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Optical absorption of an interacting many-polaron gas
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The optical absorption of a manigontinuum polaron gas is derived in the framework of a variational
approach at zero temperature and weak electron-phonon coupling strength. We derive a compact formula for
the optical conductivity of the many-polaron system, taking into account many-body effects in the electron or
hole system. Within the method presented here, these effects are contained completely in the dynamical
structure factor of the electron or hole system. This allows one to build on well-established studies of the
interacting electron gas. Based on this approach a feature in the absorption spectrum of the many-polaron gas,
related to the emission of a plasmon together with a phonon, is identified. As an application and illustration of
the technique, we compare the theoretical many-polaron optical absorption spectrum as derived in the present
work with the “d-band” absorption feature in N€uO,_ s (5<0.004). Similarities are shown between the
theoretically and the experimentally derived first frequency moment of the optical absorption of a family of
differently doped Ng_,Ceg CuO, materials.
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I. INTRODUCTION trum of the neodymium-cerium cuprates recently determined
experimentally by Lupket al®
As is the case for polar semiconductors and ionic
crystalst insight into the nature of polarons in high- Il. OPTICAL ABSORPTION IN THE MANY-POLARON
temperature superconductors can be gained by studying the SYSTEM
optical properties of these materials. The goal of the present
paper is to present a theory of the optical conductivity of aA. LDB variational wave function for a many-polaron system
system of continuum polarons at any density, including The Hamiltonian of a system & interacting continuum
many-body effects between the constituent charge carriergpolarons is given by
for small electron-phonon coupling constant and for zero

temperature. The method we develop here is based on the N 52 N

variational method introduced by Lemmens, Devreese, and H0=2 2—'+E hooatac+ > E [e*TiaVy

Brosen$ (LDB) for the ground-state energy of the many- =1 eMy K ko=l

polaron gas. The advantage of this approach over other theo- _ g2 N N 1

ries of many-polaron optical absorptithis that it allows +e kafVvil+ 5o 21 AT )
w j= = 10

one to include many-body effects in the system of the con-

stltuenF charge carriers of the polaron gas on the level of th(\?vhererj andp; represent the position and momentum of the
dynamical structure factor of the underlying electr@r

L . N tituent elect hole$ with !
hole) system. Thus it is possible to select the level of ap- construent elec ron@r. oles wi t?a.nd.massmb, Ao
LT ; and a, denote the creation and annihilation operators for
proxmathn used in the tr.eatment of the many-polaron 9y ngitudinal optical(LO) phonons with wave vectdk and
by choosing the appropriate expression of the dynamic requencyw o, Vi describes the amplitude of the interaction
structure factor for thelectron(or hole system.

) between the electrons and the phonons; aigthe elemen-
Recently the infrared spectrum of cuprates has been thg electron charge. The ground-state energy of this many-

subject of intensive investigations especially in the case polaron Hamiltonian has been studied before by LDir
of the neodymium-cerium cuprate family NdCeCuQ,  small electron-phonon coupling, by introducing a variational
(NCCO).>8-13 several optical absorption features in the in-\ave function

frared cuprate spectrum have been tentatively associated
with large polarons' or with a mixture of large and small iy o
(bi)polaronst®>!® These comparisons with polaron theory [#108) =Vl &) gl @

were der?ved using a single-polaron _picture, SO that the denghere |oe) represents the ground-state many-body wave
sity (doping dependence of the optical absorption spectrgynction for the electron(or hole system and ¢) is the
could not be studied in detail. The many-body theory of thephonon vacuum, and) is a many-body unitary operator

N-polaron spectrum, presented here, allows one to study thghich determines a canonical transformation for a fermion
density (doping dependence of optical absorption spectra.gas interacting with a boson field:

As a first application of the many-polaron optical absorption

theory introduced here, a preliminary comparison is pre- N

gented betwgen the theoretical many—polarqnpphcal absorp- U=ex 2 2 (fkakeikmj_fikcale—ikwj) _ 3)
tion derived in the current work and the midinfrared spec- =17k
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In the limit of one fermionU reduces to a canonical trans- Ne? 1 (= .

formation inspired by Tomonagaand applied later by sev- o(w)=i *Vie e' Y[ Ix(1),3,(0)])dt.  (6)
eral workers, after Lee, Low, and Pin€sput always for 0
one-particle theories. In LDBthis canonical transformation In this expressiony is the volume of the system, adq is
was extended and used to establish a many-fermion theorghe x component of the current operathrwhich is related to

Vmbw

The f, were determined variationalfyresulting in the momentum operators of the charge carriers:
N
Vi q q
f= e @ I= e 2 P = P Y
tho“l‘

2myS(k) with g the charge of the charge carriers € for holes,—e

for a system with total momentu=X;p;=0. In this ex- for electrong and P the total momentum operator of the
pression,S(k) represents the static structure factor of thecharge carriers. The real part of the optical conductivity at
constituent interacting many electron or hole system: temperature zero, which is proportional to the optical absorp-
tion coefficient, can be written as a function of the total
momentum operator of the charge carriers as follows:

