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Within a recently proposed variational approach it has been shown that; ipA@InO; perovskites with
0<x<0.5, near the metal-insulator transition, the combined effect of the magnetic and electron-phonon inter-
actions pushes the system toward a regime of two coexisting phases: a low electron density one made by
itinerant large polarons forming ferromagnetic domains and a high electron density one made by localized
small polarons giving rise to paramagnetic or antiferromagnetic domains depending on temperature. Employ-
ing the above-mentioned variational scheme, in this paper spectral and optical properties of manganites are
derived forx=0.3 at different temperatures. It is found that the phase separation regime induces a robust
pseudogap in the excitation spectrum of the system. Then the conductivity spectra are characterized by a
transfer of spectral weight from high to low energies, as the temper&tdecreases. In the metallic ferro-
magnetic phase, at loWtwo types of infrared absorption come out: a Drude term and a broad absorption band
due respectively to the coherent and incoherent motion of large polarons. The obtained results turn out in good
agreement with experiments.
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In the last years the perovskite oxides, LeA,MnO; (A rich phases has been discussed by using exact numerical ap-
represents a divalent alkali element such as Sr grHase  proaches on small lattices assuming classical Jahn-Teller
become one of the main research areas of the condensptionons’'® The pseudogap formatibh and the optical
matter community because of the colossal magnetoresistanpeopertieé®?!also have been studied neglecting the quantum
effect exhibited for 0.2x=<0.512? The study of these mate- nature of phonons. One of the drawbacks of this approxima-
rials started in the 1950s showing the strong correlation betion in the optical properties is, for example, that at low
tween magnetization and resistivitysince in the electroni- temperatures in the metallic ferromagnetic phase a narrow
cally active Mn 3 orbitals the mean number ofelectrons  Drude peak cannot be obtained.
per Mn is 4-x, three electrons go into ttg, core states and In a recent papé’ some of us have shown, on the basis
the remaining *x electrons occupy the outer shelj orbit-  of a variational approach, that the quantum character of the
als. The ferromagnetic phase was explained by introducingahn-Teller phonons and the polaron formation can be impor-
the double-exchange mechanfshithat takes into account tant to explain the experimentally observed tendency of man-
the combined effect of the, electron hopping between ganites to form inhomogeneous magnetic structures near the
nearest-neighbor sites and the very strong Hund’s exchanggase boundaries. We employ the scheme proposed in that
with the localized ,4 electron spins. In the 1990s the discov- paper to deduce spectral and optical properties of manganites
ery of the colossal magnetoresistance phenomenon hdsr x=0.3 at different temperatures. It is interesting to study
aroused a renewed interest for these compounds. In order tbe properties of these compounds at this doping since in the
explain the experimental data, it has been suggested that, range of concentrations aroumxce= 0.3 the colossal magne-
addition to the double-exchange term, a strong interactionoresistance effect is very pronounced in many manganese
between electrons and lattice distortions plays a nonexides? In this paper we find that the phase separation re-
negligible role® Next the relevance of the Jahn-Teller po- gime induces a robust pseudogap in the excitation spectrum
laron formation has been confirmed experimentally by theof the system. The pseudogap features show a direct relation-
giant isotope shift of the Curie temperatdréy measure- ship with the metal-insulator transition and with the cross-
ments of the lattice distortions by extended x-ray-absorptiorover from the coherent large polaron dynamics to the inco-
fine structur® and by frequency shifts of the internal phonon herent small polaron one. Our results turn out compatible
modes’ Furthermore, both pseudogap features and conduawith experimental finding$>'*Next, by using the formalism
tivity spectra of these compounds have been discussed wf generalized Matsubara Green’s functidhis’’ we deter-
terms of a strong coupling to lattice distortiol’s1®Nowa-  mine the scattering rate of charges affected by the interaction
days the role of the polaron is widely recogniZ&d. with the lattice and the spin fluctuations. The single phonon

