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Optical absorption from a nondegenerate polaron gas
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We apply the dynamical mean field theory to calculate the low-density limit of the optical conductivity in the
Holstein model. This nonperturbative treatment allows continuous spanning from the weak-coupling quasi-
free-electron behavior to the strong-coupling small polaron picture. Different features arise in the intermediate
coupling regime(i) a noticeable transfer of spectral weight toward low frequencies occurs at low temperatures,
when coherent processes acquire importaficethermally activated polaron interband transitions appear at
nonzero temperature, whose spectral weight has a nonmonotonic temperature dependence. We propose an
interpretation of the infrared active vibrations observed in the optical spectra of underdoped superconducting
cuprates in terms of small polarons in the intermediate coupling regime.
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The calculation of the optical conductivity of small po- t
larons is an important and unsolved problem in solid stateH:wOE aiTai—gE CI(,ci'U(aiTJrai)— — 2 (ciT,(,c,-,,,
physics. Although many approaches exist that are appropri- ! Lo 2\zTo
ate in specific limiting cases, an analytical treatment able to +H.c). (1)
give the correct physical results in all the regimes of param-
eters is still lacking. The simplest model that describes smalit zero temperature, a crossover occurs from a quasi-free-
polarons is the Holstein molecular crystal motathere the  glectron to a small polaron as tleeph coupling constang
carriers interact with phonon modes localized on each latticghcreases. This crossover depends strongly on the adiabatic-
cell. The Holstein model was recently sol¥ed the single- ity parameterw,/t*® If we restrict consideration to the
electron case by dynamical mean field thed®MFT)®>  nearly adiabatic regimes(,/t<1), the crossover takes place
which becomes exact in the limit of infinite lattice coordina- when the polaron energiip=g?/ w, is of the order of the
tion. When applied to real lattices, this approach can bgree electron bandwidth, i.e., for=g% wst~1. Although
viewed as a valid interpolation scheme, provided that an aphese arguments are based on the ground-state properties
propriate finite dimensional density of staté®OS) is  alone, it was pointed out in Ref. 2 that the mechanism of
choserf.® The solution reported in Ref. 2 is essentially ana-polaron formation can be better understood by analyzing the
lytical, and it overcomes the well-known difficulties inherent hole excitation spectrum, as deduced from knowledge of
to numerical methods. the interaction propagatds. It was shown that the polaron

The aim of this work is to generalize the exact DMFT crossover is characterized by the successive opening of en-
solution of the Holstein model to the calculation of the Opti' ergy gaps in the |0W_energy part of the Spectra| density as the
cal ConductiVity. We shall focus on the most interesﬁng e_ph Coup"ng is increased. At intermediate Va'ue&ofa'_
termediate coupling regimaear the adiabatic limit, where though the polaron mass is still close to the free electron
unusual features have been found in the single-particlgajue, the spectral density starts to exhibit typical polaronic
propagator, so that interesting properties can be expected fBatures, i.e., narrow subbands at low energies, together with
the optical spectra. Unlike the usual strong-couplinga proad contribution at higher energies. The widthof the
situation® where the polaron absorption is concentrated in irst subband, which gives a measure of the coheffead-
“band” located at frequencies much higher than the phononjke) hehavior of the polaron, is rapidly reduced)asnoves
frequency, we will show that at intermediate coupling toward the strong-coupling limit. This picture of the polaron
strengths narrow absorption peaks appear close to the phgrossover has important consequences on the optical proper-
non frequencies, which are due to transitions between diffefjgg.
ent subbands in the polaron excitation spectrum. The pres- The calculation of the optical conductivity within the
ence of such low-frequency features is a very generabMFT is simplified since, for symmetry reasons and due to
property of finite band electron-phonoe-ph) systems in  the |ocality of vertices, no current vertex corrections enter in

the intermediate coupling regime, which could help in inter-the Kubo formula’® Writing the electron spectral function
preting the far infrared spectra of the superconducting cugg

prates at low doping levels, as discussed in the conclusion.

In the Holstein Hamiltonian tight-binding electrons with 1 1
hopping amplitude are coupled locally to Einstein phonons p(v)=—=Im '
with energyw:’ ‘ T p+i0t—e—3(v)
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the optical conductivity per particle takes the form 100 . . . o la
=0.1m,

T=040 -~

{m T=5wg -

U(w):m deNE¢e dV(fV_fw+V)pE(V)pe(V+w)1 T=5(00 (Relkg -----------

©)

whereN_= (2/7) Jt?— €? is the free DOS of the real lattice,
¢.=(t>— €%)/3 is the corresponding current vertéxwhich
ensures a sum rule for the total spectral weight is the
Fermi function,n is the particle density, angdis a numerical
constant that we shall drop in the following discusston.
Taking the low-density limit §—0) at finite temperatures,
following the procedure described in Ref. 14, E§) be-
comes 0.1

o(w)

D((z),,B) /W,

MB) @ FIG. 1. Optical conductivity per particle at=0.9 and wq/t
=0.1, at different temperatures. Reik’s result is showT atSwg
for comparison. Note the transfer of spectral weight occurring at
low T (for the definition of Ty, see text The curve marked

D(w,ﬂ)=f diJﬁJ dve P07 B p(0(1) O+ ), <T, was obtained with Eq(7).