N N
NSk)=( > > k=), (5)
=1y =1 1

e? o
_ lwt

The angular bracketé - -) represent the expectation value Reo(w)]= m?Re{ Jo € <[PX(t)’PX(O)]>dt]'
with respect to the ground state. It may be emphasized that b (8)
Eq. (3), although it appears like a straightforward generali- ) , .
zation of the one-particle transformation in Ref. 17,!ntegrating by parts twice, the real part of the optical con-
represents—especially in its implementation—a nontrivialductivity of the many-polaron system can be written with a
extension of a one-particle approximation to a many-hodyforce-force correlation function:
system. As noted in the Introduction, the main advantage of

o g i 1 e o
the LDB many-polaron variational approach lies in the fact g _ ~R f e UYTE (1) F.(0)dt
that the many-body effects in the system of charge carriers dotw)] Vo md 0 ([F(O.FO)])dt,
(electrons or holgsare completely contained in the structure 9

factor of the electrorior hole gas. This advantage will be with F=(i/#)[Hy,P]. The commutator of the Hamiltonian

carried through into the calculation of the optical properties ) ;
of the interacting gas of continuum polarons which is the(?) with the total momentum operator of the charge carriers

subject of the current paper. simplifies to

N
> k(e* NV e R na Vi), (10)

B. Kubo formula for the optical conductivity of the many- F=—i E
k j=1

polaron gas

The many-polaron optical conductivity is the response ofThis result for the force operator clarifies the significance of
the current density, in the system described by the Hamilusing the force-force correlation function rather than the
tonian(1), to an applied electric fiel¢along thex axig) with  momentum-momentum correlation function. The operator
frequencyw. This applied electric field introduces a pertur- product F,(t)F,(0) is proportional to|V,|?, the charge-
bation term in the Hamiltoniafil), which couples the vector carrier—phonon interaction strength. This will be a distinct
potential of the incident electromagnetic field to the currentadvantage for any expansion of the final result in the charge-
density. As is well known, within linear response theory, thecarrier—phonon interaction strength, since one power of
optical conductivity can be expressed through the Kubo for{V,|? is factored out beforehand. Denotimg=2}\':1e'k"i,
mula as a current-current correlation functfn: the real part of the optical conductivity takes the form

(11)
(pk/ak/Vk/ +p_k/a:,V:,)

R o(w)] 1 e2R 2 - o eiHot/ﬁ(pkaka+p_ka;V*kf)e—iHot/ﬁ, B
olw)|= 1 . ew |
Viio® my |k o

Up to this point, no approximations other thiamear response theoriiave been made.
C. LDB canonical transformation for the optical conductivity
The expectation value appearing on the right-hand side of expregkipifor the real part of the optical conductivity is
calculated now with respect to the LDB many-polaron wave fundtigng) (2):

Jk,K" ) =(posl[€" (pa Vit p_ad Vi e Mo (o Vi + P—k'a;rV:r)“ #LoB) (12
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= < Pel < ¢

where U is the many-polaron canonical transformation de-Rewriting expressiori18) with the dynamical structure fac-
fined in Eq.(3) andH’ =U ~1H,U is the transformed Hamil- tor of the electron(or hole gas results in

tonian obtained in Ref. 2. The canonical transformation of
the force term is

eiH’t/ﬁU—l(pkaka+p7ka: ikc)Ue—iH’t/h']
_ ¢
) l(pkrakrvkr+p_kra;,V:,)U

@el> ' (13)

2
n e
Re(0)]=—— — > KVil*S(k.o - o), (20
_ w
U™ (praVict poidi Vi ) U = pi(ac—fi p_i) Vi b
+ . wheren=N/V is the density of charge carriers. As noted
+p(@— fupi) Vi - before,V| is the electron-phonon interaction amplitude and
(14) ki is thex component of the wave vector. Formul0) for

) . _ the optical absorption of the many-polaron system has an
The terms of lowest order in the electron-phonon interactionnitively appealing form.

amplitude|V,|* are given by In the theory of one-polaron optical absorption for weak
) o T . coupling constantsy, the optical absorption coefficient as
JKK") = Vi “Ouc ( pel (ple™ " praye p—kay obtained from Fermi’s golden rule?fs

—poa eiH/t/fl 3 aTe—iH't/fL ¢ @ (15)
P Pk |#)l¢) 1 polaron: Rgo(w)]xw 3>, K2|V,|?
3

— 20 IVuI2 801 . iH 't/ —iH't/A
Vil * S IM[(pel ( pl€™ " praye X 8L k2/(2my) — (0 — wL0)].
X poiag| )| een]. (16 (21)

Taking the expectation value with respect to the phonor]g\t low densities, the dynamical structure fact®fq, v) is

vacuum, we find strongly peaked aroung?/2= v and is close to zero every-
Tk ) =2i|V,[26 where elsé! Substituting aé function 5(q%/2— v) for the
’ Kl ! dynamical structure factor in formuli0) it is easily seen
« ImfeieLot et th ) a=iH'Uh _ that the one-polaron limit21) (Ref. 20 is retrieved. The
{ (el Pi Pl e} one-polaron resul2l) is derived® by considering a process
(17 in which the initial state consists of a photon of enefgy
This can be substituted in the expressit) for the real part and a polaron in its ground state, and the final state consists

of the optical conductivity, which becomes of an emitted LO phonon with enerdiw, 5 and the polaron,
scattered into a state with momentlkrand kinetic energy

(hk)?/(2my) =h(w— w o). The many-polaron result, for-

2 oo
R o(w)]=—2 L e_|m{2 k2| Vi 2] e“tm mula (20), is a generalization of this one-polaron picture.
Vhw® mﬁ k 0 The contribution which corresponds to the scattering of a
polaron into the momentum stakeand energyi(w— w o)
X[e—iwLot<<Pel|eiH’t/ﬁpke—iH’t/hpk|(PeI>]dt]_ is now weighed by the dynamical structure fac®(k,w
—w o) Of the electron(or hole gas.
(18 Formula(20) is reminiscent of the Hopfield formufade-

scribing the effect of impurities on the optical absorption of
The right-hand side of Eq18) can be written in a more metals, which in turn is related to the expression obtained by
compact form by introducing the dynamical structure factorRon and Tzo&" for the optical absorption in a quantum

of the electron(or holg system. plasma. Formul&20) also represents a generalization of the
results obtained by Gurevich, Lang, and FirébThese au-
D. General expression thors focused their attention on the many-body effects related

i _ to the Fermi exclusion statistics, whereas the present analysis
To find the formula for the real part of the optical conduc-\yjj| extend the results of Ref. 24 to study the influence of

tivity in its final form, we introduce the standard eXpreSSiO”pIasmons and further many-body effects in the system of the
for the dynamical structure factor of the system of chargegnsiituent electrons or holes, as discussed in the next
carriers interacting through a Coulomb potential, section.