Recent studies have showed the presence of strong teemission and absorption represent the main mechanism of
dencies toward the phase separation in mangahtteAt  scattering. However, the damping due to spin fluctuations is
low temperatures for compositions near the metal-insulatoeffective in the energy range around the chemical potential
transition the ferromagnetic and antiferromagnetic phaseg. The scattering rate turns out fundamental to derive the
coexist while, close to the paramagnetic-to-ferromagnetivery interesting optical properties of the system. With de-
transition temperature, the phase separation occurs betweereasingT, our spectra are characterized by a transfer of
paramagnetic and ferromagnetic domains. From a theoreticgpectral weight from high to low energies filling up the low-
point of view, the coexistence between hole-poor and holefrequency optical gap present in the high-temperature phase.
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Indeed at highT the infrared absorption is due to the inco- . .
herent small polaron dynamics. Instead, at low temperatures, U;=expg —g>, (feje+A)(aj—ay) 2
in the ferromagnetic phase the system shows two types of )

optical response: a Drude term and a broad absorption ban>Hheref and A are variational parameters. The quantity

due respectively to the coheren_t and mcoher_ent motion g epresents the strength of the coupling between an electron
large polarons. The results obtained are consistent with ex; |+ . phonon displacement on the same site, hence it mea-
perimental data®>%® ’

L sures the degree of the polaronic effect. On the other hand,
In Sec. | the model and the variational approach are re;, 9 b

viewed; in Sec. Il the spectral properties are deduced; in Sethe site-independent parametér denotes a displacement
’ s pectral propertie o field describing static lattice distortions that are not influ-
[ll the damping of the particle motion is calculated; in Sec.

IV the optical properties are discussed. In appendix details O?nced by the instantaneous position of the electrons.
P prop ' PP The second canonical transformation is of Bogoliubov

the calculations employed to derive the optical properties ar?ypegg
reported.

. THE MODEL AND THE VARIATIONAL APPROACH U,= ex;{ ~aX (alal-aa))|, &)
]

The model takes into account the double-exchange
mechanism, the coupling of theg electrons to lattice distor- where« is a variational parameter. It introduces correlations
tions, and the superexchange interaction between neighbasetween the emission of successive virtual phonons by the
ing localizedt,, electrons. The coupling to longitudinal op- electrons and it is responsible of the phonon frequency renor-
tical phonons arises from the Jahn-Teller effect that splits thenalization.

€g d'ouble degenerady.Adopting the single—qrbital approxi- The transformed Hamiltoniafl = U2U1HU1‘1U2‘1 be-
mation (reasonable fok<0.5), the Hamiltonian reads comes

Syl + 112
2S+1

H=—t>,

()

T ~ —
Ci Cj + wOEi ai ai H :<2> Ci,jCiTCj + U)Oz aiTai + Nwosinhz(Za)-l— Nwongz
1) i

t f
- g“’OZ cici(aitay) +wosinh(2a)coshi2a) Y, (aal +aja;) — weg €A
1

3.3 — fe. . ~
+502’j>5i-8j ,U«EI CiCi. (1) XZ (ai+a?)+fg}>si'3j+§i: clci(C+n—w), (9

Heret is the transfer integral between nearest-neiglibiot)

sites(i,j ) for electrons occupying, orbitals,Sg’ is the total where the operataf; ; reads
spin of the subsystem consisting of two localized spins on
NN sites and the conduction electrdis the spin of the,,
core states $=3/2), andcf(ci) creates(destroy$ an elec-
tron with spin parallel to the ionic spin at théh site. The
first term of the Hamiltonian describes the double-exchangandX; is the phononic operator

mechanism in the limit where the intra-atomic exchange in-

tegralJ is far larger than the transfer integtaFurthermore, Xi=exdgfe 2*(a;—a)]. (6)
in Eq. (1) wg denotes the frequency of the local optical pho-

non mode,a/(a;) is the creation(annihilation phonon op-  Furthermore, in the Hamiltoniat4) we specify the renor-