(5  bath. Correspondingly, by looking at the definitioi® and
(6), one can defineN=N"+N< and D=D~~+D~~
+D==. The termD~~ has contributions associated with
both coherent band motion and phonon emission processes,
while D=~ and D<= account for the thermally activated
hopping.
An estimate for the temperatufg, below which coherent
processes acquire importance can be obtained by analyzing
the relative weights oV~ and A/=. Due to the exponential
factor in Eg. (6), we see that at low temperaturgg”
nWeights the coherent states closeEtp Using the semicircu-

lar free DOS, we obtaith™ = \2(m*/m)/x(T/t)%2, where
. */m is the ratio of the polaron mass with the free electron
gas, where exchange effects can be neglected. Tummga@alue. On the other hand, being associated with incoherent

real systems, we expect that our results will be relevant L ates, the spectral functigrc(v) is essentiallye indepen-
low enough density, i.e., when the Fermi temperature is neg- ' P L v ye P

ligible compared to the important temperature scales of th(gIent and peaked argund a dlsqrete set of energie&,
problem (e.g., the temperaturke,/ky, below which pho- +W-pwg, with a weight proportional to the thermal occu-
on quantum, effects become imporBfémt pation factot® e PA“o (recall thatW is the width of the first

Figure 1 shows the results obtainedagf/t=0.1 and\ subband in the spectral density, gme 12 . 18 _thenum-_
~0.9, i.e., close to the polaron crossoveihe optical re- ber of thermal phonons When evaluating the integral in

< P .
sponse shows a typical pattern of subbands roughly spac&{ , such vanishing occupation factors are partly compen-

- - - i@ #(*~Eo) which gives rise to an
b , Which tends to become smooth at higher fre uenmess.ateOI by the gxponentml’ » W 9
Y @o 9 9 verall behaviot\/<«ce AW,

This behavior is a characteristic signature of the polaror? We find that th bet the t .
crossover. At temperatures well above,, the results are in € Tind that the crossover between the two regimes oc-
curs atT,~W/In(t/W). This is not surprising, since, as was

good agreement with Reik’s formufashowing that the din the introducti is th ical e f
physics in this limit is dominated by activated hopping pro-nOte In the intro ucponW Is the typical energy scale for
perent excitationgin the particular case studied here,

cesses. As the temperature is decreased, a substantial tran o
of spectral weight takes place, the low-frequency featuresgc(’%wmm*/mz 1.5 andW=0.7w,, we getTy=0.1w). For

becoming more pronounced. T<Ty, only the termsD ~~ and A~ survive in formula(4),
To get some insight into this peculiar behavior, it is con-Which becomes
venient to analyze the polaron excitation spectrum by explic- mr1—e /T
itly separating the contributions™ and p= at energies re- o(w)=mt—|——
spectively above and beloB,. At low temperaturesp” has m wlT
quasiparticle poles at energies bel&y+ wqy plus a more or  where the spectral function is evaluated at=e(q=0). In
less incoherent background due to phonon scattering ahis regime, the conductivity scales &bw for any w>T, so
higher energies. On the other hapd, represents incoherent that most of the spectral weight is transferred to the Drude
states where one or more phonons are taken from the thermpéako(w)~ 8(w).

o(w)=—(1-e F)

where we have defined

NB)= [ den, [ dve s 29,00, (6)

andp(® is the spectral function at zero densithese quan-
tities have been rescaled lgf5o to obtain a finite result in
the low-temperature limit The integrals ine can be per-
formed analytically, while the remaining integrals inare
computed numerically, once the self-enelyys obtained as
a continued fraction expansion by applying the iteratio
scheme reported in Ref. 2.

Our treatment applies to a diluteondegeneratgolaron

Pq=0(w+E0) (7)

153101-2



BRIEF REPORTS PHYSICAL REVIEW B 63 153101

25 3). The transitions from the ground state to the incoherent
background, denoted hyp), give rise to a continuum of ab-
20 L sorption abovew,. A transition from the ground state to the
bottom of the second subband is also posdibjebut this is
hardly visible in Fig. 2 owing to its negligible spectral
- 15 ¢ weight. In addition, the Drude peak corresponding to coher-
~ ent band motion is clearly visible in Fig. 2.
10 \ The most striking feature in Fig. 2 is probably the appear-
ance of a resonandaelow w, (¢), which is due topolaron
s | interband transitiongPIT’s), as can be seen in Fig. 3. In-
deed, because of thermal activation, long-lived states at en-
b ergy Eq<v<Ey+wg can be occupied with a probability
0 o e A(»~Eo According to the Fermi golden rule, the transition

probability at a given frequenay is proportional to the joint
density of the initial and final states separateddaylf we
FIG. 2. The same as Fig. 1 but in the region closestpand ~ focus on transitions between different subbands, this func-
with a finer temperature scan. The cufl& Ty, corresponds t&  tion has a Van Hove singularity at that valu& where the
=0.0250 (the Drude peak is not shown band dispersions are parallel, which identifiesimterband
threshold[see arrow(c)]. This resonance has a nonmono-
tonic temperature dependence, which can be understood as
At higher temperatures, the main contribution to the opti-follows: the occupation probability of the initial state gives
cal absorption involves phonons that are already present ifise to an activated behavior at I0W as the temperature is
the thermal bath, so that one expects some spectral weight fgised abovew*, the difference in population of the initial

move toward higher frequencies as the temperature is raisgghq final states is balanced, which depresses the optical ab-
aboveTy,. This is indeed the case, as can be seen in Fig. 1.