. The advantage of the LDB canonical transformation
S(q,w)=f <<Pe| %I> elwigt. method for t_he evaluation othe ground-state energtyf a

— polaron gas is that the many-body effects are contained in the
(19 static structure factor of the electrofor hole system, ap-

} E eiQ-[fj(t)—f/(O)]
2 %
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TABLE |. Material parameters used in the various figures. The physical parameters for GaAs correspond
to those of the GaAs-AlGaAs heterostructdRef. 28, the material parameters for ZnO are taken from Ref.
29. The physical parameters for the neodymium-cerium cuprate are taken from Refs. 8 and 3Q/“fiota.”
applicable” means that not enough data are available to estimate this material parameter.

Material parameters GaAs ZnO NgiCey 1:Cu0,
Phonon frequency how o= 36.77 meV 73.27 meV 74 meV
Dielectric constants 0= 12.83 8.15 n.a.

£5,= 10.9 4.00 ca. 3.
Band mass m,= 0.0657 m, 0.24 m, n.a.
Coupling constant a= 0.068 0.849 n.a.
Polaron length unit ayo= 5.616 nm 2.082 nm n.a.
Bohr radius ag= 8.7797 nm 0.882 nm n.a.

pearing in the analytical expression for the energy. The cor- 1 w0
responding advantage of the canonical transformation in the Rd o3p(w)]= ne2 a 3f dqePSsp(d, 0 — o),
present case, fahe optical conductivityis that many-body Tw"/0

effects are again incorporated through a structure factor, now (23
the dynamicalstructure factor of the electrofr hole sys-  and for the two-dimensional case

tem. The level of approximation made in treating the many-

body nature of the polaron system is determined by the .
choice of the dynamical structure factor of the electron or RQ:O'ZD(Q))]:I’IGZECM
hole system.

In the present treatment of theectron-phononnterac- (24)
tions, the terms to leading order |W,|? are automatically From these expressions, it is clear that the scaling relation
taken into account through the variational formulation based
on LDB.? As noted before, the use of the force-force corre- R oop(w,a)]=Re o3p(w,3mald)], (25
lation function allows one to express the real part of the

optical conductivity as Rer(w)]=aF(w,a), so that to
X is also valid for the many-polaron case if the corresponding
lowest order ina, R4o(w)]=a{w,a=0) where the 2D or 3D dynamical structure factor is used.

electron-phonon interaction is no longer present in the factor
F which includes the many-body effects of the electfon
hole) system. A possible way to take into account higher- lll. RESULTS AND DISCUSSION
order terms in the electron-phonon interactions would be to A. General results
include electron-phonon coupling effects at the level of the

dynamical structure factor appearingf in a manner simi-
lar to Mahan's treatment of the polaron spectral funcéon,
or to include multiple-phonon final states in the calculafi®n.

which holds for the one-polaron case introduced in Ref. 27,

The expressiong23) and (24) allow us to derive results
both for a three-dimensional and for a two-dimensional po-
laron gas aff=0. The choice of a dynamical structure factor
for the electron(or hole system allows one furthermore to

E. Scaling relation for the optical absorption in two study the different levels of approximatididartree-Fock,
and three dimensions random phase approximati¢RPA), etc] in the treatment of
The modulus squared of the filih electron-phonon in- the many-electron or many-hole system. The results pre-
teraction amplitude is given by sented in this section were obtained using the material pa-
rameters of GaAsfor the two-dimensiona(3D) casg and
) ZnO (for the three-dimensional cadseThese material
(hwo)” 4ma | h in 3D parametef&s®®*°are summarized in Table I.
k2 \% 2Mmpw| o ' Figure 1 shows the Hartree-Fock and the RPA result for
Vil ?= 2 (22 the 2D many-polaron optical absorption spectriion GaAs,
(fwo)” 2ma | in 2D at a densityn=10"2 cm™?). For reference, the dashed curve
kK A 2Mpw o represents the familiar one-polaron result. In a first step, we

discuss the result obtained by using the Hartree-Fock expres-
where « is the (dimensionlessFrohlich coupling constant sion for the dynamical structure factor of the electr@n
determining the coupling strength between the charge carrihole) system in the expressiotig3) and (24).
ers and the longitudinal optical phonons, @i the surface The Fermi statistics causes the polarons to fill up a Fermi
of the 2D systend! In what follows, we will use polaron sphere up tke=[n/(27)]¥2 The optical absorption of the
units (A=m,=w_o=1). The sum over wave vectors in Eq. polaron gas resulting from this system is represented by the
(20) can be written as an integral, so that for the three disolid curve labeled “Hartree-Fock” in Fig. 1. The spectral
mensional casévith dynamical structure fact®;p) we find  weight at frequencies betwees) o and 1.4v, o in Fig. 1 is

