Thus, by integrating (9) over
the x- and y-directions perpendicular to z, we obtain the
spatially resolved spectrum. Moreover, we account for the
finite spectral resolution A by convoluting the spectral in-
tensity with a slit function of the shape exp{—(w/A)?}.
For our calculations, we use values of A = 25 peV for
the spectral resolution and Az = 25 um for the entrance
slit of the spectrograph being typical for a triple high-
resolution spectrograph used in the current experiments
which are underway [18].

3 Results We calculated the density distributions
and the luminescence spectra of the trapped excitons for
three different choices of the interaction strength between
ortho(+)- and ortho(—)excitons (h4_). The interaction
strengths are calculated from the scattering lengths given
in [13] (hyy = h—— = 0.71hyp, hyp = hy— = 0.33hyp,
and hy_ = 1.77hy, with hy,, = 5.4 X 107% peVum?).
Taking the value for A4 _ given by Shumway and Ceper-
ley [13] as hgc we chose: (i) hy— = hgc/b; (i)
hy_ = hse/3; and (iii) ho— = hgc while keeping
the others fixed. The used trap potentials V; are fitted to
experimental data taken from [18]. The minimum of the
paraexciton trap is —1981 peV and the minimum of the
orthoexciton trap is —8158 pneV. Note that we neglect the
difference in paraexciton and orthoexciton mass due to the
k-dependent exchange interaction [19].

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Three different subsets of exciton densities and luminescence spectra for para-, ortho(+)- and ortho(—)excitons for
T = 0.7 K and a total particle number of N, = 10 paraexcitons and N_ = N = 10'° orthoexcitons in the trap. Each
subset contains 5 images with the exciton densities in the first row (from left to right para-, ortho(+)- and ortho(—)excitons)
and the spectra for the para- (left) and orthoexcitons (right) in the second row. Taking h4 _ given by Shumway and Ceperley
[13] as hsc the subsets represent from top to bottom: (i) h— = hsc/5; (ii) h4— = hsc/3; and (iii) h4— = hsc while
taking all other interaction strengths as given in [13].
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The results of the numerical calculations are shown in
Fig. 1. The densities are visualized as contour plots includ-
ing thermal and condensed excitons using cylindrical coor-
dinates (p,z). The densities are independent of ¢ due to the
trap geometry. The thermal excitons form the darker rim
of the bright condensate spots. The second rows show the
luminescence spectrum of the paraexcitons and the com-
bined spectrum of the orthoexcitons. The latter contains
the condensate signals, i.e., the first term on the r.h.s of (9),
assuming S(k) is a k-independent constant.

At a temperature of 7' = 0.7 K, all three exciton
species show Bose—FEinstein condensation. The condition
for phase separation of the orthoexcitons is approximately
hi_ > hyih__ [9] and becomes in the considered sys-
tem hy_ > hyy since hyy = h__.Incase (i) where h _
is considerably smaller than h ; the ortho-condensates are
nearly completely mixed. Due to the different minimum
positions of the respective external potentials, the thermal
paraexcitons are pushed aside by the combined orthoexci-
ton densities. The spectrum of the orthoexcitons is domi-
nated by two condensate peaks at the chemical potentials
s = —8013 neV and py = —7990 peV. In case of
the paraexcitons, only the zero-phonon spectral line con-
tributes. It reveals the existence of a condensate via the flat
bottom at € — p, = 0 [6-8].

Increasing h4_ to hgc/3 yields the results shown in
case (ii). Here hy_ is slightly smaller than h, and the
condensates are still mixed in a wide area. However, a
starting of the separation can be observed. Nevertheless,
the spectra for the para- and orthoexcitons as well as the
paraexciton density are not changed qualitatively with re-
spect to case (i).

In case (iii) the condition for phase separation, hy_ >
h4y, is fulfilled and the ortho-condensates form a ball-
and-shell structure with finite overlap. Incidentally, the dif-
ference in their chemical potentials is smaller than the
spectral resolution so that the combined ortho-spectrum
gives no evidence of the phase separation. However, in the
region of overlapping ortho-condensates we find a notice-
able depletion of paraexcitons, which results in a W-shaped
distortion of the para-spectrum when compared to case (i)
or (ii).

When the interaction strength h _ is further increased,
no qualitative changes with respect to case (iii) are found.
For T" > 0 there are no pure (+) or (—) phases [12] and the
spectral features described in case (iii) remain.

4 Conclusion and outlook Our simulations for
the experimentally relevant example cuprous oxide have
shown that at finite temperatures a possible phase sepa-
ration of excitonic condensates may not be reflected in
their combined luminescence spectrum. However, in the
case of cuprous oxide, the single spectral line of the di-
rect paraexciton decay may consitute a rather sensitive
probe for the spatial structure of the orthoexciton density
distribution. Specific distortions in the paraexciton spec-
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trum would provide an experimental footprint of a phase
separation of orthoexciton condensates. If detected, the in-
teraction strength of the (+) and (—) species would satisfy
the relation hy— > hy .

Omitting the Thomas—Fermi approximation or one
of the other approximations used, might lead to results
that quantitatively differ from the ones presented here.
However, the above conclusions are mainly based on the
existence of a finite overlap of separated condensates
and should remain valid even if the spectra and densi-
ties are calculated beyond the used approximations. Also
the calculations for the luminescence spectrum could be
enhanced using more advanced approaches [20]. Further
research is required to address these issues.
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Abstract. We present experiments on the luminescence of excitons confined
in a potential trap at milli-Kelvin bath temperatures under continuous-wave (cw)
excitation. They reveal several distinct features like a kink in the dependence
of the total integrated luminescence intensity on excitation laser power and
a bimodal distribution of the spatially resolved luminescence. Furthermore,
we discuss the present state of the theoretical description of Bose—Einstein
condensation of excitons with respect to signatures of a condensate in the
luminescence. The comparison of the experimental data with theoretical results
with respect to the spatially resolved as well as the integrated luminescence
intensity shows the necessity of taking into account a Bose—Einstein condensed
excitonic phase in order to understand the behaviour of the trapped excitons.
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1. Introduction

Almost 50 years ago, excitons [1, 2] were identified as particularly interesting candidates for
Bose-Einstein condensation (BEC), as they consist of an electron and a hole in a semiconductor,
both fermions bound to form a bosonic excitation and thus resembling most closely neutral
atoms of usual matter. Due to their rather small mass comparable to the free electron mass,
it was speculated that for exciton densities of the order of 10'8 cm~3—easily achievable by
absorption of photons—critical temperatures of some 10 K may be reached.

Due to their unique properties, the excitons of the so-called yellow series in the
semiconductor cuprous oxide (Cu,O) are still considered the most promising candidates for
excitonic BEC [3-5]. This is related to the large binding energy of 150 meV, which shifts
the Mott density to 3 x 10" cm™ at cryogenic temperatures [6, 7]. Made up from doubly
degenerate valence and conduction bands, the ground state of this series splits into the triply
degenerate orthoexciton and the non-degenerate paraexciton, which is the energetically lowest
exciton state, lying A =12.1 meV below the orthoexciton states. Due to the positive parity
of the bands, the orthoexciton is only weakly optically allowed (quadrupole transition with
oscillator strength 3 x 10~ [8]), while the paraexciton as a pure triplet state with respect to the
electron and hole spins [9] is optically forbidden in all orders. Its decay is only possible via an
odd parity optical phonon resulting in a long lifetime in the microsecond range during which
thermodynamic quasi-equilibrium may be reached.

As in all physical systems for which BEC has been demonstrated up to now, excitons
should be confined in a potential trap. This has the advantage that (i) the diffusion process,
which reduces the exciton density, is suppressed and (ii) the critical number of particles required
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for the phase transition decreases much faster with temperature than in free space. The critical
particle number is given by

ksT \°
Neic =¢(3) (h—QO> , (1)

where €2 is the average oscillator frequency of the trapping potential and ¢ denotes the Riemann
Zeta function [10].

Despite the promising properties mentioned above, all previous studies to create a dense
gas of excitons in Cu,O either in a bulk crystal or in a potential trap did not demonstrate
conclusively excitonic BEC [4, 11-15]. The main reason for this failure turned out to be the
existence of a very efficient exciton—exciton annihilation process that sets in at high exciton
densities and whose rate scales with the square of the exciton density n

dn _ —an. (2)
dr

Due to the rather large value of a of the order of 10~'cm
prevent the formation of a BEC of paraexcitons.

However, in recent experiments using pulsed excitation, we have found in agreement with
earlier studies [16] that this process can be damped in shallow potential traps by almost two
orders of magnitude [17]. While this allowed the accumulation of large exciton numbers, the
temperatures in these experiments were still too high to undercut the critical temperature for
BEC, which was predicted to require a bath temperature as low as 100 mK at experimental
conditions. Furthermore, the high pulse energies needed to create sufficient exciton numbers
resulted in a substantial heating of the exciton gas during the laser pulse. Our strategy to
overcome these problems was twofold: firstly, we reduced the temperature of the He bath as
much as possible by preventing thermal radiation from the surroundings to reach the sample.
In this way we reached a minimum temperature of 35 mK for zero incident laser power, which
increases at laser powers of about 1 mW to 250 mK within 1 h. Secondly, we switched over
to cw-excitation, for which the possibility of creating large paraexciton numbers has been
demonstrated recently [18]. By reducing the thermal load, we were able to get to effective
exciton temperatures as low as 200 mK at low excitation power. The main advantage of cw-
excitation, however, is the possibility of achieving a quasi-equilibrium situation in which the
decay rate of excitons is cancelled by the formation and relaxation rate of the species in the
trap. This allows us to drive the system through the various possibly existing phases by simply
changing the excitation power of the driving laser, as was exemplified by the condensation
experiments of exciton polaritons in semiconductor microcavities (for a review, see [19]). In
contrast to polariton systems, the lifetime broadening for paraexcitons is extremely small due to
their long lifetime of the order of us. Therefore, we can neglect any damping effects due to the
excitonic decay in the spectra [20, 21].

The paper is organized as follows. In section 2, we briefly sketch the experimental setup and
present a typical set of experimental results which reflect a variety of experimental conditions
obtained by changing the bath temperature and the excitation conditions. We concentrate in
particular on the spatial profiles of the luminescence intensity and on the totally integrated
intensity dependent on the excitation power. These results are analysed theoretically in section 3
by calculating the excitonic luminescence of an interacting Bose gas on a mean field level.
Thereby, we start with the usual assumption of global equilibrium and then extend the theory
to the case of excitons in local thermodynamic equilibrium. Finally, we compare the theoretical

3ns~!, this process was believed to
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Figure 1. Main features of the experimental setup. Excitons are created by a dye
laser propagating along the x-direction normal to the strain axis (z-direction).
The laser was focused either directly into the trap or onto a spot close to the
trap. In the latter case the excitons diffuse towards the trap due to the gradient
force initiated by the potential trap. The emission out of the trap is monitored
by spatially resolving along the y- and z-directions, while integrating along the
x-direction.

results with the measurements and show that there is excellent qualitative agreement if we take
into account the occurrence of a Bose—Einstein condensate of excitons. Section 4 gives our
conclusions and an outlook to further experiments.

2. Experiment

2.1. Experimental setup

For the studies at subkelvin temperatures, we used the same experimental setup as reported
previously [17], but implemented a narrow-band tunable dye laser (Coherent CR599, laser dye
Rhodamin 6G) pumped by a SW green solid state laser (Verdi 5), see figure 1. The laser
power was stabilized by a closed feedback loop to within 1%, the laser frequency and line
width (<0.5 GHz) were measured with a wavemeter (High Finesse WS7, resolution 60 MHz). In
order to enhance both the spectral and spatial resolutions, we employed a fourfold magnification
optical imaging system between the spectrometer exit slit and the detector.

For the experiments we used natural cuprous oxide crystals originally found in Namibia in
the form of millimetre sized cubic specimens with well defined facets (see [18] for details).
The quality of these samples was checked according to a low defect density, leading to
long paraexciton lifetimes up to 1 us. For such samples, previous high resolution absorption
measurements in a magnetic field revealed a paraexciton line width as narrow as 80neV,
demonstrating their extreme high quality [22].

The potential trap for the confinement of the exciton gas was made by the well-known
Hertzian stress technique [11, 14, 23, 24], where a spherical stressor made of glass (radius
7.75mm) is pressed with a force F against a flat surface of the crystal along a direction
which we denote as the z-direction (figure 1). As a result, a confining potential is generated in
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Table 1. Parameters for the trapping potential and rate model.

Parameter Value
Potential curvature o 0.1334 peV um=2
Potential curvature o) 0.0733 eV um=2
Lifetime of paraexcitons 650ns

Ortho—para conversion rate  0.2ns™'?