erator at the site, the dimensionless parametgiindicates  5jized phonon frequencg():wocosh(th) the number of
the strength of the electron-phonon interaction in the Hol- ~ '

stein modef® e represents the antiferromagnetic superex-Iattlce sitesN, the phonon operataf;,
change coupling between two Nty spins, andu is the ~
chemical potential. Ci= wog(1-f)e?*(a;+a/), )
The hopping of electrons is supposed to take place be-
tween the equivalent NN sites of a simple cubic lattice sepaand the quantityy,
rated by the distancen—n’|=a. The units are such that the
Planck’s constant = 1, the Boltzmann’s constakg=1 and 7= 002 (f—2)+2weg%(f—1)A (8)
the lattice parametea=1.
Following the recently proposed variational schethee  that measures the electronic band shift due to the electron-
perform two successive canonical transformations to treat thphonon interaction.

Syl +1/2

R

X7 (5)

electron-phonon interaction variationally. To obtain the free energy in a variational scheme, we
The first is the variational Lang-Firsov unitary introduce a test Hamiltonian characterized by electron, pho-
transformatiof? non, and spin degrees of freedom nonmutually interacting
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_ 0.6
Htest: _te”OED C?Cj+w02i aiTai+ Nwosinhz(Za) 05-: PI
202 s t 04 T
+Nwog?A?~geus Y Nt S+(n—w1) > clci. . 7
' ' T *°1 PI+FM
9) 0.2 S FM
The quantityt.; denotes the effective transfer integral R 7
1AFI+FM/
Sy+1/2 0.0 +—rr——rrr——f—r—rrr—rr—————
= _ 7ST
tets <( 5511 ]/€ " (10 (a) 020 025 0.30 Xo.35 040 045 050
where the symbo{ ) indicates a thermal average and the
quantity Sy is ol ]
ST: g2f26_40‘(2N0+ 1) (11) 0_8_3 (V1/V)ferro 'v" (VZ/V)para
with Ny being the average number of phonons with fre- 0.6-3 ,"
quencywy. In the test Hamiltoniari9) g, is the dimension- 0.4 x=0.3 F
less electron-spin factolg(=2), ug is the Bohr magneton, ] L
and h,¢¢ is the effective molecular magnetic field in a cell 0.2 S
containing two neighboring sites. The magnetic field is in- 0.0F---mmmmm e e
duced by a partial orientation of ionic spins around this cell L B S S B B
and is determined by the variational approdthVe notice (b) 0.0 04 02 03 04 05 05
that in Eq.(10) the factore™ ST controls the band renormal- T
ization due to the polaron formation. FIG. 1. (@ The phase diagram corresponding tte 2w, g
To obtain the variational free energy of the system, we-2 g ande=0.01t. PI means paramagnetic insulator, FM ferro-
employ the Bogoliubov inequality magnetic metal, and AF| antiferromagnetic insulator. The areas
- PI+FM and AFHFM indicate regions where localizedP! and
F<Fiestt (H—Hiesdts (12)  AFI) and delocalizedFM) phases coexistb) The fractions of vol-

where( ) indicates a thermodynamic average made usin
the test Hamiltonian. This approach allows to treat the loca
spin dynamics in a variational mean field thedhfhe free
energy per site becomes

me (V1/V)ierro and (V2/V)para @t x=0.3 as a function of the
g?“emperature'( is expressed in units abg).

In order to simplify the calculations, we consider a semi-
circular electronic density of states

— =& £ TIn(1—e £90) + wysint(2a) + weg?(1— f)2p? 2
N 9(8)=| — | OW—|&= n+ u) VW= (&= p+ )2,
TW
€
~TlIn vStEZSZméJr TAmg, (13 (16)
where W=Zt.¢; is the renormalized band half-width and
where the electron free energy reads 0(x) is the Heaviside function. Actuallg(£) represents a

simple approximate expression for the exact density of states
and it is generally used for a three-dimensional lattic®.