104504-4



OPTICAL ABSORPTION OF AN INTERACTING MANY- ... PHYSICAL REVIEW B64 104504

03 of the kink in the optical absorption. This kink in the 2D
— 10:11::; GaAs . many-polaron optical at_)sorption spectrum 7ab=%hw o
ol result ~— - =8 10" em” | +Er was already noted in Ref. 28. _ _
. The solid curve labeled “RPA” in Fig. 1 is obtained by
i ; 1 using the RPA for the dynamical structure factor of the elec-
- tron (or hole system. It illustrates the combined effects of
e o | the Fermi statistics, discussed in the previous paragraph, and
screening in the electrofor holg system. In comparison to
the Hartree-Fock curve, the main effect is an overall reduc-
tion of the spectral weight at frequencies> w . There is,
however, a second effect, which is the appearance of a con-
R tribution related to plasmons—this is the subject of the next
with RPA structure factor (effect .
. . ofIFermi stat}stics and iflteraction)I g{:zm::‘:l)‘é'ﬂg’ed subsection.
o1 s
o, B. Plasmon-phonon contribution

FIG. 1. The real part of the optical conductivifgroportional to The RPA dynamical structure factor for the electi@n

the optical absorption coefficientf an interacting large-polaron NCI€) System can be separated in two parts, one related to

gas is shown as a function of frequency, for a two-dimensional ga§0Ntinuum excitations of the electrortsr holeg Scon, and

(GaAs from Eq.(24). The material parameters are given in Table |. ON€ related to the undamped plasmon bratich:

The dashed curve represents the one-polaron result, the solid curve

labeled “Hartree-Fock structure factor” shows the result using the Srea(d: @) =Ap(q) 8l @ — () ]+ Sconf( 9, @),
Hartree-Fock approximation to the_dynamical struct‘l‘Jre factor of thgyhere wp|(Q) is the wave-number-dependent plasmon fre-

electr?p(hole) syste.m, and the solid curve Iabelgd RPA structure quency andAp| is the strength of the undamped plasmon

I/acri?r Ilslirtlheir:Zisu'E[ In tt|:]e rt?]?dor:n Izhf?se ap:]proxugz?/tnoc\}hTih; dlftteq)ranch:?l The insets of Fig. 2 depict the regions in the
erical ine indicates the tresnold frequency above Which at po, Iane[qzk/kF,vzmbw/(ﬁkﬁ)] where the RPA dynamical

larons can be scattered into unoccupied final states and partidpa??ructure factor is different from zero. The contributlfter

in the absorption process. The broad gray peak in the RPA curve i o . .
the plasmon-phonon contributideee also Fig. 2 substitution of Sgpa in Egs. (23) and (24) in the many-

polaron optical absorptignderiving from the undamped

reduced as compared to the single-polaron case, whereasPgSmon branchA,(q) o w — wy(a)] will be denoted the
higher frequencies it is enhanced. A kink appears in the spec-Plasmon-phondh contribution The physical process re-
trum atw=w o+ Eg/%, as indicated by the dotted vertical lated to this contribution is the emission of both a phonon
line in Fig. 1. ’ and a plasmon in the scattering process.

This can be understood as follows. The absorption process F19ureé 2 shows the result for the optical absorption of the
is characterized by ainitial state consisting of a polaron gas Many-polaron gas for the 2D cag®aAs, left paneland the
filling up the Fermi spheréup to energyEr, atT=0) and a 3D case(ZnO, right panel For reference, the dashed curves

photon with given energyiw, and by afinal state made up show the one-polaron' result. The solid curves shpw _the
of an emitted LO phonon with enerdyw,o and a polaron many-polaron results in the random phase approximation.

gas such that the one-polaron state inside the Fermi sphere-@e_3 shaded gray areas indicate the plasmon-phonon contri-

not occupied and the one-polaron state with en&gyE is . . .
occupied. The incident photon can only excite polarons ou} Now exarplrr:e thed3D Caimf right pane:]: OT.F'QBQ The
of the Fermi sea for whict w>hw o+Eg. A straightfor-  "equency of the undamped plasmon mode lies between

ward calculation in 2D shows that the fraction of polaron@nd®z Wherew;=wp= V4mne?m, is the frequency of the

states in the Fermi sphere which can interact with a photoR!asmon branch aj=0, andw, is the frequency at which
of energy’ o is given by the branch of the undamped plasmons enters the Landau

damping region[whose edge is given bw=%0%/(2m;)
+7%keg/(2my)]. The corresponding plasmon-phonon contri-
bution to the optical absorption “starts” ab, o+ w; and
fi(w—wo) for i n<w<Eclhi+o (26) “ends” at w o+ w,. These frequencies are indicated by ver-
Er -0 F Lo tical dotted lines in the right panel of Fig. 2.
1for 0>Ep/fi+ wo. In the 2D case, the undamped plasmon branch is acoustic
like; for g—0, w,—0. Consequently, the phonon-plasmon
For photon frequencies betwees) o and w o+ Er/f, the  peak in this case extends fram o up t0 w o+ w, Wherew,
number of polarons which cannot participate in the opticalis the frequency at which the undamped plasmon branch en-
absorption process due to the Pauli exclusion principle deters the region of the continuum excitations of the (HPA)
creases linearly. Ab= w o+ Eg/#, all polarons can partici- electron gas.
pate. This leads to a kink in the functid®6) describing the In Fig. 3, the evolution of the many-polaron optical ab-
number of polarons which can interact with the photon ofsorption spectrum is shown as the density of electri@ns
given energyh w, as a function ofw. This is also the origin  holeg is increased. Two effects can be observed for increas-

2

Re[c(w)] / (ome /mb)

&
i
T

delta function
contribution

/atu)=0

I
[
T

0 for w<w g,
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3D optical absarption for ZnO

2D optical absorption for GaAs

05

0.4

<
Ly

=
o
I

Relo(®)] / (one’/m,)