Two-body decay rate App 2 x 1078 cm? ns~ 1P
Two-body decay rate Ago 4.9 x 1077 cm?® ns™!
Relaxation rate 'y 6x 107 57!

Potential trap minimum Vy  1.35meV

4 Taken from [16].
® Due to the lower strain, the two-body decay rate App is reduced by a factor of two compared
to [17].

which the energies of ortho- and paraexcitons are lowered compared to the bulk. This potential
Vext(x, ¥, z) can be calculated from the known strain parameters of the yellow exciton states
(for a recent calculation with refined parameters see [18]). To achieve agreement between the
calculated potential profiles and the experimentally measured low energy border lines of the
spatio-spectral images, we had to use a stressor radius 50% larger than the nominal one [17].
For a simple description, we decompose the potential trap and give in table 1 the parameters of
the harmonic oscillator potential along z, V(z) = o (z — 20)> — V,, and of the two-dimensional
harmonic oscillator normal to z in the xy plane, V (x, y) = a; (x% + y?).

As the resonant creation process of the excitons we used the indirect absorption process
involving an odd parity optical I'; -phonon into the orthoexcitons in the trap (see inset in
figure 2). These orthoexcitons quickly transformed into paraexcitons. The laser beam was
positioned about 100 um away from the trap centre in the positive z-direction, i.e. away from
the stressor lens. In order to confine the primarily created orthoexcitons in the trap and to avoid
any excitation outside the trap, which may lead to losses of the excitons, we tuned the energy of
the laser photons to slightly (0.5 meV) below the onset of the phonon sideband in the bulk (at
2048.56 meV). Through this process, about half of the incoming photons are transformed into
excitons.

To detect the primarily excited orthoexcitons for the calibration of the number of excited
excitons, we have chosen the k-vector of the excitation beam along the direction of observation.

In the experimental setup (figure 1), the emitted light was imaged onto the entrance slit of a
high resolution triple spectrograph (T64000, Jobin Yvon) usable either in subtractive or additive
mode with a diffraction-limited spatial resolution of the order of 10 um. The astigmatism of the
spectrograph was corrected by a cylindrical lens (focal length F = —1000 mm/F = 1000 mm
for subtractive and additive dispersions, respectively) in front of the entrance slit [18]. To obtain
a z-resolved spectrum 7 (z, ), along the direction of the applied strain, the luminescence from
a small strip of width 2Ay centred in the trap was integrated along the x-direction perpendicular
to z (see figure 1). Detection was done either by an intensified charge-coupled device (CCD)
camera (Andor iStar) which could be gated with a minimum temporal resolution of 5 ns or with
a nitrogen cooled CCD camera with high quantum efficiency (Andor Newton), which allowed
long integration times.
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Figure 2. Numbers of para- and orthoexcitons and unbound electron—hole pairs
and effective exciton temperature (dotted red line) as a function of excitation
laser power as expected from the rate model. The inset schematically shows
the laser excitation process to create the orthoexcitons, their conversion into
paraexcitons and the luminescence processes to detect the excitons.

2.2. Application of the rate model to cw-excitation

With some adaptions, the rate model developed in [17] can also be applied to describe the cw
experiments. These concern the following:

e Even under resonant excitation of excitons, a considerable density of unbound electron—

hole pairs is generated [25]. This implies that the formation of an exciton from the hot
electron—hole pair generated in the two-body decay (Auger-like process) takes a finite
time comparable with other exciton relaxation times, e.g. the ones related to phonon
scattering. In a fast initial relaxation stage with a duration of several picoseconds [26],
the carriers thermalize by longitudinal optical (LO) and longitudinal acoustic (LA) phonon
scattering. For a strained crystal with an exciton potential trap, these electron—hole pairs
will then undergo different relaxation scenarios depending on whether the strain also
causes a trapping potential for the unbound electron—hole pairs or not. In the latter case,
the electrons and holes will diffuse from the place of generation (the potential trap) into
the whole crystal and form excitons which themselves will drift again into the trap.
In the former case, the electron—hole pairs will stay inside their trap and form a stable
electron—hole plasma cloud with a density which is three orders of magnitude smaller than
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the exciton concentration according to the results in [25]. As derived in appendix A, strain
leads to a trapping potential for unbound electron—hole pairs which is similar to that for the
paraexcitons. To take this effect into account, we included in the rate model the unbound
electron-hole pairs with a total number of N.y,. They are generated via the two-body decay
of the ortho- and paraexcitons and recombine with a rate FrCNezhp. The recombination rate
should depend on temperature in the same way as the two-body decay of the excitons
(o T73/2),

Due to heating and incomplete relaxation, the excitons may not cool down to bath
temperature. We can describe this effect by assuming an effective exciton temperature T,
a cooling time of 200 ns [17] and heating processes due to the energy release by ortho—para
conversion Co = 10meV per exciton, Auger-like two-body decay with Cxx =2¢eV per
exciton pair, and a non-radiative decay of paraexcitons (guessed release Cp = 0.25eV per
exciton). The temperature rise due to this heating is characterized by a constant C, Which
was adjusted t0 Cpeqe = 7 x 10° KJ 71,

We thus obtain the following set of rate equations for the numbers of primarily excited
orthoexcitons (Oe.), trapped ortho- and paraexcitons (Ot and Pr, respectively), and unbound
electron—hole pairs N.pp, and the effective exciton temperature e

d OGXC

ds = NOG(t) - l_‘rel Oexc - 1—1OP Oexc - l—10 Oexm (3)
dOr ) 1 )
F = l_‘rel Oexc - FOP OT - 2AOO OT - AOPOTPT - FO OT + irchehp’ (4)
dPT 2 1 2
? =TopOr+T'0pOcxc —2App Py — I'p Pr — AppOr Pr + ZFrCNehpv (5)
dn,

= App P+ Aoo Of + Aop Or Pr = TeeNjj, — T Nt (6)
dTeff 2 2

a = Cheal|Cxx(App Pt + Apo O1 + Aop Ot Pr)

+ Col'op(Ot1 + Ocxe) + Cpl'p Pr] — Ucool (Tett — Thin) - (7)

Here, Tg, denotes the final temperature to which the exciton gas would relax without additional
heating. In an equilibrium situation, this would correspond to the bath temperature.

To simulate the cw-excitation, we solved the system of rate equations by assuming for G ()
a rectangular shaped excitation pulse of width ATy =25 us and a unit pulse area. The number
of initially excited excitons N is given by

Ny = h—ATL, (8)
wL,

with the conversion factor from incident laser photons into primarily excited excitons A = 0.45.
All other parameters are taken from [17]. Since we used the same sample under similar
conditions, the calculation allows us to obtain the number of para- and orthoexcitons in the
trap dependent on laser power, whereby we approximate the accuracy to £50%. In figure 2 we
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Figure 3. Spectra and spatial luminescence profiles at low excitation power
P with P =1.5uW (upper row), PL. =3 uW (middle row) and P. =35 uW
(lower row). T denotes the temperature extracted from the high-energy tail of
the spectra.

show a set of typical results. The final temperature 75, = 0.35 K was chosen to reproduce the
experimentally observed temperature dependence in figure 5B. The results at high power levels
do change somewhat due to the temperature dependence of the Auger process, but not by more
than 20% by varying T5, from 0.2 to 0.5 K.

The number of paraexcitons in the trap at low laser powers turns out to be determined
by two parameters, the paraexciton lifetime 1/I'p and the fraction of absorbed photons A.
From figure 2 one can estimate the number of paraexcitons in the trap to be about 8 x 10°
for a laser power of 10 uW. The number of unbound electron—hole pairs would be around
3 x 10°. At power levels of 1 mW, which was the maximum laser power used in the mK
experiments, paraexciton numbers of 2 x 10® can be realized and the number of electron-hole
pairs increases to 107. Assuming thermal equilibrium, this would correspond to densities of
about np =2 x 10" cm™ and nepp, = 10 ecm ™.

2.3. Experimental results

2.3.1. Low excitation power. The first experimental results we want to show were obtained at
rather low laser excitation powers between 1 and 5 uW with high spectral resolution (figure 3).
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Figure 4. Left panel: spatial image of the exciton cloud at a low excitation
power of P = 30 uW. Right panel: marginal intensity distributions along z (blue
circles) and y (red circles) with fits to Gaussians according to equation (9).

Excitation was performed via the phonon-assisted absorption of the orthoexcitons with an
energy slightly below the bulk exciton gap as described in section 2.1. Orthoexcitons were
converted rapidly into paraexcitons and relaxed down to the bottom of the trap.

From the z-resolved spectra (A panels) we obtained the z-integrated spectra (B panels) and
the z-profiles (C panels). As already can be seen in the z-resolved spectra, there is no change
in both the spectral and spatial distributions, only an increase in the overall intensity which is
almost proportional to the laser power. This demonstrates that we are in the linear excitation
regime and that bimolecular decay processes are not important. The high-energy tail of the
spectra can be fitted quite well by a Boltzmann distribution with an effective exciton temperature
of about 0.4 K. A two-dimensional spatial image of the exciton cloud was obtained by using the
spectrometer in the subtractive mode, the output stage at zero wavelength and by setting the
intermediate slit of the subtractive stage to just let past the emission from the paraexcitons in
the trap. A typical example is shown in figure 4. The spatial profiles are described by simple
Gaussian distributions

1(y,2) =noexp (=) exp (=7/o%) ©)
with width parameters o, and oy of about 20 pum.

According to the theoretical predictions in thermal equilibrium (see section 3), the width
parameters are related to the curvature of the trap « and temperature 7 by

|k T
o= %l (10)

However, the ratio of the resulting width parameters does not fit the ratio of the potential
curvatures as obtained from the strain calculation. It comes out about 30% larger. As the origin
of this broadening we identified a small vibrational motion of the sample in the y-direction of
the order of 10 um which could be directly observed by imaging a submicron sized needle. For
a quantitative theoretical model of the light emission of the excitons, this effect has to be taken
into account.

Using the curvature parallel to the z-direction from table 1, and subtracting the spatial
blurring due to the diffraction of our optical imaging setup (7 um), we obtain from the spatial
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Figure 5. Panel A: series of spectra taken at increasing laser powers P from
5 uW to 3mW in a logarithmic intensity scale. The spectral position is given in
CCD-pixels, 1 pixel corresponds to 2.5 ueV. Panel B: spectral temperature 7
as obtained from a Boltzmann fit of the high-energy tail of the spectra shown
in panel A (left ordinate) and the temperature of the mixing chamber Ty, (right
ordinate).

profiles temperatures of about 0.45 K, in good agreement with those from the spectra. At first
sight, we would conclude that the excitons are in a state of quasi-thermal equilibrium, albeit
with a temperature which is more than an order of magnitude larger than the bath temperature,
which in these experiments was around 38 mK. There are two possible explanations for this
difference:

@)

(i)

The heating of the exciton cloud due to the excess kinetic energy of about 8 meV
in the ortho—para conversion process or due to the exciton—exciton annihilation process.
The excess electronic energy is in both cases converted into phonons and finally increases
the temperature of the lattice which, however, is unknown in the present experiment. This
heat has to be transferred into the surrounding He bath, where it would lead to an increase
in the temperature of the mixing chamber, which could be measured during the experiment.

Indeed we observe this heating effect at higher laser powers. As shown in figure 5,
the effective exciton temperature and the temperature of the mixing chamber rise from
their initial values very steeply to above P = 1000 uW. Presuming a well-defined relation
between the lattice temperature of the crystal and that of the mixing chamber, we have to
conclude from these data that, at low laser powers, the heating effect is not present and the
lattice temperature should be close to that of the He bath at very low laser powers. This
conclusion is also in agreement with the results of the rate model presented in the foregoing
section. There the heating of the exciton cloud starts at laser powers well above 100 uW
and is not present at low powers.

The discrepancy of the lattice temperature 7, and that of the exciton cloud may result
because the excitons do not reach global thermodynamic equilibrium during their finite
lifetime. This standard point of view means that, due to elastic exciton—exciton scattering,
a quasi-thermal equilibrium state is established very fast with a temperature above that of
the lattice. Hereafter, the exciton gas cools down to the lattice temperature by the emission
of acoustic phonons. The time-scale of this process increases with decreasing lattice
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temperature. In an external potential provided by the trap, the excitons are additionally
driven by force and drift terms into the potential minimum, as described by the Boltzmann
equation [27]. The detailed balance of these processes is determined by the interplay
between the various exciton relaxation mechanisms.