fe! =(£)2 En+T 1 > [ndnn
test | N g STk N Bk Therefore the electron free energy becomes
+(1-nYIn(1—ny)] (14 w %
ﬁ'zf d +Tf d |
with n,=ng(&) the Fermi distribution function. We gej test= | d€Q(£)ENE(E) _,9€9(O{ne(&)Inne (&)
= et ] . .
e— u, Where g, =g+ 7 is the renormalized electronic H[1-ne(&) I 1= ne()])- 17)

band ands, the band dispersion
__ As shown in Ref. 22, in the intermediate electron-phonon

&=~ 2lerf cosky) +cogky) + cosky)]. (19 coupling regime, the free energyd) gives rise to a region of
Furthermore, in Eq(13) B is the inverse of the temperature, coexisting phases characterized by different electron densi-
vgis the partition function of the localized spins, the top andties p; and p, but the same value of chemical potential
bottom sign ofe hold, respectively, for the ferromagnetic and The quantitiesp; and p, depend on the temperature and
antiferromagnetic solutions of the localized spiigndicates  correspond to homogeneous phases of the system constituted
the number of nearest neighbonss represents the magneti- by large and small polarons, respectively. Hence, near the
zation of the localized spins, andis a dimensionless varia- metal-insulator transitiofisee Fig. 18)], the system segre-
tional parameter proportional to the effective magnetic fieldgates into ferromagnetic and antiferromagnetic or paramag-
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netic domains of large and small polarons. We observe thathereG (¥ (k,iw,) is the Green’s function of noninteracting
the quantityx denotes the hole concentration, thatxis1  particles and
—p, wherep is the electron concentration.

In the region of coexistence, the fractions of volume,
V,/V and V,/V, filled with densityp,; and p,, are deter-
mined by the two conditions:V,/V+V,/V=1 and
(V1/V)p1+(Vo/V)po=p. In Fig. 1(b) we report the frac- We notice that two physically distinct terms appear in Eg.
tions of volume ¥/1/V)terro and (Vo/V) para for x=0.3 as a (21), the coherent one and the incoherent ¢#.The first

s=2f2g%e **[Ny(No+1)]*2 (22

function of the temperaturgthe dotted line in Fig. (g) al-  derives from the coherent motion of electrons and their sur-
lows us to recognize the different phases of the system at thigunding phonon cloughis process is callediagonal tran-
doping]. sition). The renormalization factoe™ ST appearing in this

In the regime of phases coexistifig® it is possible to  term plays the role of the residugat the pole in a Fermi-
calculate any propert of the system by means of the linear I|qU|d_ q_escnpnorﬁ _The second contribution d_escrlbes the
combination of the propertieB, andB, characteristic of the ~possibility of changing the number of phonons in the phonon

single phases assuming the respective volume fractiongoud during the electron hoppirighis process is known as
(V1/V) and (V,/V) as weights, nondiagonal transition This is confirmed by the presence of

the sum over all electron momenta that reflects the fact that
Vi the electron momentum is not conserved separately from the
V2 v phonon one.

v ) Bitlv
) ) ) ) In the second term of the expressi@1), we can perform
Hence we assume that in this regime the properties of thg,q expansion

system are independent of morphology of coexisting do-

B= Ve

B,. (18)

mains. .
PN E — 22 I ol é
Il. SPECTRAL PROPERTIES exp scoshwo| 7= 511 =22, i(s)coshwo| 7= 7
In this section we calculate the spectral properties of the +1o(s) (23
system.

Performing the two canonical transformatiof@3,(3) and  into multiphonon contributions, where the symbbjlss) de-
exploiting the cyclic properties of the trace, the electron Mat-note the modified Bessel functions.