0.1

non-interacting S(qv)#0 areas 1

L

\

!
i
i

B(w)
peak

the undamped plasmon
mode (see mset)

Relo(@)]/ (ome’/m,)

0.2

0.15

<
—

0.05

T
non-
interacting

I T I T
S(q,v)#0 areas

f gray peak is due
2 to the undamped
plasmon mode

FIG. 2. The real part of the optical conductiv-
ity is shown as a function of frequency for an
interacting large-polaron gas in the 2D cakedt
pane) and the 3D casgight pane). The material
parameters used here are given in Table I. The
dashed curves represent the single polaron spec-
tra. The solid curve represents the many-polaron
spectrum. In this figure, the plasmon-phonon con-
tribution to the optical many-polaron spectrum is
shown as a shaded area. This contribution arises
from a process where a polaron, with the absorp-
tion of a photon, emits a phonon and a plasmon.
The inset shows the regions in tlev plane
where the dynamical structure fact8(q,v) of
the electron(or holg system used in the optical
absorption formulag23) and (24) differs from
zero; the Landau damping region and the un-
damped plasmon branch can be distinguished.

ing density: the reduction of the optical absorption abave Of the electron gas. The present, variational, method extends
>w_ o and the shift towards higher frequencies of thethese results by taking into account the entire undamped

plasmon-phonon contribution, both in 2&ft pane) and in  plasmon branch.

3D (right pane). Thef sum rule is nevertheless satisfied due
to the presence of a centrd{w) peak? in the optical ab-
sorption of the polaron gas at=0.

In earlier work, Wu, Peeters, and Devre€sstudied the
influence of screening on the electron-phonon interaction iftP

C. Comparison with other theories

Recently, Cataudella, De Filippis, and ladonisivesti-
gated the optical properties of the many-polaron gas by cal-

culating the correction due to electron-phonon interactions to
the RPA dielectric function of the electron gas, starting from
the Feynman polaron model and Ref. 1. An aspect of the

present method is that it is not restricted to the random phase
proximation for the treatment of the many-body effects

. 3 .
a two-dimensional electron gas based on a memory functioR€tween the charge carriers. Cataudeital” also find a

approach using a perturbation expansion in the electron—LcUPPression of the optical absorption with increasing density.
phonon coupling constant. The results of this perturbativel© our knowledge, the plasmon-phonon contribution was not
approach of Ref. 28 for the optical conductivity in 2D, also revealed by the work of Cataudeks al®

in the RPA framework, are consistent with the results derived For small(Holstein polarons, a theory of the interacting

from the present method based on tlaiational LDB uni-

many-polaron gas and the polaronic Wigner crystal has been

tary transformation. These authors found an enhancement developed by Fratini and Quemer&isThe optical absorp-
the optical absorption at the frequency where the undampetibn of the interacting system of Holstein polarons was
plasmon branch reaches the region of continuum excitationgerived®* and compared to the infrared-active modes ob-

0.3 L IS L N 11 192
e [T S| e [
""""" n=310" cm”
041\ | e || W [ n=10"® cm”
Y 015 FIG. 3. The real part of the optical conductiv-
~ | ~ ity is shown as a function of frequency for differ-
E sl r Il ent densities of an interacting large-polaron gas,
§ g in the 2D casdleft pane) and the 3D casgight
= r = 0.1 < pane). The material parameters used for this fig-
) 6 ure are given in Table I. For increasing density,
5 02 F - the optical conductivity is reduced. Another effect
2 L a in the RPA approximation is the presence of a
- 0.05 peak related to the undamped plasmon branch
0.1~ (see Fig. 2 which shifts according to the plasma
L frequency.
L é ' ; ' 0 o ; ' ; —°
o/, /o
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25

T T for reference, the one-polaron optical absorption re(@ldt-
Experiment, sample A from Lupi et al. | ted curve. At lower frequencies (600-1000 crh) a
""" onespolaron result GD), @,67565 e . marked difference between the single polaron optical absorp-
— tion and the many-polaron result is manifest. The experimen-
tal d band can be clearly identified, rising in intensity at
about 600 cm?, peaking around 1000 cm, and then de-
creasing in intensity above that frequency. At a density of
n=1.5-10"" cm 3, we found a remarkable agreement be-
tween our theoretical predictions and the experimental curve.
The experimentally determined material parameters used in
the present calculation are summarized in Table I. A back-
ground contribution, taken to be constant over the frequency
range of thed band, was substracted in Fig. 4. The lack of
experimental data on several material constants leaves us
with three adjustable parameters: the electron-phonon cou-

FIG. 4. The infrared absorption of NGuO, , (6<0.004) is  Pling constanta, the band massn,, and the density of
shown as a function of frequency, up to 3000 7é|'_n'|'he experi_ Charge Carl‘iel’s. These pal‘ametel’s were Chosen as fOllOWS.
mental results of Calvani and co-work&is represented by the thin (i) A set of theoretical optical absorption spectra
black curve and by the shaded area. The so-called “d-band” rises iwvere generated for different values of the band mass
intensity around 600 cm' and increases in intensity up to a maxi- and densities (for m,=0.1,0.2,0.5,0.8,1.0,2.0 andn
mum around 1000 ciit. The dotted curve shows the single po- ={0.1,0.2,0.5,1.0,1.2,1.5,2.8 107 cm™3).
Iaroq resglt. The full black curve repr_esents .the theoretical results (i) For each of those spectra, the coupling constanas
obtained in the present work for the interacting many-polaron gagy,nsen so as to fit the tail region of the experimental optical
with n=1.5x 10 cm 3, «=2.1 andm,=0.5 m, . . ? _

absorption spectrum best, using a least-squares fitting proce-

served in the far-infrared spectrum of cuprate materials. Th&Ure (the tail region is relatively insensitive to many-polaron
present formalism describes an interacting gas of Iarg@ﬁefts' . . )