In a recent paper, we published a detailed numerical simulation by solving the
Boltzmann transport equation for excitons in a potential trap under pulsed optical
excitation considering phonon relaxation and exciton—exciton annihilation [28]. The
simulation indeed showed a strong non-equilibrium situation. While the local exciton
energy distribution was reached within the exciton lifetime of several 100 ns and with an
equilibrium with the lattice down to temperatures above 300 mK, the spatial distribution,
which is governed by the force and drift terms, remained much broader than when
in thermal equilibrium. For the case of still lower lattice temperatures, which was not
considered in [28], we obtain local thermodynamic quasi-equilibrium also at temperatures
down to 50 mK by including elastic exciton—exciton scattering as is shown in detail in
appendix B. Albeit in this range the exciton temperature does not come down to the lattice
temperature within the exciton lifetime, it is much lower than the observed values of 7.
According to these results, in our experiments we should expect a non-equilibrium situation
in which the excitons are in a local quasi-thermal equilibrium with a temperature Tx, which
we assume to be the same at all points in the trap. Globally, the exciton distribution will
be quite different, but still can be described approximately by a Gaussian dependence on
position.

Considering the effect of such a situation on the experimentally measured luminescence
spectra, we recall that only excitons near k, participate in light emission, where Kk, is the
wave vector of the intersection of the photon and exciton dispersions. Its modulus is given by
ko = Egxn/hc, with Egx being the excitonic band gap, n the refraction index and ¢ the vacuum
velocity of light. This means, we observe the exciton distribution function f.4(K, r) only at one
point in local k-space. Furthermore, due to energy conservation, at a certain spectral position
hw we only observe those excitons which are at that spatial position in the trap where the trap
potential Vi (r) = hiw — Ey — &y. Here, Ej is the energy of the trap bottom and ¢ is the kinetic
energy of the excitons at k. If we have a spatial distribution

n(r) ocexp(—r*/o?), (11)
this yields a spectral distribution of the form
I (hw) o exp(—(hw — Eo — &)/ (@0?)), (12)

which suggests a Boltzmann distribution with an effective temperature T, = a2/ kg. Then the
spectral distribution of luminescence intensity in reality describes the spatial distribution and
vice versa. Therefore, it has to result in the same effective exciton temperature, which is also
a consistency check for the trap potential. Consequently, we will designate this temperature
as the spatial temperature T of the exciton cloud. Obviously, 7 corresponds to T,y of the
rate model, cf equation (7). On the other hand, it is not possible to extract the local effective
exciton temperature Tx from the intensity of the zero-phonon transition. This would require a
spectroscopic technique which is sensitive to the local exciton distribution like the transitions
between 1S and 2P exciton states (see [29, 30]). Hence, at the present stage of measurements,
all we can state is that Tx may differ considerably from both the lattice temperature, which will
set a minimum value, and the spatial temperature, which will set a maximum value, as in the
latter case we would have global equilibrium.
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Figure 6. Time profiles of laser power (blue bars), the temperature of the mixing
chamber (red diamonds) and the spatial temperature (black diamonds) for the
measurements shown in figure 7. The red line is a guide for the eye.

2.3.2. Power-dependent experiments. In the following section we will present a series of
measurements under controlled conditions of excitation and cooling times such that we are
able to influence the thermodynamic state of the system in order to optimize any possible phase
transition. The laser power ranged from below 1 uW to about 700 uW. For each measurement
we noted the temperature of the mixing chamber (He bath temperature Ty,) at the beginning
and at the end. Between the measurements, the laser beam was blocked, so that the crystal could
cool down (see figure 6).

In order to obtain the best signal-to-noise ratio, the ICCD camera was operated in the
photon counting mode. Here, the CCD-chip is read out after a short exposure time (77) and the
positions of the single photon peaks are determined and stored. A single photon is identified if
the signal falls between a lower and an upper discriminator level (which was adjusted so that
only single photon signals fall in this range). For a number N,. of accumulations, the data
are summed in the memory. Advantages of this method are that signals due to cosmic rays are
easily detected and eliminated and that one can estimate the error of the intensity signal due to
the Poissonian statistics as the square root of the number of photons collected at each pixel. Due
to the Poissonian statistics, the probability of detecting n photons is given by

n

A
P, = - exp(—A), (13)
n!

where A is the average photon number for each exposure. As we detect only single photons and
throw away all higher photon number events, A should be much smaller than one. However, for
moderate values, we can obtain the true number of detected photons, A N,.. from the measured
number Ny by applying the correction formula

Ndet
ANpe=—1In{1— . (14)

acc
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For the measurements of the z-resolved luminescence spectra shown in figure 7 we have
Ty =0.5s and N, =400. In order to keep the maximum number of detected photons well
below N,., we inserted neutral density filters before the entrance slit of the monochromator.
Their transmission factors have been determined by direct intensity calibration as D1 = 0.314
and D2 = 0.0333.

In figure 7, each measurement is numbered according to its position in time given in
figure 6. For each image we specify the laser power, the maximum number of counted photons
(which allows us to judge the signal-to-noise ratio) and the totally integrated intensity. At first
sight, all the images look very much the same, despite the three orders of magnitude increase
in laser power. In particular, we observe neither the sharp spatial and spectral peak at the
bottom of the trap, which is expected as a signature for BEC in case of an ideal Bose gas,
nor the predicted flattening of the emission along the z-direction in case of an interacting Bose
gas [31]. In this respect, the measurements shown are similar to those reported in all earlier work
[11, 15]. A closer look, however, reveals subtle changes of the shape of the spectra depending
on the laser power. For power levels below 30 ©W, the z-resolved spectrum of the exciton cloud
shows no significant changes—here note especially measurements 9 and 21, which were taken
under very different He bath temperatures (see figure 6). For power levels above 30 uW, the
images change gradually by showing a spectral narrowing and a slight blue shift. These changes
suddenly come to a stop between measurements 17 and 18, with the images from now on both
spatially and spectrally much broader and resembling those taken at low powers. The latter
data have been taken at almost the same laser power of 300 W, but the He bath temperature
was significantly different. Measurement 17 started at Ty, = 42 mK. During the measurement,
the laser power resulted in a heating up to 7y, = 49 mK. In contrast, measurement 18 already
started at Ty, = 45 mK and stopped at Ty, = 50 mK. This temperature variation of the mixing
chamber should directly reflect the actual lattice temperature 7;, of the Cu,O crystal. At the
beginning of measurement 17, T}, must have been quite close to that of the bath while at the start
of measurement 18, Tj,, has only cooled down to midway between start and end of measurement
17. This difference in lattice temperature is reflected in a concomitant difference in the spectral
temperature which is 7y = 0.62 K for measurement 17 and 7, = 0.72 K for measurement 18.
The totally integrated intensities of both measurements are expected to be similar due to the
same laser power, however, that of measurement 18 is about 30% larger.

We can resolve this puzzle by assuming that the difference between both measurements
comes from the existence of a Bose—Einstein condensate of excitons in measurement 17,
while measurement 18 describes a normal exciton cloud at temperatures above the critical
temperatures for BEC for the actual number of excitons in the trap, which is the same in both
measurements. Then the lower intensity in 17 would be the result of the decreased number
of thermalized excitons, since according to [31] and anticipating the discussion in section 3,
excitons in the condensate are in the ground state (k = 0), and, therefore, could not emit light
with wave vector k at all (as in a homogeneous system), or is strongly suppressed (as would be
the case in the trap).

Thus, we propose the following scenario for measurement 17: in the beginning, we have
a system with a large fraction of the excitons in a condensate, with a reduced luminescence
intensity. As time increases, the crystal heats up and the condensate fraction is reduced.
When the lattice temperature reaches the critical temperature, we have a situation just like in
measurement 18. Therefore, after being integrated over the exposure time 77, the z-resolved
spectra should look the same. In a first approximation, the image of 17 is a superposition of

New Journal of Physics 14 (2012) 105007 (http://www.njp.org/)

91



2 Thesis Articles

14 IOP Institute of Physics (I)DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

P, =0.78 uW
Crra=44
lo=1.310°

P =5.1 yW
Crra=308
1,=9.6 10°

tot’

Cmax 5
=53 10

ot

R -
o © o N N
S S 3 3 N o IS) <) <) <) S o
=
P=24.7 pW PL=60.4 (W
C =60 Crax™134 =
6 —
lo=7.0 10 =12 10 g
2 &
c
o
=
%)
o
(o] Q—
© N
N N
o © o IN ) o o) o) IN )
IS <) o 1) ) o S ) o o ) o
P=102 (W PL=296 (W ©
Crax=214 Crra=445
7
=18 10" lo=4.6 10
N
o
®
o

00l
08
09
(0)7
0C
00l
08
09
(0)4
02
0

P =301 uW
Ca=99

Crror=153
16=5.9 107

=10 107

tot’

00l
08
09
(0)7
0

0

spectral position (pixel)

Figure 7. Series of z-resolved luminescence spectra for different excitation
powers P and bath temperatures (see figure 6). Cy,x denotes the peak value
and [ the totally integrated intensity. The numbers in parentheses denote the
measurement numbers, cf figure 6.
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Figure 8. Comparison of the z-profiles of measurements 17 and 18 (left panel)
and 9 and 21 (right panel). Each pair was taken at the same laser power, but at
different bath temperatures. For details see text.

that of measurement 18 reduced by a factor y and that of a system with a condensate. To
demonstrate that this is indeed the case, we compare in figure 8 in the left panel the z-profiles
for both measurements. By assuming y = 0.6, the wings of both profiles do coincide exactly,
which is clearly visible in the difference profile. The difference around the trap centre, however,
has a characteristic, non-Gaussian line shape resembling that of a condensate (compare figure 9).
A similar comparison of measurements 9 and 21, both taken at a laser power of 25 uW (right
panel of figure 8) shows no difference in the z-profiles within the statistical errors.

While such a comparison of different measurements seems to be intuitively correct, there
are several objections against this procedure. First, the measurements we compare have quite
different values for the spatial temperature and thus different spatial extensions in the trap.
Second, we cannot exclude a priori that, e.g. measurement 18 also has a condensate. To
overcome these difficulties, we have to look for a way to analyse each measurement for itself.
Theoretical studies of the thermodynamics of an interacting Bose gas of excitons [31] have
shown that even in the case of a BEC both the density of excitons and the spectrally integrated
luminescence intensity outside the condensate region closely follow a Gaussian distribution
reflecting the temperature of the exciton gas. Therefore, by fitting a Gaussian only to the wings
at larger z of the intensity profile, we should have access to the distribution of thermal excitons
only. If there is no condensate present, this Gaussian should also describe the intensity profile in
the centre of the trap. On the other hand, any deviation of the measured profile from this curve
is a clear indication of an additional luminescing component in the trap. If the line shape of this
component is non-Gaussian, this would clearly indicate the existence of a condensate.

For the measurements shown in figure 7, the results of such a fitting procedure are shown
in figure 9. The red and blue diamonds are the experimental points, whereby the blue diamonds
mark those intensity points that have been used in the fitting. The blue line gives the shape of
the Gaussian. In order to reproduce the obviously different line shapes for positive and negative
z values due to the Morse-type potential of the trap in the z-direction, we used for the fit an
asymmetric Gaussian function of the form

(z — 20)°
S(z) ocexp <_ (O(zg —2)0-+0O(z — ZO)U+)2> ' "
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Figure 10. Power dependence of the ratio between integrated intensities of
the condensate and of the total band. Filled red triangles: measurements 1-3
and 10-17, open red triangles: measurements 4-9, blue squares: measurements
18-21. Between measurements 3 and 4, and between measurements 9 and 10,
there was a change of the neutral density filter, cf figure 6. The shaded band
denotes an area where the contribution is too small for a significant proof of a
condensate.

For all measurements, the ratio of o, /o_ is obtained as 1.5, in consistence with the shape of
the potential. The number of data points for the fitting was chosen for each set of data such
that the average error per point becomes minimal. If we choose less points, the statistical
error due to noise will increase; if we choose more points, the systematic error increases if
the profiles contain an additional contribution. The green triangles show the difference between
the experimental points and the Gaussian fits. In total, the results of the procedure substantiate
our previous analysis. The measurements at very low power (1) and at high bath temperature
(20, 21), where we expect no condensate, indeed can be fitted completely by a single Gaussian.
Measurements 15 and 17 show clearly a bimodal distribution and thus a strong condensate
component. However, in measurement 18 a small additional contribution remains. To show
systematically the results of the fit, we have plotted in figure 10 the ratio of the green component
to that of the overall intensity. Looking more closely at the results shown in figure 10, we can
identify at least four sets of data with a strong condensate contribution, while most of the other
measurements show a contribution below 0.05, which we will consider as not significant. The
occurrence of a condensate in the power range between 60 and 300 W is understandable in
view of the rather high number of paraexcitons in the trap which, according to the rate model
(figure 2) is about 4 x 107 at 100 £ W. The appearance of a condensate at the low power of 5 uW
is rather surprising and requires further consideration. Indeed, the theory presented in the next
section will show that, under the conditions of our experiments (a bath temperature of 38 mK
and no heating of the sample), condensation will take place at exciton numbers as low as 4 x 10°
(see figure 19).