. . _ 71800* .
Let us stress that this crossover framoherentto activated s;rpXon a;por(1|n§t1hto éhe prefacterél € ) in fo:rr?utla;)”’
conductivity is a signature of the intermediate coupling re-( ). According to the discussion above, we argue tha S

gime. In the strong-coupling limit, wher/—0, the cross- &€ not peculiar to the Holstein model, nor are they a conse-

over temperature vanishes and phonon-assisted contributiof$€Nnce of the approximations used. Rather, they are closely

always dominate. related to the presence of several subbands in the spectral
In Fig. 2 we report the optical conductivity in the fre- density at low energy, which should be a common feature of

quency range aroundO’ at temperatures C|ose mN De_ any f|n|te bandmodel in the intermediate—ph Coupling re-
Spite its apparent Comp|exity, the observed pattern can bﬁlme Such interband transitions are ObViOUS'y absent at
qualitatively understood by looking at the excitation spec-weak coupling, where there are no subbands in the excitation
trum close to the ground state, which is sketched in Fig. 3pectrum, while in strong coupling they can hardly be re-
versus the free particle energy[see Eq.(2)]. The dark solved from the incoherent multiphonon absorption, due to
curves are the quasiparticle states in the lowest-order polardheir relatively small spectral weight. On the other hand, the
subbands close to the ground state, while the region abowesults are not qualitatively affected by variations of the adia-
wo represents the incoherent background due to scatteringaticity parameter, provided thaty /t<<12.
from Einstein phonongthe states belo&,, which give rise In this work, we have analyzed the optical conductivity of
to the hoppinglike behavior at>T,y, are not shown in Fig. a dilute gas of small polarons in the framework of the
DMFT, focusing on the crossover regime between quasi-
free-electrons and small polarons which takes place at inter-
mediate values of the-ph coupling strength. The spectra at
high temperatures do not differ significantly from the classi-
cal picture of hoppinglike conductivity, which predicts a fea-
tureless absorption band at finite frequencies. However, in-
teresting results appear at low temperatures, where the
physics is governed by two different energy scales. At tem-
peratures below,, phononquantumeffects become impor-
tant, and the optical spectra start to exhibit narrow peaks at
low frequencies, together with a broad background at higher
frequencies. Upon further decreasing the temperature, a no-
ticeable transfer of spectral weight takes place toward low
FIG. 3. The dispersion of the lowest-order polaronic subbanddrequencies. This occurs at a temperatlijg that is related
versus the free particle energy(parameters are the same as in theto W, the width of the first polaron subband in the spectral
preceding figures, an@=0.2w,). The points are distributed ac- density, i.e., the typical energy scale governaoferentbe-
cording to the spectral functiop(v). havior.
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Our results in the low-frequency regigsee Fig. 2bear a  shoulders on both sides of the main phonon lines, and they
strong resemblance to the far infrared spectra of both holehave been ascribed to the lowest-order transitions inside the
and electron-doped cuprates at low doping levels, where napolaron potential weff® We have shown here that in the
row peaks are observed at typical phonon frequencies, usintermediatee-ph coupling regime the polaron absorption
ally called infrared active vibrationdRAV’s).}"18 From a  exhibits narrow peaks located above and below the phonon
theoretical point of view, if we focus on such low-energy frequency;* whose T dependence is nonmonotonic. These
features, i.e., much lower than the typical energies of elecPe€aks come from two different processes: transitions to in-
tronic correlationge.g.,d in thet-J mode), the inclusion of ~ coherent scattering statfeenoted by(@) in Fig. 3], and ther-
correlation effects would only enter through a renormaliza-Mally actlvateq p'olar'on interband transmoﬁstenoted'by
tion of the hopping parameter. Therefore, we expect that 45 Although |nd|cat|on_3[802f2 a nonmonotonic behavior of
description in terms of the Holstein model with renormalizeds’omle '.RA\f/ fha[refldy exi t” admore((jjetane_d expe(;m&etntal
parameters should correctly account for all the observed fe%‘rg ¥§§sg idegg emperature dependence 1S needed o con-
tures in the frequency range of interé$On the other hand, '
the present single-polaron treatment, which neglects polaron- We wish to thank P. Calvani, P. Giura, J. Lorenzana, and
polaron interactions, is appropriate at low doping levels, i.e.S. Lupi for valuable discussions, and J. K. Freericks and A.
precisely where the IRAV’s are best resolved. J. Millis for pointing out to us the current vertex for the

In the measured optical spectra, the IRAV peaks appear &ethe lattice.
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