(Frohlich) polarons; moreover, the structure factRPA and (i) The best fitting curve, using again a least-squares
Hartree-Fock used here to describe the electron gas or th&valuation of t'he goodness of fit, was selected; we found fair
hole gas underlying the polaron gas do not describe WigneRgreement withm,=0.5m, and n=1.5x 10"/ cm ? at o
crystallization. Although the present formalism and the=2.1.

theory for the Holstein polarons describe different regimes, This comparison with experiment could not be performed
Eagleset al® have suggested that in cuprate materials aat higher doping content: the frequency region of dieand

—— 3D polaron gas, n=1.5 107 cm’3, =565 cm’

3
=]
T

Nd,Cu0, , (3<0.004)
15

Relo(@)] (@ em™)

0 500 1000 1500 2000 2500 3000

) (cm’l)

mixture of small and large polarons could coexist. usually contains a strong nonuniform contribution of other
optical absorption featurdsuch as the onset of the MIR, the
D. Comparison to the infrared spectrum of Nd,_,Ce,CuO, tail of the Drude contribution, and the IRAV and phonon

Calvani and collaborators have performed dooin _modes. To take these other contributions into account, addi-
P PINgional adjustable parameters would have to be introduced

depend_ent measur_ements of the infrared absorption_ SpeCtr[r"f‘aking a comparison less convincing. Fortunately, experi-
of the highT, material Ng_,C&CuG, (NCCO). The region mental results are available in the form of the normalized

of the spectrum examined Dby these author irst frequency moment of the optical absorption spectrum

(50-10000 cm?) is very rich in absorption features: they . .
observe a “Drude-like” component at the lowest frequencies(after substraction of the MIR and CT band® o, ()]

and a set of sharp absorption peaks related to phonons and

infrared-active mode§RAV, up to about 1000 cm?') pos- Omax

sibly associated to smalHolstein polarons>* Three distinct ()= Jo "™ oRg gepf @) ]dw 27

absorption bands can be distinguished: tdeband” (around @ J o RE Oeypf @) dew

1000 cml), the midinfrared band (MIR, around

5000 cmt), and the charge-transfer barT, around

10* cm 1.8 Of all these features, the band and, at & wherewpma=10000 cm .’ Lupi et al® determined w) for

higher temperatures, the Drude-like component Haypo-  NCCO samples with a varying cerium doping content. In-

thetically) been associated with large polaron opticalcreasing the cerium doping will inject electrons in the

absorptiorr: " copper-oxide planes of the material and increase the 2D
For the lowest levels of Ce doping, tlieband can be charge carrier density in these planes. A comparison of this

most clearly distinguished from the other features. The exexperimental normalized first frequency moment to the the-

perimental optical absorption spectrup to 3000 cm?) oretical one presents the advantage that fewer parameters

of Nd,CuQ,_; (8<0.004), obtained by Lupietal,’ is need to be adapted: only thensityand the electromand

shown in Fig. 4(shaded argatogether with the theoretical masshave to be taken from experiment @f experimental

curve obtained by the present methsdlid, bold curvéand, values are lackingfitted.

104504-7



J. TEMPERE AND J. T. DEVREESE PHYSICAL REVIEW B4 104504

1.25

T T T T

Ndz_XCeXCuO4
material parameters:
€.=3.0, 0 =74 meV,
best fit: m=0.45 m,
2D polaron gas

- a cerium doping content 0f<0.12. These correspond to the

- squares to the left of the dotted vertical line in Fig. 5. For the

four remaining samplesx¢>0.12) a discrepancy between the

theoretically predicted first frequency moment for unpaired

1 1 polarons and the observed first frequency moment appears. It
. has been observed experimentally that the weight of the low-

frequency component in these samplegh x>0.12) is sig-

nificantly larger than the corresponding weight in samples

7 with x<0.12% This was interpreted in Ref. 8 as a conse-

L . quence of aninsulator-to-metal transition taking place
a5k == Nocutoft frequency % around the cerium-doping level of=0.12. Therefore, it

<m(l<F)> J <eX{0)>

S
)
>

<(J)(kF)> / <eX0)y>

— Cutoff frequency at 10000 cm’ seems reasonable to assume that above this dopingdevel

O Experiment (Calvani group) change in the nature of the charge carriers takes place. One

05 : o : : : -=E=l-_'5 : L : could hypothesize that, as the formation of bipolarons is sta-
bilized with increasing density of the polaron gdsipo-

Foo larons start playing a role in the optical absorption spectrum.

FIG. 5. The normalized first frequency moment of the optical N @ variety of other cuprates and manganates, the presence
absorption spectra is shown as a function of the derfsitpressed  Of bipolarons has also been invoked to interpret a number of
through the Fermi wave vectoiThe squares represent the experi- 'esponse-related propertiés.
mental results of Lupét al. (Ref. 5 in a family of Nd,_,CeCuQ,
materials. The dashed curve shows the results from the theoretical IV. CONCLUSIONS
two-dimensional many-polaron optical absorption, obtained by in- '
tegrating all frequencies in the calculation of the first frequency Starting from the many-polaron canonical transformations
moment. The solid curve shows the theoretical results obtained b%nd the variational many-polaron wave functiGrDB) in-
integrating up to a cutoff frequency, which is chosen attroduced in Ref. 2 we have derived a formula for the optical
10000 cm* and which corresponds to the maximum frequency inabsorption coefficient Rer(w)] of a many-polaron gas. We
the experimentRef. 5. The material parameters are listed in the find that Réo(w)] can be expressed in a closed analytical
figure, and the effect of choosing a different electron band mass i rm in terms of the dynamical structure factsq, ) of
illustrated in the inset. The points with<0.12, to the left of the the electror(or hole system, Eq(24) in 2D and Eq.,(23) in