Here we stress that the luminescence fraction 7y, shown in figure 10 is different from the
fraction of particles in the condensate n. = N./N. If flum denotes the ratio of the luminescence
efficiency of excitons in the condensate to that of excitons in the thermal cloud (see section 3.2),
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Figure 11. Dependence of the totally integrated intensity (squares) and spatial
temperature (triangles) on the laser power. The blue points mark measurements
18-21. The dashed line gives a power dependence according to P’ with b = 1.1
which describes the low power regime quite accurately.

the relation is given by

— flum nC . (16)
L —nc+ flum?e

At present, fium is neither known experimentally nor theoretically (see section 3.2), however, it

must be smaller than one because otherwise we would not observe a kink in the luminescence

dependence on laser power (see figures 11 and 12) so that n. > nym.

Our interpretation is further substantiated by the dependence of the totally integrated
intensity on the excitation laser power which is shown in figure 11.

At low power, the dependence is almost linear, indicating that decay processes by
exciton—exciton collisions are not important. Actually, the dependence is even slightly
superlinear which might be due to the effect of increasing homogeneous broadening at higher
exciton numbers. At power levels of about 60 uW, we clearly observe a kink resulting in a
weaker slope at higher power levels. This is just the behaviour predicted by the theory in
section 3.3.3. The critical power at the kink is in full agreement with the conclusion drawn
from figure 10, where we observed the onset of condensation at powers above 60 uW. This
dependence is abruptly changed for the measurements 18-21 in agreement with the vanishing
of the condensate. At high exciton numbers (under these conditions, we expect N ~ 1 x 10?
according to figure 2) we have a substantial effect of the two-body decay resulting in sublinear
behaviour, see the data marked by blue symbols.

We note that the theory presented in the next section attributes such a kink in the power
dependence of the total intensity of an exciton gas in a trap to the occurrence of condensation.
Actually, in all of our measurements using different potential traps and under different excitation
conditions such a kink shows up, provided that the He bath temperature is below 400 mK.
Exemplarily this is shown in figures 12 and 13 for three different sets of data. In figure 12
we compare two measurements which have the same dependence of the He bath temperature

Ntum
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Figure 12. Dependence of the totally integrated intensity (squares), spatial
temperature (triangles) and start and final bath temperature during the
measurement (black bars) on the laser power for two different sets of data.
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Figure 13. Dependence of the totally integrated intensity (squares), spatial
temperature (triangles), and start and final bath temperature during the
measurement (black bars) on the laser power.

but differ in their spatial temperatures. While at low powers both curves coincide, the curve
corresponding to lower spatial temperature shows the kink at lower powers. In figure 13 we
display the power dependence for the case where both the He bath temperature and the spatial
temperature are much higher and the kink occurs at powers one order of magnitude larger
than in the measurements of figure 12. This dependence of the onset of BEC on both the bath
temperature and the spatial temperature will be explained by the theory presented in the next
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section. The data in figure 13 furthermore demonstrate that the origin of the kink cannot be
the Auger like decay of excitons at high densities, as one might suspect. This deviation from
linearity in the power dependence already shows up below the kink.

3. Theory

After presenting the experimental results, in this section we will provide the theoretical
description, attempting to explain the main effects found in the luminescence spectra.

So far, excitons in potential traps have been described mostly by theoretical models
of non-interacting bosons. Concepts, to include e.g. interaction effects, have been worked
out for atomic condensates. Along this line, the thermodynamics of a one-component Bose
gas has been investigated extensively, see, e.g., [32-35]. First applications of excitons exist
too [36]. Recently, distinct signatures of a condensate in the decay luminescence spectrum of
the non-condensed excitons have been predicted using a mean-field formalism in local density
approximation [31]. In analogy to generalizations for multi-component atomic gases [37—41]
and spinor polaritons [42, 43], a generalization to a multi-component gas of interacting
paraexcitons and orthoexcitons has been given in [44].

Here, we focus on the thermodynamics of weakly interacting excitons in a trap and assume
the whole exciton gas to be in thermodynamic equilibrium. This allows us to apply the theory
developed in [31, 44].

3.1. Thermodynamics of trapped excitons

In order to write down the Hamiltonian of the exciton system, the interaction potential
between excitons has to be modelled. The description of exciton—exciton interaction is a
long-standing problem (see, e.g., [45-50]), and so far no satisfying solution for the general
case has been obtained. For our calculations, we assume a contact potential interaction
V(r—r') = Uy (r —r’), where the interaction strength U, is given by the s-wave scattering
length a, via Uy =4mas,/M. M is the exciton mass M = 2.6m. in units of the free electron
mass m. [22]. This leads to the Hamiltonian in second quantization for the grand canonical
ensemble:

N h*v? 1 [,
H =/d ry'(r, 1) (— o Vex(® —u) Ve n+3 /d rUpy" (v, )Y (x, DY (r, DY (x, 1),

7

with the trap potential Ve (r) and the chemical potential p. Decomposing the field operators
in the usual fashion ¥ (r,7) = ®(r)+y(r, 1), with the condensate wave function ®(r) =
(Y(r,1)) = (¥(r)) and the operator of the thermal excitons i (r,?), one arrives at the
Gross—Pitaevskii equation (GPE)

h*v? T ~
0= (— 53 + Ve () — e+ Uy [n(r) +n (r)])<1>(r)+ Upin (r) ®*(r), (18)

and the equations of motion for the thermal excitons

i 2v72
LA (_h \%

» 37 +Vext(r)—M+2Uon(r)>1Z(r, 0+ U [ @) +mm] ¥ (x, 1), (19)
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with the normal and anormal averages n' = (1'/7717}) and m = (1’;1;), the condensate density
n® = |®|? and the total density n = n+n".

Since the spatial extension of the potential trap is large compared to the typical length scales
of the interacting exciton gas (in particular with respect to the thermal deBroglie wavelength of
the excitons), we can use the local density approximation, thus treating the excitons as a locally
homogeneous system. The equation of motion (19) is solved by a Bogoliubov transformation. In
the so-called Hartree—-Fock—Bogoliubov—Popov limit ( m — 0), the quasiparticle energy reads

E(k,r)=v/L(k, )2 — (Upn(r))?, (20)
with
LK, 1) = h2k*/2M + Vo () — 1+ 2Uon (). (21)
Within these approximations, the non-condensate density nT is given by
&’k [ LKk, 1) 1\ 1
Tr) = ’ Eknr)+-|—=|0(E*k,r)). 22
0= [ o [m, . (nB( (k, 1)) 2) 2] (E2k 1) (22)

Applying the Thomas—Fermi approximation to the GPE (18), 1.e. neglecting the kinetic energy
term, yields the condensate density as

1
ne(r) = Fo[u — Veu(0) = 20gn™ (1) | © (1 = Vi (1) = 2Upn™ (@) ) . (23)

Evaluating equations (22) and (23), nT and n¢ have to be determined self-consistently.

3.2. Theory of decay luminescence

Since the optical wavelength of the emission is much smaller than the trapped exciton cloud,
we apply a local approximation to the emission spectrum [51, 52] as well, which is determined
by the excitonic spectral function A(r, k, w),

I(r, ) x27h|Sk = 0)|*8 (he' — p)n°(r) + Z ISK)|*np(he’ — W) A(r, Kk, ho' — 1), (24)
k£0

with S(k) representing the exciton—photon coupling. The spectral function is given by the
quasiparticle spectrum in (20):

A(r, k, ) = 277 [ (k, D)8 (ho — E(k, 1)) — v*(k, D8 (hw+ E(k, 1))],  (25)

where u (k, r) and v(k, r) are the Bogoliubov amplitudes,

ulk,r)? = %(C(k, r)/EXk,r)+1),

v(k, 1)’ = %(C(k, r)/EXk,r)—1). (26)

In Cu,0, the decay of ground-state paraexcitons in the yellow series is optically forbidden.
However, due to the applied strain, a mixing with the green series takes place and the
decay becomes weakly allowed [53]. The paraexcitons decay directly, whereby momentum
conservation requires that only excitons with the same momentum as the emitted photons are
involved. This zero-phonon decay can be treated by setting o’ = w — E,x/h with the excitonic
band gap E,x and |S K)|? = S§8(k — ko) with kj being the wave vector of the intersection of
the photon and exciton dispersions.
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Due to the form of S(k), a condensate of paraexcitons in Cu,O (energetically in the ground
state, i.e. k = 0) should not contribute to the luminescence spectrum. However, this statement
holds rigorous only for homogeneous, infinitely extended systems. Due to the finite size of the
condensate, it is spread out in k-space, and a weak contribution to the luminescence should
be expected. Taking the condensate as a classical coherent emitter, the radiation follows from
classical Maxwell equations as the Fourier transform of the polarization [54] at the wave vector
of the emitted photon k. Since the polarization is proportional to the condensate wave function,
the (dimensionless) strength of the contribution S, (|S(k = 0)|*> = Sch) should be proportional
to the components of the Fourier transform of the ground-state wave function at k = k. Our
calculations show that S, is of the order of 107® to 10~". Therefore, we will discuss possible
effects of a BEC in the spectrum considering a weakly luminescing as well as a completely dark
condensate.

Furthermore, to account for the finite spectral resolution in experiments, we convolve the
spectral intensity (24) with a spectral response function of the shape exp[—(w/A)?]. Here, A is
a measure for the spectral resolution. Using these assumptions, the spectrum reads:

ho' — 1

2
I(r, w)  S.(27)% exp [— ( ) :|n°(r) +u*(Ko, r)ng(E (Ko, 1)) exp [—&2 (o, Ko, )]

— v*(ko, 1)np(—E (ko, 1)) exp [—&7 (@', ko, T)], (27)

with g1 (o', Kk, 1) = (ho' — n £ E(k, 1))/A. As explained in section 2, in the experiment, a
spectrograph is used to obtain different spectra by integrating over either one or more spatial
coordinates and/or w. Here, we consider the z-resolved luminescence spectrum /(z, ), the
z-profiles of the luminescence 7 (z), the spatially integrated luminescence I (w), and the totally
integrated luminescence I, The z-resolved luminescence spectrum is obtained by imaging
a small strip of width 2Ay elongated along the z-direction onto the entrance slit of the
spectrograph, hence integrating over the x- and y-direction. The z-profiles are generated by
integrating /(z, w) over the energy (w). Integrating over all spatial dimensions yields the
spatially integrated luminescence / (w). As a fourth option, one can also integrate over r and w,
arriving at the totally integrated luminescence I, which only depends on the exciton number
N and the temperature 7.

3.3. Results

3.3.1. Luminescence spectrum. For the calculations, we used an anharmonic potential trap
fitted to the experimental of section 2 but with a trap minimum of V, = 1.04 meV. The s-wave
scattering length was chosen to be a; = 2.18ap (taken from [55], see also [56-58]) with the
excitonic Bohr radius ag = 0.7 nm.

First, we revisit the flat bottomed shape of the spectrum discussed in [31]. In figure 14,
we plot the luminescence spectrum for a constant temperature 7 = 0.6 K and three different
exciton numbers (left column: N = 2.5 x 107, middle column: N = 2.5 x 108, right column:
N =8.0 x 10%). The condensate is expected to remain completely dark. The left image of
figure 14 shows a thermal spectrum exhibiting the typical nearly parabolic shape that was also
found in the experimental results presented in figures 3 and 7. Increasing the exciton number
by a factor of 10 while keeping the temperature constant results in the onset of a BEC with
a condensate fraction of N./N = 0.05. The shape of the spectrum is altered and develops a
flat bottom at the chemical potential as reported in [31]. Further increasing the exciton number
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0.2

Figure 14. z-resolved luminescence spectra /(z,w) at T =0.6 K with dark
condensate. The exciton numbers are N =2.5x 107 (left), N =2.5 x 108
(middle) and N = 8.0 x 108 (right). Condensate fractions are N./N = 0 (left),
N./N =0.05 (middle) and N./N = 0.50 (right). Trap minimum is at V, =
1.04meV and ¢ =hw — Egx — V.

leads to a more pronounced flat bottom and an energetic shift of the spectrum with the chemical
potential. Additionally, a new contribution to the thermal spectrum below the chemical potential,
arising from the v?-term in equation (25), becomes faintly visible. These effects are linked to
the occurrence of a BEC and would indicate its existence even without direct emission from the
condensate.

Comparing these predictions with the experimental findings, e.g. figures 3 and 7, one has
to conclude that the signatures were not observed in the experiment. However, if the condensate
exhibits a very weak luminescence, the changes in the spectrum predicted from theory are much
more subtle. This can be seen in the left column of figure 15 (S. = 107%/3), cf again figures 3
and 7. In contrast to the case of a dark condensate, there is no drastic qualitative change in
the spectra from top to bottom. Also, the shift on the energy axis appears to be smaller and
could well be an interaction effect of thermal excitons. Therefore, the contribution from the
condensate hides the flat bottom as well as the shift on the energy axis, without being a clearly
visible delta-shaped peak, as expected for a fully contributing condensate. This explains why a
conclusive detection of a condensate via spectral signatures requires a very careful analysis of
the experiments.

The spectra in the left column of figure 15 consist of different contributions. To illustrate
this, we plot the results for the spatially integrated luminescence I (w) in the middle column
of figure 15, cf the measurements shown in figures 3 and 5. The upper panel shows a
spectrum in the non-condensed case at low densities. Its shape is given by a Bose distribution
convolved with the spectral resolution of the spectrometer. The middle panel shows a spectrum
at higher densities, where interaction effects are already important and a very small condensate
contribution already occurs, nearly invisible in the total curve. Compared to the previous case,
the peak becomes narrower and shifts to higher energies, while the tail remains qualitatively the
same. The bottom graph shows the case with a condensate fraction of 0.5 including a distinct
condensate contribution (dashed-dotted blue) which has a Gaussian shape and is centred at
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Figure 15. z-resolved luminescence spectra, z-integrated luminescence and
z-profiles of the luminescence with weakly luminescing condensate (S, =
107%/3) for the same parameters as in figure 14. Left column: luminescence
spectra / (z, ). Middle column: z-integrated luminescence I (w). Right column:
z-profiles 1(z). Red curves (full and dashed) denote the contributions from
thermal excitons, the blue dash-dotted curve gives the condensate contribution,
and the total emission is shown as a dashed black line.

the chemical potential. The contribution from the thermal excitons consists of the u? part of
the spectral function (solid red) and the v? part of the spectral function (dashed red), compare
with equation (27). The black line represents the sum over all contributions. In contrast to the
very weakly condensed case (middle), the contribution related to the v? term appears below
the chemical potential (dashed red). Except for this additional contribution, the total emission is
only slightly shifted towards higher energies and has a higher maximum compared to the middle
graph in figure 15. The width of all the Gaussian-like peaks in figure 15 is directly given by the
spectral resolution A = 18 ueV.

3.3.2. Spatially resolved luminescence. The results for the spatially resolved luminescence
I (z) are presented in the right column of figure 15 and should be compared to the experimental
results shown in figures 3, 4, 8 and 9.

Without any contribution from the condensate, one would expect the solid red line. The
non-condensed case follows a Gaussian shape (top graph), while the onset of the BEC leads to
a deformation in the form of a plateau (middle and bottom graphs). However, taking a weakly
luminescing condensate (dashed blue) into account, the total emission (black dashed) looks
Gaussian-like again, masking the signature of the condensate (middle and bottom graphs).
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Figure 16. Totally integrated luminescence I, for 7 =0.5K and different
fractions of condensate contribution. Change of N (position of kink) with
temperature is shown in the inset.

3.3.3. Totally integrated luminescence. Integrating over all variables (r and ) yields the
totally integrated luminescence I, which had been considered in the experiments in
figures 11-13. In figure 16, we show the numerical results for I, as a function of the exciton
number N for a fixed temperature of 7 = 0.5 K. Remember that N is connected to the excitation
laser power P, cf the results of the rate model, figure 2. For small N, the totally integrated
luminescence increases linearly with the exciton number until a critical value is reached. At
the critical exciton number, the curve has a kink and continues with a weaker slope afterwards.
The additional contribution from a weakly luminescing condensate does not alter the behaviour
qualitatively in this case, as can be seen from the other curves in figure 16. As shown in the inset
of figure 16, the critical exciton number shifts with the temperature approximately as expected
with T, equation (1). Obviously, here the interaction has no drastic effect on the behaviour
known for an ideal gas.

However, in the experimental situation, it is merely impossible to measure over orders
of magnitude of particle number without changing the exciton temperature. The temperature
will rise as a result of the energy introduced into the system by the laser. Therefore,
experimental points may lie anywhere in the N-T plane. The theoretical results for the
totally integrated luminescence as a function of exciton number and temperature are shown
in figure 17. Depending on how fast the temperature increases with exciton number, it is very
well possible to never cross the phase boundary and observe the kink in the totally integrated
luminescence.

3.4. Discussion

In the previous section, we presented the different spectral signatures of a non-emitting
condensate in the thermal emission of excitons in global thermal equilibrium. The five main
signatures are: (i) the formation of a flat bottom in the luminescence spectrum I (z, w), (ii) the
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Figure 17. Totally integrated luminescence [ for a range of different
temperatures and exciton numbers in the same potential trap as in figure 14.

shift on the energy axis of the spectrum 7/ (z, ), (iii) a deviation of the z-profiles I (z) from the
Gaussian shape, (iv) the appearance of the v? term in the spatially integrated luminescence I (w)
and (v) the kink in the totally integrated luminescence /iy at Ny.

If the contribution from the condensate is much weaker than that which we estimated (i.e.
S. of the order of 10~°~10~7), signature (i) should be experimentally visible. This is neither the
case in the current experiment nor any others previously. If the contribution is much stronger
though, one should expect the delta-shaped peak as predicted by the standard theory [1, 51, 52].
This substantiates our estimation for S..

However, if the condensate contribution is comparable to that of the thermal excitons, the
flat bottom in (i) can be masked as shown in figure 15. The changes in the shape are very
subtle and probably not detectable in an actual experiment. The shift on the energy axis (ii) is
also altered by the condensate contribution. Additionally, there are numerous other effects that
can change the energetic position of the spectrum, e.g. a background plasma of electrons and
holes [6, 7]. Therefore, this shift might not be a good indicator for the onset of the BEC. The
deformation of the z-profiles (iii) would also be masked by the condensate contribution. Here,
the latter one complements the thermal luminescence, again resulting in a Gaussian profile.
Contrarily, in the measured profiles (figure 9), the condensate adds a contribution to the thermal
Gaussian profile. We will revisit this point later.

Without a condensate, the spectra can be fitted with a renormalized Bose distribution
convolved with the spectral resolution of the spectrometer. With a condensate, the v? peak
(iv) causes a characteristic deformation of the low energy flank of the spatially integrated
luminescence. For a dark condensate, however, it would be a free standing peak separated from
the rest of the spectrum. Both cases should be detectable in an experiment though. However,
this signature (iv) as well as the energetic shift (ii) are very subtle and are probably masked by
noise, compare figures 3 and 7.

The most promising signature of condensation would be the kink in the totally integrated
luminescence (v), as it is not altered qualitatively by the condensate contribution. In this
case it only changes the slope after the kink, but does not hide the kink itself. Although
in figures 11-13 no isotherms are plotted—the exciton temperature rises with excitation
power—there is obviously a kink in the measured integrated intensity. Looking at figure 17,
a path on the surface will exhibit a kink even with increasing temperature, if the ridge is
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crossed. Therefore, we can relate the kink in the experimental figures, at least qualitatively,
to the occurrence of a condensate.

3.5. Excitons in local equilibrium

As stated above, the theory derived in section 3 assumes that the exciton gas in the trap is in
global thermodynamic equilibrium. The experimental results presented in the previous section
show, however, that this is obviously not the case and that the exciton temperature is the key
quantity to detect deviations from global equilibrium. The conclusions are that (i) the spectral
(or spatial) temperature is not equal to the exciton temperature and (ii) the assumption of global
equilibrium, therefore, must be wrong, cf the discussion in section 2.3.1.

In contrast to the latter statement, the luminescence spectra calculated by the equilibrium
theory reproduce the measured spectra qualitatively quite well, cf figures 3 and 15. Thus it
seems to be reasonable to abandon the global equilibrium assumption, but to keep the local
equilibrium assumption. In this case, the thermally excited excitons still have an equilibrium
(Bose) distribution, but with spatially varying temperature and chemical potential. The space
dependence of the latter quantities is in principle unknown, but from the experiment we can
conclude that the temperature should not vary over the dimension of the trap, see section 2.3.1.
The only criterion for the spatial dependence w(r) is that the spectra must be reproduced.
Therefore, we demand that the spatially integrated spectrum / (w) (at least its high-energy tail)
follows a Bose distribution with the spatial temperature and some formal constant chemical
potential & which is used to fix the particle number. This leads to

w(r) = (1 — %) (Vext(r) + Eg +2Uon" (1)) + %ﬁ, (28)

S
which allows direct use of the theory of section 3.1 in this non-equilibrium situation also.

In what follows, we apply the local equilibrium theory to two typical experimental
situations. Thereby we fix the total particle number N = 10® and the spatial temperature
T, = 0.6 K and vary the exciton temperature. The condensate contributes to the luminescence
with S. =4 x 1077 The spatially resolved spectra for both cases are displayed in figure 18,
left column. As expected, in the uncondensed case (Tx = 0.25 K, upper row), the spectrum
just follows the external potential. The condensed case (Tx =0.15K, lower row) with a
condensate fraction n. = 0.2 looks qualitatively not very different. In particular, due to the
spatial variation of the chemical potential according to equation (28), the flat bottom of the
spectrum (cf figure 14) disappears.

In the condensed case (Tx = 0.15 K), the z-profile of the luminescence exhibits a clearly
non-Gaussian shape (figure 18, right column, lower panel, red line). For the slightly higher
temperature of Tx = 0.25 K (upper panel), the shape is approximately Gaussian. Therefore, we
fit the thermal component of the z-profile for the condensed case by an asymmetric (due to
the potential asymmetry) Gaussian. In order to exclude the condensate contribution, we omit in
the fitting procedure the data points in the centre of the trap where the condensate is situated.
The size of the excluded area is determined by minimizing the error of the fit. The fitting
result is given by the dash-dotted blue line in the lower right figure. It basically follows the
thermal profile component. The small deviations from the Gaussian shape are caused by the
potential anharmonicity and by the renormalization of the potential due to the interparticle
interaction. Thus, the procedure to extract the thermal component from the experimental
z-profiles shown in figure 9, where a Gaussian fit has been applied, too, seems to be justified.
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Figure 18. Spatially resolved luminescence spectra (left) and z-profiles of the
intensity (right) for N = 10® and 7, = 0.6 K. Upper row: exciton temperature
Tx = 0.25 K (uncondensed case), lower row: Tx = 0.15 K (condensed case, n. =
0.2). Solid red lines: total profiles (thermal + condensate), solid blue: only
thermal contribution, dash-dotted blue: Gaussian fit of the total profiles, blue
crosses: data points used for the fit, solid green: the difference between the total
profile and the fit. The ratio between the integrated intensities of the condensate
and of the total band is ny, = 0.07.

The difference between the total z-profiles and the Gaussian fits is given by the green lines. It
basically reflects the condensate contribution. For the condensed case we obtain a luminescence
fraction 1y, = 0.07 which would set fi,m = 0.25.

The two cases depicted in figure 18 can be compared to the measured z-profiles shown
in figure 9. The ‘uncondensed case’ (upper row in figure 18) obviously corresponds, e.g. to
measurements 1 and 21, where the difference between data and fit is just noise. On the other
hand, the ‘condensed case’ (lower row in figure 18) finds its counterparts, e.g. in measurements
3 and 17. In each case, a striking qualitative agreement is found. This substantially corroborates
our explanation of the experimental findings with the occurrence of an excitonic BEC.

Figure 19 shows the critical particle number for BEC dependent on exciton temperature Tx
and spatial temperature 75. The global equilibrium case is represented by the diagonal Tx = T;.
If the excitons are excited outside the trap, their spatial profile will be at first always broader than
when in equilibrium. Therefore, Ty < Tx can be ruled out in the current experiment. Obviously,
for a given exciton temperature, the critical number i1s smallest for global thermal equilibrium
and increases with increasing spectral temperature. Even at low powers, i.e. for quite low exciton
numbers, a condensate is possible if the exciton temperature is close to the He bath temperature,
cf the situation shown in figure 9, measurement 3, where the spatial temperature is 0.35 K and
the exciton number is 4 x 10° which just corresponds to the critical number at Tx = 0.04 K.