vertical dotted line, show agreement with the theoretical result froan In the present approach, the electron-phonon coupling

the many-polaron theoretical optical absorption, but it is clear thatand the electron-electron manv-body effects formally de-
the experimental cutoff frequency has to be taken into account. For y y y

the samples witkx>0.12, a discrepancy between the theoreticallyCOUpIe in the expression for Re(w) ]. Therefore, the many-

predicted first frequency moment and the observed first frequenc?Ody effects in the _electrofhole)_ system can be_ taken into .
moment is consistent with a possible insulator-to-metal transition afccoUNt by employing any desired approximation to the di-
x=0.12 (Ref. 8. electric responséHartree-Fock, RPA, etc.of this electron

(hole) system.

The carrier density can be estimated numerically from the In the present work, the dynamical structure factor
effective carrier concentrations in the different samplesd ~ S(q,w) of the electron(or hole) gas was considered both in
from a measurement of the two-dimensional Fermi velocitythe Hartree-Fock and the RPA approximation.
performed for one of the sampl&$As for the other cuprates, The main effect of the Pauli exclusion principle on the
the band mass of the electrons in NCCO has not yet beeoptical absorption of the polaron gas turns out to be a shift of
determined experimentafly and remains as an adjustable the oscillator strength towards higher frequencies. This effect
parameter. can be understood in terms of the available initial and final

Figure 5 represents the comparison between the presestates in the polaron-photon scattering process and naturally
theory and experiment. The squares with error bars show thavokes the Fermi energlgr of the electron(hole) gas.
experimental results for differently doped samples of NCCO, The main effects in the case of the RPA approximation are
reported in Ref. 5 The dashed curve shows the normalizedn overall reduction of the optical absorption at frequencies
first frequency moment of the theoretical optical absorptionm> w5 and the introduction of a novel absorption feature
spectrum, integrated over the entire frequency rangg,{ Wwhich we identified as a plasmon-phonon peak. This
—0). The tail region of the many-polaron optical absorptionplasmon-phonon peak shifts to higher frequencies with in-
still carries a significant weight, just as it does in the one-creasing density, such that a double peak structure can appear
polaron optical absorption. It is necessary to include the cutin the 3D many-polaron optical absorption spectrum, consis-
off frequency. The solid curve represents the theoreticatent with the observed bimodal polaronic band in cadmium
first frequency moment with a cutoff frequency .,  oxide3®
=10000 cm?, which corresponds to the experimental As a first application of the method presented here, we
cutoff> chose to investigate the optical absorption of the interacting

There exists a fair agreement between the theoretical arblaron gas in the RPA framework. For peuO,_5 (6
the experimental values of the normalized first frequency<0.004), similarities were observésee Fig. 4 between the
moment for the five samples with lowest density, which havdine shape of the experimentdlband and the many-polaron
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optical absorption as calculated here. To study the densitBrosens and L. F. Lemmens for discussions. One of us, J.T.
dependence, measuremefjterformed by Lupiet al® for a  (“Postdoctoraal Onderzoeker van het Fonds voor Weten-
family of Nd,_,CeCuQ, material$ of the first frequency schappelijk Onderzoek—Vlaandergnivas supported finan-
moment of the optical absorption were compared to the recially by the Fonds voor Wetenschappelijk Onderzoek—
sults of the present theory. We find a fair agreement for thé/laanderen(Fund for Scientific Research—FlanderBart of
samples with the lowest densitiéserium dopingx<0.12).  this work was performed in the framework of the “Interuni-
A softening of the first frequency moment of the optical ab-Versity Poles of Attraction Program—Belgian State, Prime
Sorption for the Samp|es with h|gher densit(rium dop- Minister's Office—Federal Office for SCientifiC, Technical
ing x>0.12) is consistent with a change in the nature of thednd Cultural Affairs” (“Interuniversitaire Attractiepolen—
charge carriers at a doping content 0.12 inferred in Ref. 8 Belgische  Staat, Diensten van de Eerste Minister—

from infrared absorption experiments. Wetenschappelijke, Technische en Culturele Aangelegenhe-
den”), and in the framework of FWO Project Nos.
ACKNOWLEDGMENTS 1.5.545.98, G.0287.95, 9.0193.97, WO.025.99N, and

WO.073.94N (Wetenschappelijke Onderzoeksgemeenschap,
The authors would like to acknowledge S. N. Klimin and Scientific Research Community of the FWO on Low Dimen-
V. M. Fomin for helpful discussions and intensive interac-sional Systems, “Laagdimensionale systemgrdnd in the
tions. We are indebted to P. Calvani for fruitful discussionsframework of Project Nos. BOF NOI 1997 and GOA BOF
and for communication of experimental data. We thank FUA 2000 of the Universiteit Antwerpen.