With the help of this figure, we can systemize the experimentally observed power
dependence of the totally integrated intensity shown in figures 11—13. This is done by examining
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Figure 19. Critical particle number N, for BEC versus exciton temperature
Tx and spatial temperature 7;. The diagonal Tx = T corresponds to global
equilibrium; Tx > T is, for excitation outside the trap, physically meaningless.
The blue coloured rectangle corresponds to the critical power of 30 uW for the
data shown in figure 12 (blue symbols), the red coloured rectangle corresponds
to the critical power of 60 W for the data shown in figure 12 (red symbols), the
black coloured rectangle corresponds to the critical power of 600 uW for the data
shown in figure 13, and the green coloured rectangle corresponds to the critical
power of 78 W (data not shown). The magenta coloured dot corresponds to the
critical power of 40 uW from the measurements shown in figure 11. The stars
denote the conditions of measurements 17 (blue) and 18 (red), and the black
diamond denotes the critical number for measurement 3, all from figure 7.

the exciton temperature Tx as the critical number (corresponding to the critical power and the
respective spatial temperature) crosses the critical surface. These points are plotted as coloured
rectangles in figure 19. The values for Tx give a very systematic picture. With increasing critical
power, both the spatial and the exciton temperature rise. Thereby, Tx is always larger than the
bath temperature, which is consistent with the expected crystal heating, compare appendix C.

Figure 19 also compares the data for the measurements 17 (blue star) and 18 (red star) of
figures 7 and 9 showing that the conditions in measurement 17 are such that we are well above
Ncrate, While for measurement 18 we are just touching the critical surface.

4. Conclusions and outlook

We have presented a series of experiments that investigate the luminescence from paraexcitons
in cuprous oxide after cw-excitation. The excitons have been confined in a potential trap with the
host crystal immersed in liquid helium at temperatures down to 38 mK. The spatially resolved
luminescence spectra do not show notable variations when varying the laser excitation power
from below 1 uW to above 1 mW. However, we observed a number of characteristic changes
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in the spatial profiles of the luminescence and in the totally integrated intensity: In the spatial
profiles, a new component in the centre of the trap occurs at intermediate laser powers which
cannot be fitted by a thermal Gaussian distribution. This component vanishes at very low power
and at very high power levels. At the mentioned intermediate power levels, we see deviations
from the linear dependence of the totally integrated intensity on the laser power: most notably
a well defined kink appears in the slope of the curves. From the linear dependence of the total
intensity on laser power, we conclude that two-body decay processes of the excitons do not play
any significant role. This is in agreement with previous measurements under pulsed excitation
in the same samples [17].

With increasing laser power, we observe a slight increase in the effective temperature that
is inferred from the high-energy tail of the luminescence spectra from 0.35 K up to a maximum
of 1K. This spectral temperature does only reflect the spatial distribution of excitons in the
trap and is not identical to the local temperature which determines the energy distribution of the
excitons at each point in the trap. The local temperature will be determined by exciton relaxation
processes and is expected to go down almost to the bath temperature at low excitation power.

Recently, [15] reported a strong heating of the exciton gas at high pump powers and
claimed that this effect originates from a relaxation explosion of excitons when a transition into
a Bose-Einstein condensate takes place. We observe a similar heating under high excitation
powers but can definitely rule out the existence of a BEC in this high power range.

In order to understand the observed features of the luminescence spectra, we theoretically
analysed the thermodynamics and the luminescence properties of excitons in a potential
trap. Thereby the excitons are described as an interacting Bose gas in the framework of a
Hartree—Fock—Bogoliubov—Popov approach. Already under the assumption of global thermal
equilibrium, this theoretical approach suggests that the observed kink in the totally integrated
intensity signals the transition into a Bose—Einstein condensate of trapped paraexcitons.
Taking into account the specific non-equilibrium situation in the trap, the theory also
consistently describes the characteristic changes in the spatial profiles of the luminescence:
while the theory predicts almost no changes in the spatially resolved spectra, it allows us
to identify the additional component in the spatial profiles as due to a weakly luminescing
condensate.

To conclude, we have presented strong evidence, both from experiment and theory, that at
ultracold temperatures in the range of 100 mK, paraexcitons in Cu,O undergo a transition into
a Bose—FEinstein condensate.

Nevertheless, further experimental investigations are necessary to prove the existence of
a BEC of excitons in cuprous oxide beyond any doubt. For example, direct measurements of
the lattice temperature and of the local exciton temperature will provide a better understanding
of the thermodynamics. Thereby, it might be intriguing to apply spatially resolved Brillouin
scattering since the energies of the phonons involved are comparable to the thermal energy.
The local exciton temperature would be detectable via infrared absorption of the 1S-2P
transition [29, 30]. The most important aspect, however, must be the direct proof of the
macroscopic coherence of the condensate by interferometric methods or by means of intensity
correlation measurements, both currently under way.

Theoretically, one can try to improve the exciton density calculations by using more
advanced approximations, e.g. by solving the Gross—Pitaevskii equation exactly instead of
using the Thomas—Fermi approximation. It also seems to be necessary to improve the lumine-
scence theory in order to account, more rigorously, for the inhomogeneity of the system,

New Journal of Physics 14 (2012) 105007 (http://www.njp.org/)

108



Article VI

31 IOP Institute of Physics (I)DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

e.g. following the ideas of [59]. Moreover, one should also include the spectral broadening
due to exciton—exciton interaction. This would require the inclusion of higher order correlations
beyond the Hartree—Fock—Bogoliubov—Popov approximation by calculating the densities and
the spectral function on the level of the Beliaev approximation [60]. Recently, we have shown
that, already for the thermal excitons, a more realistic description requires us to take the
lifetime broadening of the exciton states into account [17], which relaxes the strict wave vector
conservation in (24).

Quite recent results by Naka et al [25] show that the Auger-decay produces a significant
number of free electrons and holes which are also captured by the trap (see figure 2). This
should lead to a shift and a broadening of the exciton states by the surrounding electron—hole
plasma [6, 7, 61, 62]. An inclusion of this ‘plasma damping’ in the theory requires taking into
account collisions of the excitons with charged fermions. This is clearly beyond the scope of the
theory of weakly interacting bosons.
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Appendix A. Strain Hamiltonian for electron—hole states

For the derivation of the energy shifts of electron-hole pairs we consider that the top I'J valence
band states can be written as [9]

1

Wip=— 7 (Y2 = YDe, +2Y,'8,] . (A1)
1
W=+ G [(Y;? —Y))B, — 2V, o ]. (A.2)

Here Y)" denotes the spherical harmonics and ¢ v, B. v the electron spin functions of the valence
and conduction bands. By inspection of table VI of [9] we immediately see the paraexciton state

1
Dy = Pys—= (V7 poe + W], HBc) (A.3)

/2

with ®vyg being the envelope function of the yellow 1S state. We immediately see that the
paraexciton state has the same behaviour as the I'] band states. In all matrix elements of the
strain Hamiltonian, all terms containing the electron—hole exchange are missing. Since the
interaction with the I'§ states does not change, the electron—hole pairs show the same behaviour
under strain, i.e. they experience an effective trapping potential similar to the paraexcitons.
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Figure B.1. Cooling behaviour of laser excited paraexcitons for different bath
temperatures. Plotted are the effective temperatures of the distribution function
obtained by fitting with a Bose distribution. The cooling curve for a lattice
temperature of 0.05K is identical to that of 0.1 K. The inset shows as an
example the distribution for a lattice temperature of 0.3 K, an exciton density
of n =1 x 10 cm™3 at + = 100 ns from which a temperature of T, = 0.33 K is
derived.

Appendix B. Exciton relaxation

A central problem in the dynamics of excitons at milli-Kelvin temperatures is the relaxation
and thermalization by contact to a bath of thermal phonons, as the acoustical modes will freeze
out [63]. Therefore, we have simulated the relaxation of hot, laser excited excitons by assuming
interactions with longitudinal acoustic phonons and Auger-like two-particle decay in a potential
trap by integrating the Boltzmann equation [28]. Here we present additional results for the
homogeneous situation including elastic exciton—exciton scattering, where the model follows
closely that described in [64-66]. The resulting system of differential equations was integrated
using as an initial distribution a Gaussian of width 0.1 meV centred at e, =5meV. The
initial exciton density was assumed to be ny = 1 x 10'3 cm™. For the elastic exciton-exciton
scattering cross section o = 50 nm? [66] was taken. The main results are shown in figure B.1,
where the effective temperature of the exciton gas obtained by fitting the distribution function
by a Bose distribution (see inset) is plotted for different lattice temperatures as a function of
time.

Appendix C. Thermal behaviour of the dilution refrigerator and the sample
The *He/*He dilution cryostat uses a mixture of *He and “He for the cooling process. The
coldest region is inside the mixing chamber, consisting of a *He-rich (100% *He) and a *He-

poor (6.4% *He) phase separated by a phase boundary, the basic thermodynamics of which
is well known [67]. In the following analysis, we assume that the sample is immersed inside
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Figure C.1. A thermal network describing the sample and mixing chamber in the
*He/*He dilution cryostat. For an explanation, see text.

the dilute *He/*He mixture and that the resistor measuring the bath temperature is placed in
between the sample and the phase boundary in the mixing chamber.

To derive a connection between the sample temperature and the measured bath temperature
we have to consider the whole system as a thermal network as shown in figure C.1. The
incoming laser beam with power P hits the sample which is at a temperature 75 and has a
heat capacity C,(Ts). It is surrounded by the dilute *He/*He mixture (temperature Ty;.), which
itself is connected to the mixing chamber at a temperature 7y; with heat capacities C,(Tye.)
and C,(Ty), respectively. The mixing chamber is cooled with a power Pc(7Ty) depending on
its temperature. The heat conduction between the different compartments is represented by the
heat conductivities A; and A,. Applying the continuity equation for the energy flow, the network
is described by the following system of equations:

dTs
Cv(Ts)g = Fheat(PL) — M (Ts — The), (C.1)
dTHe
CV(THG)T = M (Ts — Tae) — A2 (Tre — Tv), (C2)
dTy
CV(TM)? = Ao (The — Tm) — Pc(Tw). (C.3)

Here Fi.y gives the connection between the laser input power and the heat generated in the
sample due to the excitonic relaxation and decay processes (compare section 2.2). For the
parameters given in table 1, the results are shown in figure C.2. We can approximate the
dependence with a function of the form

Fheat=OlPL+,3[PXX (\/1+PL/PXX_1)]2 (C4)

with the fit parameters a = 0.045, 8 = 0.014 um~" and Pxx = 16.67 uW.

C.1. Heat capacities

Regarding the heat capacity of the sample, it is necessary to take into consideration that not
only the crystal is heated by the laser, but, due to the good thermal contact supplied by the
pressure on the sample, also the sample holder, which consisted of pure titanium. Therefore, we
assumed the temperatures of sample and sample holder to be the same. The variation of the heat
capacity of the sample Cu,O with temperature is well approximated by the Debye model as a
T3 temperature dependence. A fit of measured data [68] by

Cy. ., =AT5, (C.5)

VCu, 0
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Figure C.2. Comparison of the amount of heating as a function of laser power.
The full red dots are obtained from the rate model of section 2.2, the full line is
the fit according to equation (C.4).

results in the parameters A = 8.0640.05Jmol™' K™ and B =3.040.05. For the specimen
holder, we consider only the superconducting state below the critical temperature (7t =
0.4K [69]), restricting the following analysis to the interesting case of Ts < 0.4 K. Here,
the heat capacity is composed of an electron and a phonon part, C,,;, = C,, + Cy,,. While the
phonon part is negligible, the electron part is given by

—1.5T,
Cyv, =Cy,=Criyn I exp ( T ) ) (C.6)
with C1; = 9.17 and the Sommerfeld constant yr; = 3.3 mJ mol~'K~2 [69].

Experimental data for the heat capacity of the helium mixture [70] for different
concentrations of *He in *He were interpolated to a concentration of xsy. = 6.4% and fitted
resulting in a dependence

T E
Cy(Tyem) = D ( 1“4) +F, (C.7)

with D =0.417Jmol ' K~!, E=6.117 and F = 0.7 Jmol ~'K~!.

C.2. Cooling power

For the description of the cooling power Pc of the dilution process, where the *He-atoms flow
from the *He-rich (concentrated) to the -poor (dilute) phase, we consider the enthalpy of the
system. By assuming that pure *He flows through the heat exchangers into the mixing chamber
with the dilute phase, the cooling power is given in accordance with [67] by

Pc =n3[Hy(T) — H(T)] (C.8)

= 3[95T — 11T¢], (C.9)
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Figure C.3. The numerical solution of the system of differential equations
expressed as the variation of temperature (cf equations (C.2) and (C.3)) with
measurement time for A; =6 x 10™* and X, =27 x 107* W K~!. The solid red
framed bars represent the temperature of the sample T, the blue dotted curve
shows the temperature of the surrounding helium bath 7y, and the blue dashed
line describes the temperature in the mixing chamber Ty;. The solid blue framed
bars are the representation of the measured incoming laser power P_.. The
measured helium temperatures are shown as black diamonds.

with the molar flow rate 713, the temperature in the mixing chamber 7y, and the temperature
behind the heat exchanger Tw. To obtain the unknown parameters of equation (C.9), we
take as calibration points the lowest temperature reached without any heat load 7Ty = 20 mK
and Pc =100 uW at Tyy = 100 mK. From these data we obtain 713 = 1.25x10"*mol s~! and
Tw = 0.115 K. From this cooling power we have to subtract the heat load P, due to the cryostat
windows, which leads to a minimum temperature of 7y = 38 mK corresponding to a power of

C.3. Determination of the temperatures in the cryostat system

To obtain the temperatures of the different parts of the thermal network from the system of
coupled differential equations, it is necessary to specify the amount of substance in the system.

The Cu,0 specimen is a cube with an edge length of 3 mm, a molar mass of M =
143.09 gmol ™" and a density of p = 6.48 gcm~>. Hence, the amount of substance inside the
cube is ncy,0 = 1.398 x 1073 mol. From the measured weight of the titanium sample holder
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of m =26g and a molar mass of M =47.9 gmol’l, we obtain n; = 0.5 mol. The amount of
substance in the helium mixture can only be estimated. In our system, a 15% helium *He/*He
mixture of approximately V =4001 circulates under a pressure of p = 0.8 bar. That leads to
an amount of nsye sy, mixture = 14.3 mol from which only about two thirds are in the mixing
chamber. For our calculations, we assume that 1 mol is in the bath and 2.75 mol is in the mixing
chamber. Then the only quantities which have still to be specified are the heat conductivities
A12. This was done by adjusting the solutions of the coupled differential equations to different
measurements until all the data could be described by the same set of parameters. As examples
we show in figure C.3 the results for the series of measurements from figures 5 and 6.

The calculations were done with A; =6 x 107 and A, =27 x 107* WK~! and show an
almost quantitative agreement with the experimental data, despite very large changes in laser
power (solid blue framed bars) during the measurements, which indicates the correctness of our
model.
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We present a theoretical approach to the zero-phonon decay
luminescence of excitons. In a two-step approach, the weakly
interacting condensed exciton gas is Bogolyubov transformed
before the resulting quasiparticles are coupled to the photon
field. The field-field correlation function, which gives the lu-
minescence intensity and first-order coherence, is calculated
in the framework of real-time Green’s functions of the pho-
tons. The resulting spectrum of the new, so-called bogolariton,
quasiparticles is discussed.

1 Introduction

Excitons in excited semiconductors have been suggested
as promising candidates for the observation of Bose-
Einstein condensation (BEC) more than five decades ago
[1, 2]. Due to their rather small mass comparable to the
free electron mass, the conditions for densities and tem-
peratures should be easily achievable in the experiment.
However, despite many efforts creating a dense gas of ex-
citons either in a bulk crystal or in a potential trap, a con-
clusive demonstration of excitonic BEC is still missing.
At present, cuprous oxide (Cu,O) is in the focus of
both experimental and theoretical efforts (for a recent
overview see Ref. [3]), namely because of the large bind-
ing energy and the long lifetime of the exciton states in
this material [4, 5]. In current experiments, entrapment
of the excitons in a strain induced external potential
is used to obtain sufficiently high particle densities.
Due to the strain, the usually forbidden direct (zero-
phonon) decay of lowest paraexciton state becomes
weakly allowed. As a consequence, the excitonic system
is accessible by the exciton decay luminescence, which
should feature signatures of exciton condensation.
The most obvious evidence, of course, would be the
detection of coherence. On the other hand, an exciton
condensate is also reflected in the luminescence and
photon spectra [6, 7]. Theory must provide, therefore,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an approach both to coherence as well as spectral
properties of the luminescence signal.

Previous theoretical approaches to the excitonic de-
cay luminescence [8, 9] were based on an exciton-photon
coupling Hamiltonian containing only “normal” terms,
i.e., the creation of a photon and simultaneous destruc-
tion of an exciton. However, since the Bogolyubov pic-
ture of exciton condensation accounts for anomalous
exciton-exciton interaction terms, anomalous exciton-
photon coupling terms should also be included when de-
riving the luminescence. This allows to account for the
polariton effect in a very general manner. In contrast to
microcavity systems, the trapped excitons couple to free
photon modes. Then the exciton—photon interaction is
inherently a quasi-equilibrium problem, where the lumi-
nescence should take place via transient polariton-like
states.

In the following, we start with a brief summary of the
thermodynamics of excitons in a potential trap, where
the exciton Hamiltonian is diagonalised by a Bogolyubov
transformation. Then we elaborate in detail the coupling
of the Bogolyubov quasiparticles to the photon field.
Within a Green'’s functions framework, we analyse the re-
sulting new quasiparticle dispersion and discuss its con-
sequences for the field—field correlation function and the
decay luminescence intensity.

2 Trapped exciton gas

Since in Cu,O the paraexciton lifetime far exceeds the
time to reach thermal (quasi-)equilibrium [10, 11], for
the moment we do not consider recombination and
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neglect the coupling to the light field. Consequently, we
model the trapped excitons as a gas of structureless, in-
teracting bosons in an external potential. Furthermore,
the extension of the potential trap is considered to be
large compared to the thermal de Broglie wavelength
of the excitons. That is why we apply the local density
approximation, i.e., we treat the excitons as a locally
homogeneous system where the spatial dependence
enters only via Ve (r). With the r argument omitted for
brevity, the corresponding Hamiltonian in the grand
canonical ensemble reads

A 1/2 AL A
HX:Z( q2+Eg+Vext_M) (lqu

2m
q
U s o 52
+5v > BB oByBi 1)
qpk

with the creation (annihilation) operators Bj (B,) of
excitons with wave vector q, the effective exciton mass
m, the excitonic gap energy E; (i.e., the band gap minus
the exciton binding energy), the trapping potential Vi
and the equilibrium chemical potential x. We assume
solely contact interaction whose strength is given by the
s-wave scattering length ag:

_ Ak ag
=

U

2

To account for a possible exciton condensate, we apply
to Eq. (1) the Bogolyubov prescription, i.e., we replace
the operators B{j’ by /N, where N, is the number of
condensed particles. Accordingly, from now on the
operators Eq refer to the non-condensed particles with
q # 0. Retaining only those parts of the Hamiltonian that
are quadratic in By, we have

, e .
Hx%Ec‘i‘Z ﬁ‘f‘Eg‘i‘Vext_M qu
q
Un, P st ot A
+ 2 2(2 qul+ q Lq-‘ququ), 3)
970

with the energy E; of the condensate.
The quadratic Hamiltonian in Eq. (3) may be diago-
nalised by the Bogolyubov transformation

By = ughq — v* b, 4)

The new operators Bg) obey the bosonic commutation
relations [i)q, ZAJI],] = 8q,¢» Provided the Bogolyubov am-
plitudes uq and vq satisfy the relation |ug|* — |v_g|* = 1.
Under this condition, the anomalous terms in the Hamil-
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tonian vanish for

2y 1 Lo(@

Uy(r) = 5 (Eq(r) + 1>, ®)
_1(L®

ACKES 3 (Eq(r) 1). (6)

Here, E; is the Bogolyubov dispersion

Eq(r) = |/ L3(r) — U?nZ(n), )

h2q2
Lo() = 5~ + Eg + Veu (1) + 2Un(), ®)

and n = n. + nr is the total particle density. The density
of thermal excitations follows as

[ Pq[Lg) 1 1 )
ny(r) = / 303 [m (nB(Eq(r)) + 5) - E] 0 (Eq®?),

9)

with np(E) = [exp(E/ kzT) — 1], while the Thomas-
Fermi result for the density of trapped condensate par-
ticles reads [12]

n.(r) = max{0, i

U (1t — Vexe(®) — Eg — 2Unz(x))}. (10)

As is well known, the Bogolyubov quasiparticles, the so-
called bogolons, represent phonon like excitations in the
long wavelength limit and free excitons in the limit of
large q. The excitonic spectral function Agz(q, w, r) fea-
tures two branches at fiw = £Ej, weighted by the Bo-
golyubov amplitudes:

Aps(q, , 1) = 27 h[ 1 (1)8 (hew — Eq(r)
— U (1)8 (ho + Eq(1))]. 1

In the non-condensed situation, i.e, for n. = 0 and £y =
Lq, we have vy = 0 and u4 = 1, so that only one spectral
branch remains and the Bogolyubov quasiparticles be-
come free excitons in a Hartree-Fock mean field.

3 Bogolon-photon coupling

Excitons decay by emitting photons. In cuprous ox-
ide, direct (i.e. zero-phonon) paraexciton decay becomes
weakly allowed when strain is applied. In the following,
we aim on describing this zero-phonon decay process.
Thanks to the Bogolyubov transformation outlined
above, the system of interacting excitons is transformed
to a system of non-interacting quasiparticles with the

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Hamiltonian

A, = E,b}b,. (12)
q

Accordingly, we write the Hamiltonian of the free photon
field as a sum of oscillator modes,

A, =" hogd)a,.
q

(13)

with the photonic operators ag) and the dispersion

wq = cq. Here, ¢ = ¢/,/ep is the velocity of light in the
medium, where ¢ is the vacuum velocity of light and ¢,
is the background dielectric constant.

To model the bogolon-photon interaction, we start
from the minimal coupling Hamiltonian [13],

. e Ao oa & As
By == - > A®) - py+ TN > IAG)IP, (14)
J i

where my; is the free electron mass and £; and p; are the
position and momentum of the j-th electron. We now
insert into Eq. (14) the Heisenberg equation of motion
inp; = molt;, H,]. Thereby we expand the position oper-

ator in terms of the many-body wave functions of the bo-
golons, w7, as follows [13]:

B = (018 W5 by + 3 (whi#;10) B
q

q
YD (WE 5 1wE) Bl by
q.9

aq

(15)

In the following, we neglect the last term on the r.h.s of
Eq. (15), i.e., we take into account only transitions from
the Bogolyubov ground state, i.e., the condensate, to the
excited states and vice versa. After evaluating the com-
mutator [£;, H,] and expanding the vector potential op-
erator A into the set of normal modes,

A h i
_ s At .
A0 =3 zova, et da)e as)

the total Hamiltonian H = Hy + H, + Hy, takes the
form:

H= ZEqulbq + Z hwqafla'l
q q
a7
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with the coupling strength parameters
2me? .
Cq=Eq | ——— (¥lleq. - > r;el1%)0), 18
- 4neoe,Vhwq< ame X]: / > (18)

and Dq = |Gy|?/Ey. Using the dipole approximation
exp(ig-r) ~ 1 and the definition of the oscillator
strength

2

2myE,
== <‘fo e DT 0> : (19)
j
we obtain the coupling strength as [14]
h?e? E,
Cq= ey E (20)
deoermyV'\ hag

Note that definition (19) originally involves the exciton
state <lll§ |. However, we will not derive f microscopically,
but use an experimentally obtained value for our calcu-
lations. Exciton states in the experiment are by nature
“dressed”, i.e. bogolon, states.