1J. T. Devreese, J. De Sitter, and M. Goovaerts, Phys. Ré&y. B °D. M. Eagles, R. P. S. M. Lobo, and F. Gervais, Phys. Re52B
2367(1972; see also J. T. Devreese,Emcyclopedia of Applied 6440(1995.
Physics edited by G. L. TriggVCH, New York, 1996, \Vol. 14. 17s, Tomonaga, Prog. Theor. Phy®.6 (1947; T. D. Lee, F. E.
2L. F. Lemmens, J. T. Devreese, and F. Brosens, Phys. Status So- Low, and D. Pines, Phys. Re®0, 297 (1953.
lidi B 82, 439(1977). 18T D. Lee, L. F. Low, and D. Pines, Phys. R&@, 297 (1953.
3G. ladonisi, M. L. Chiofalo, V. Cataudella, and D. Ninno, Phys. °See, e.g., G. D. MaharMany-Particle Physic{Plenum Press,
Rev. B48, 12 966(1993; V. Cataudella, G. De Filippis, and G. New York, 1993, p. 210.
ladonisi, Eur. Phys. J. B2, 17 (1999. 203, T. Devreese, iRPolarons in lonic Crystals and Semiconductors
4J. T. Devreese, S. N. Klimin, V. M. Fomin, and F. Brosens, Solid  edited by J. T. Devrees@orth-Holland, New York, 1972
State Commun114, 305 (2000. 2lgee, e.g., G. D. Mahan, iolarons in lonic CrystalgRef. 19, p.
5s. Lupi, P. Maselli, M. Capizzi, P. Calvani, P. Giura, and P. Roy, 153).
Phys. Rev. Lett83, 4852(1999. 223.J. Hopfield, Phys. Re39, A419 (1965.
SL. Genzelet al, Phys. Rev. B40, 2170(1989; B. Bucheret al. ~ “*A. Ron and N. Tzoar, Phys. Re¥31, 12 (1963.
ibid. 45, 3026(1992: P. Calvaniet al, Europhys. Lett31, 473  >*V. L. Gurevich, I. G. Lang, and Yu. A. Firsov, Sov. Phys. Solid
(1995. State4, 918(1962.

25
7J. P. Falck, A. Levy, M. A. Kastner, and R. J. Birgeneau, Phys.zGG- D. Mahan, Phys. Red45 602 (1966.
Rev. B48, 4043(1993; P. Calvaniet al, Solid State Commun. 27W' Huybrechts and J. T. Devreese, Phys. Re®, B754(1973.
91, 113(1994. X. Wu, F. M. Peeters, and J. T. Devreese, Phys. Re¥1,83420

8s. Lupi, P. Calvani, M. Capizzi, P. Maselli, W. Sadowski, and E. 28 (1985; F. M. Peeters an(;i J. T. Devreedsid. 56’ 4442(1§8'2/).
Walker, Phys. Rev. BI5, 12 470(1992. X. Wu, F. M. Peeters, and J. T. Devreese, Phys. Re34R621

9p. Calvani, M. Capizzi, S. Lupi, P. Maselli, A. Paolone, and P. zgh/(ll?:i?é;t;ysj Sptﬁtis C?r?g?r: i?)iﬁizigé??%:a R J. Collins
Roy, Phys. Rev. B53, 2756 (1996; S. Lupi, M. Capizzi, P. ) o - PNy : e

Calvani. B. Ruzicka. P. Maselli P. D d A Paoloi and D. A. Kleinman,bid. 11, 190 (1959; W. Baer, Phys. Rev.

alvani, B. Ruzicka, P. Maselli, P. Dore, and A. Paoloibj. 154, 785 (1967); see also E. Kartheuser, Polarons in lonic

10 57, 1248(1998. Crystals and Semiconductoredited by J. T. Devrees@orth-
M. K. Crawford, G. Burns, G. V. Chandrasekhar, F. H. Dacol, W. Holland, New York, 1972

E. Farneth, E. M. McCarron lll, and R. J. Smalley, Phys. Rev. B3op cavani(private communication see also Alonso, S. Tortosa,

. 41, 8933(1990. . M. Garriga, and S. Pul, Phys. Rev. B555, 3216(1997).
J.-G. Zhang, X.-X. Bi, E. McRae, P. C. Ecklund, B. C. Sales, and31gqr example, A. Isihar&lectron Liquids(Spinger-Verlag, Berlin,

M. Mostoller, Phys. Rev. BI3, 5389(1991). 1993; or G. D. MahanMany-Particle PhysicgPlenum Press,
12G. A. Thomas, D. H. Rapkine, S.-W. Cheong, and L. F. Schneem- New York, 1993.

eyer, Phys. Rev. B7, 11 369(1993. 323, T. Devreese, L. F. Lemmens, and J. Van Royen, Phys. Rev. B
13C. C. Homes, B. P. Clayman, J. L. Peng, and R. L. Greene, Phys. 15, 1212(1977.

Rev. B56, 5525(1997). 333, Fratini and P. Quemerais, Mod. Phys. LettlB 1003(1998.
143, T. Devreese and J. Tempere, Solid State ComrQ6,. 309  3*S. Fratini, F. de Pasquale, and S. Ciuchi, Phys. Re88 253101

(1998. (2002).
15D, Emin, Phys. Rev. BI8, 13 691(1993. 35J. T. Devreese, iModels and Phenomenology for Conventional

104504-9



J. TEMPERE AND J. T. DEVREESE PHYSICAL REVIEW B4 104504
and High-Temperature Superconductiyiggited by G. ladonisi,

77, 4796(1996; A. S. Alexandrov and A. M. Bratkovsky, Phys.
J. R. Schrieffer, and M. L. ChiofaldlOS Press, Amsterdam, Rev. B60, 6215(1999; D. Emin, ibid. 45, 5525(1992; A. S.
1999, pp. 287—304.

Alexandrov and J. Ranningehid. 23, 1796(1981).
%A. A. Shanenko, M. A. Smondyrev, and J. T. Devreese, Solid3H. Finkenrath, N. Uhle, and W. Waidelich, Solid State Commun.
State Commun98, 1091 (1996.

7, 11 (1969.
37A. S. Alexandrov, V. V. Kabanov, and N. F. Mott, Phys. Rev. Lett.

104504-10