For later use, we note the Heisenberg equations of
motions of the photon and bogolon operators, which fol-
low from Eq. (17) as

ihéq(1) = hoglq(t) +iCq (by() — Blg())

+2Dq (ag(0) + aq(0). 1)
inibg(0) = Eqba(0) — iCq (2(0) + L 4()). 22)

4 Luminescence spectrum

In experiments, the photoelectric effect is used for lu-
minescence measurements. That is why only normal-
ordered components of the field-field correlation func-
tions are considered, e.g.,

g, BT, 1) = <E(_) (r2, L)ED 1y, l‘1)>. (23)
The field components of positive and negative frequen-
cies are [15]:

N h ) N

B0 =) [550 ege " ), (24)
qr 0

f(+) hawqg iqr ~

EV@r =) 5 Cae " 4. (25)

N 0

qr
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Inserting these into Eq. (23) and evaluating the sum over
polarisation vectors, the field-field correlation function
reads

h
(1)
(1, X2, B, ) = e qEq' (1 + cos 0) Jwquq

x ihig,(q. q, fi, i) 9T —9™ - (26)

where © is the angle between the wave vectors q and ¢’
and we have defined the photonic correlation function

i@ g 11, 1) = (@) (0)ag(1). 27)

To calculate g, we have to evaluate a number of simi-
lar real-time correlation functions of (mixed) photon and
bogolon operators, which may be represented by the ma-
trix

ingdy (@.q', t, &)

(V@) X)) (Y () Xq(0) o8
(Y () X(1) (Y (1) Xq(1))

where X and Y represent the operators & and/or b, while

« and 8 are the matrix indizes. Specifically, we have g, =

gll<. The correlation functions in Eq. (28) can be deter-

mined from the more general Keldysh Green functions

defined as [16-18]

thl)I(f;/(qv q,v I, IZ)

B ((T%Xq(tl)Y;,(tzn (Tchq(tl)Yq,(tg))> 9

(Te X§0) Y3 (1)) (Te X{(10) Yy (1))
with the time ordering operator T defined on the two-
branch time contour (chronological/antichronological
ordering when both times are on the upper/lower
branch; otherwise ordering of operators with times on
the upper branch right from those on the lower one).
The functions G may be calculated by using Egs. (21) and
(22). Then, using the free Green functions of photons and
bogolons,

?
<ihaTl - hwq> Ga@. 9. 11, ) = 5(q - q)8(t — 1), (30)

. 8 ’ ’
<m§ ) G(Q.q. 1. 5) =38q-q)8h — ), (&)
1

and defining the matrix multiplication fi(q, #) e fo(q, 1) =
Zq J»dtfi(q, Df(q, 1), the coupled selfconsistent Dyson
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equations can be written as:

G.iq.q. 6, 1)
=GY@Q.q. 6.6 +G6U@qq . De
oG, [60@ & 7D + G -4, —G. ~7. D] o
'E’Q[G“(q,q i)+ GL(-q.9q, ttz)]
+2G2(q.q. 6,0 e

oD [GLh(@ a0 F 1)+ Gh-G.4. L. &) ] (32)

Glq.q.t, )
=G2(q.q,—f,—De

G [Gh@d ~i-D+GH-a -4 1.1
oG [Gh@ q.E 0+ Gu-a.q. 1 1)
-2G9(q,q,—t,-De
D4 [G2(@ 4. 1. &) + Gih(-G. 4. F. ). (33)
To get the frequency-dependent intensity signal I(r, w)

we consider the Fourier transform of the correlation
function in Eq. (26) forr; =1, =1, i.e,,

I(r, w) x g(“(r r, )

= 2Veo Z(l + C0s 0) ,/wqig
x ihgtl<(q. q/, 0) @97, (34)

In order to obtain the correlation function gll<, we use

G « 8(q — q') and apply the usual Langreth rules [19].
That results in a system of four coupled equations for
gil<, gZl< and the two respective retarded or advanced
functions, a closed solution of which is still pending.
However, the solution of the subsystem of retarded and

advanced functions can be given straightforwardly,

84,4, ) =5q—-q)
1 ((w:l:le)—f—a)q—i-qu)(a):l:le ez)-i—ZCzeq
h ((w+ie)? — w2 4dgwq) (0 £ i€)? — q)

4ciequq

(35)

with Ey = Tieq, Cq = icq, and Dy = hdy. The poles of these
functions give the excitation spectrum. We find four

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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solutions (w =+ i€) = :I:Qj, with

1
Q" = 5 (&g + g + 4dgq)

1
ié\/ (& — w2 — 4dqwq)’ + 162 equq. (36)

This result is analogous to the Hopfield polariton spec-
trum [20] with its non-crossing upper and lower polari-
ton branches. Note however, that the energy Eq is now
the Bogolyubov dispersion of the interacting, condensed
exciton system. Therefore, the new quasiparticles will be
called “bogolaritons” in the following.

The retarded and advanced Green functions give the
photonic spectral function A, (w), which follows from
Eq. (35) as

A0 9 0) = ih[g11"(@. 4 ») - £:°(@. 4. )|
=278(q—(q)
x [ Ug28(0 — @0) + Vg0 + 2)
+ U0 — 99 + VB0 + 2) ] (37)

The weights of the positive and negative upper and lower
bogolariton branches in the photon spectral function
are

3 (Qf + wq +2dg) (7 — €3) + 2¢5eq

Ul? = 38
4 2Q4 Q4 - Q%) 38
v — (R4 — wq —2dq) (Q3* — &) —2¢5eq 39)
a - T ot2 =2 )
2Q4 (47 — Q%)
gz~ Ba T oq+2d9 Q" — &) + 2648 40)
q — -2 2 s
2Qq (Qg° — Q4%
L, (g — g —2dg)(Qy* — &) — 2¢5eq
V' = pp—"} 2 : 4D
2Qq (Qg° — Q49

We note that for vanishing exciton-photon coupling,
i.e. for ¢g = dq = 0, we have Qf{ = max{eq, ®q} and Qq =
min{eq, wq}. Accordingly we find U;? =1 for eg < wq
and Uf =0 for eq = wq, so that the spectral func-
tion in Eq. (37) reduces to that of the free photons:
A, @, ©) = 278(q — )8 — wy).

5 Results
As with the theoretical description, our numerical evalu-

ation takes two steps: First, we calculate self-consistently
the paraexciton density distribution in the trap and the
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Figure 1 Exciton density (72) as a function of the trap radius (r) for
a total number of excitons N = 100, Left panel: non-condensed
situation with T =2 K and u — Eg = 231 ueV. Right panel:
condensed situation with T =1 K, u — E; = 314 ueV, and
N.= Ny =5x10°.

corresponding bogolon spectrum. Second, we keep the
exciton distribution fixed and insert Eg, as well as the free
photon dispersion wq into the combined “bogolariton”
spectrum Q.

Although the typical experimental situation features
a trap with cylindrical symmetry [4, 5], for simplicity
we will consider a spherical harmonic trap, Ve (r) =
Vo + ar?, with Vy = —2 meV and « = 0.21 pueV/um? fit-
ted to the bottom of the experimentally observed strain
trap potentials. The paraexciton interaction strength is
given by the corresponding s-wave scattering length
(cf. Eq. 2). The latter follows, in principle, from a
four-particle scattering problem (two electrons and
two holes), which has no satisfying solution for exci-
tons, so far. That is why in our calculations we use
a representative value of a;=2.18 ap (with the exci-
tonic Bohr radius ag = 0.7 nm) deduced from the scat-
tering lengths of the positronium problem given in
Ref. [21]. With the effective exciton mass m = 2.6m,,
we then have U =2.53 x 10~ peVum?3. The exciton-
bogolon interaction is determined by the oscillator
strength per unit cell, f/V, where we use the experi-
mental value f = 4.7 x 107° for the quadrupole transi-
tion and V = (4.484)%, so that Cy = 42.45 peV,/Eq/hwq.
In what follows, we fix the total exciton number as
N =10'°, which gives a critical temperature of T, ~
1.5K.

Figure 1 compares our results for the density dis-
tribution of the non-condensed (T=2 K, u—E; =
231 weV) and condensed systems (T=1 K, u— E, =
314 peV), with the latter exhibiting a condensate fraction
of N;/N = 0.5.
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1000——F———

750 T

500F 7+

E/peV

250k ——~ +

0 1 1 1
0 20 40 60 0 20 40 60

r/um

Figure2 Minimal excitation energy E = Ey(r) — Eg — Vo + pof
bogolons (blue dashed lines), compared to the external poten-
tial Vex((r) — Vo — Eg (black lines). Left panel: non-condensed
situation with T =2 K and u — E; = 231 peV. Right panel:
condensed situation with T=1 K, u — E; = 314 peV and
N, = Ny =5x10°.

Figure 2 displays the corresponding minimal excita-
tion energies Fy(r), compared to the external potential
Vext(@). In the non-condensed case, the thermal exciton
cloud has an extension of about 70um. The mean-field
interaction causes a considerable flattening of the dis-
perison curve when compared to the external poten-
tial. In the condensed system, the thermal excitons get
pushed aside by the condensed exciton cloud. The two
phases still mix, however, since the paraexciton interac-
tion is too weak for a complete phase separation [23]. The
cusp in the thermal density profile is an artefact of the
Thomas-Fermi approximation for the condensate den-
sity which becomes invalid near the edge of the conden-
sate cloud. The solution of the full Gross-Pitaevskii equa-
tion would yield a smooth course of the condensate and
thermal density curves. Note that the quasiparticle spec-
trum exhibits a flat bottom wherever n, > 0.

Now we switch on the bogolon-photon interaction.
Figure 3 shows the resulting positive upper and lower
branches of the new quasiparticle spectrum thi as a
function of g for r= 0. Here, hQ; corresponds to the
minimal bogolon energy E,(r = 0) in Fig. 2. Varying r will
simply shift the minimum AQ according to Fig. 2, so
that in the following, we will keep r = 0 fixed. The inset
of Fiq. 3 shows a zoom in on the crossing point of the un-
coupled photon and bogolon dispersions. As expected,
we find a gap with a width of 2G4 ~ 90 ueV.

Figure 4 gives the g-dependence of the spectral
weights Ug ? and V- ? contributing to the photonic spec-
tral function in Eq. (37). As a matter of course, far from

6 www.fp-journal.org
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3000 ’ . :
F +
5500k 350 — 1] ]
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Figure 3 Upper and lower bogolariton spectrum E = th -
Eg — Vo +  as a function of g, for r =0 and T = 2 K. The in-
set magnifies the (avoided) crossing region of the free photon and
bogolon dispersions.

-Se-11
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q/ptm'I
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Figure 4 Spectral weights of the upper and lower bogolariton
spectrum, in dependenceon g, forr=0and T = 2 K.

the gap, the weights Uqiz equal one or zero, represent-
ing the undisturbed photon states. Near the gap, they
smoothly switch roles, whereby their sum remains con-
stant. The weights of the mirror branches are smaller
by ten orders of magnitude, and they will be ignored in
the following. We note, however, that the ti are finite
even for n. = 0. In contrast, the bogolon mirror branch
in Eq. (11) only exists in the presence of a condensate
(vq = 0 for n. = 0); a result which has formerly been de-
clared a footprint of exciton condensation [22, 23].
Combining our results for the dispersions and
weights, Fig. 5 presents the photon spectral function
Aua(q, E) in the vicinity of the gap (with a slight broad-
ening of the delta peaks, for visibility). The photon

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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30.195 30.2
q/ pm'1

30.205

Figure 5 Photonic spectral function A, as a function of g and
E = hw — Eg — Vo + win the avoided crossing region, for r = 0
and T =2 K.
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Figure 6 Critical wave vectors ¢ as a function of E = hw — Eg —
Vo+u,forr=0and T = 2K.

dispersion is considerably renormalised, with a hockey
stick like structure at the gap.

As a consequence, the luminescence at a given energy
will now depend on the bogolariton density of states at
two critical wave numbers q; . This is in contrast to ear-
lier works [8, 9, 22, 23], where the intensity signal was
given by the coupling strength and bogolon density of
states at the fixed value gy = 30.2 um™"' at the intersec-
tion of the free bogolon and photon dispersions (cf. inset
of Fig. 3). We numerically determine the wave numbers
gy so that E = hQ for fixed r. Figure 6 presents ¢; as a
funtion of Eat r = 0. For small E, we find g, ~ ¢, and the
wave number ¢ is undetermined as long as E < hQ2).
After E crosses the gap position, we find g ~ o, while
q, grows due to the ¢>-dependence of the bogolon dis-
persion. We note that the smallest difference between g
and g is found at the gap: q; — g4 = 0.38 um~".
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6 Conclusion and outlook

To summarise, this work presents the first results of a
real-time Green’s function based theory for the lumines-
cent zero-phonon decay of condensed semiconductor
excitons. Motivated by the long lifetime of the paraexci-
tons in cuprous oxide, our approach adopts a two-step
picture: the excitons reach their own thermodynamic
quasi-equilibrium (and possibly a condensate) before
any interaction with the photonic states takes place. The
exciton luminescence is then understood as a steady-
state decay of bogolon quasiparticles via polariton-like
transient states, while the corresponding photon corre-
lation function determines the luminescence intensity.

We find that the photonic spectrum shows a charac-
teristic gap around the former crossing point of free pho-
tons and bogolons. The gap’s position is dependent on
the spatial profile of the bogolon dispersion within the
trap. Due to the anomalous terms in the coupling Hamil-
tonian, mirror branches contribute to the luminescence
even without a condensate. Their weight, however, is ex-
tremely small.

The present theory can be extended in several direc-
tions. The most pressing task is the calculation of the
photonic correlation function which not only contains
the spectrum but also the steady-state occupation of the
bogolariton states. Of course, the most striking signa-
ture for BEC would be the coherence of the emitted light.
Therefore, the first and second order coherence func-
tions (the former also contained in the field-field cor-
relation function) would be highly desirable to calcu-
late. Moreover, the phonon-assisted decay of orthoexci-
tons, in principle, can be accounted for in our scheme
by introducing a corresponding self-energy term in the
Keldysh formalism.
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