subara Green’s function becorries Making the analytic continuationw,— w+i8, one ob-
1 tains the retarded Green’s functi@i(k,w) and the spec-
Gk, 7) = _(N)Z eik-(Ri—Rj)<TT'6i(T)'5“(i(T)CjTX]_T>’ tral function
h
19
B - - ~ - - ( ~) Ak,w)=—21IMmG,g(k, )
where ¢;(7)=e™c;e”™ and X;(7)=e™X;e"™, with H o
given by Eq.(4). _ ~Sror -5 Blwgl2
The correlation function in Eq.19) can be disentangled 2me “To(w— &) +2me ,(9&%_00 i(s)e7
into electronic and phononic terms by using the test Hamil- o L
tonian(9), hence X[1-np(0—lwy)]g(w—lwy)+27e ST
1 = —
g(k,r>=—(ﬁ)2 ek RRUT (1 e TXi(DX])e, X 2 L(8)e” " ne(w+lwo)g(w+lwo)
T I(£0)—o
20
20 +2me ST lo(s)—1]g(w). (24)

where now we havec;(r)=e™ce™ ™Mt and X(7)
=e™Hixe™ ™,

i . i The first term represents the purely polaronic band contribu-
The Green's function in Matsubara frequencigsreads

tion and shows a delta behavior. The remaining terms pro-
G(K,iwy) =6 SIGO(K,iwy,) vide the incoherent contribution and spread over a wide en-
ergy range. Thus we get the renormalized density of states

+e-ST(3)E (3)2 GOy iwn)
N kq ﬂ m 1 (1
N(w)=75— —)2 Ak, ), (25)
B 27\ N/ %
Xf exd (iop—iom) 7]
0
where the spectral functiof(k,w) is given by Eq.(24). We

exo s cosh an| 7— E 1 21) note that the sum rulg "2 (dw/2m)A(k,w)=1 is satisfied
0 2 ’ andN(w) is normalized to unity.
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So we can evaluate the renormalized electron distribution _ _ 1 _
function g(k-lwn)=e_STQ(O)(k.Iwn)—e_ST(N)kz GO (ky,iwp)
1
i 1
» NEINCTE
ren “dow 2 s \N K1 !
ne = 7x%A(k,w)nF(w)
1 /8. _
- - lwgl2 2 Vs !
e STne(g)+e ST D> Iy(s)efleo
I(#0)—o
i w81
-2 VERSE

x| degteni-ne(@Ine(e+img +e

[EEN
®

E\/%(iwn_fkl"'g)

= — (= _ , (29)
> ||(S)e'6lwolzf dég(ENe(E)Ne(é—lwo)
I(£0)—o —o
o whereW(z) is
+e_ST[IO(S)_1]J_md§g(§)nF(§)- (26)
Wiz=e 7 1+ 2 [aze?|. 30
At zero temperature it is found that™®"(u— 8)—n"*"(u ()= " \/;J’O ce (39

+ 8)=e ST, so the factore™ ST determines the jump in the
Fermi distribution functiorf® For low temperatures and
>0.25, ST is about 0.9, therefore the spectral properties [N the small polaron case, we 9ét=—g’wo— u. The
indicate a polaronic Fermi-liquid state in the metallic ferro-incoherent term yields
magnetic phase.

On the other hand, for the small polaron excitations and P
high temperatures, we expect that the spectral properties are _ Y S il
dominated only by the incoherent term. It is well kno#n Alki0)=A(@)=[1-Ne(~ g wo )] s
that in this limit the spectral functiof24) consists of a sum
of delta functions on the pointswq. This is caused by the wexd — E_(w+ 200+ 11— 9)2
choice of a dispersionless phonon frequency. To overcome 4s g woTu
this drawback, there are two ways of proceeding: the first is
to introduce a phononic dispersion relatfinwhereas the B B —
second is to make a high-temperature expanidn. this —p) \/ =expg — =(0+g%wo+ u+s)?
paper we concentrate on the latter approach performing in S 4s

Eq. (21) the following approximatiof? (31

2
+Ne(—g°wg

We stress that this spectral function represents the envelope

B S of the delta functions obtained by E@4) for small polaron
e‘STexp‘scosl{Zo( — _) ]zexp( —gr)exp<—rz), excitations in the limit of high temperatures. Furthermore,
2 B using the spectral functiof81), we can derive the renormal-

(27)  ized density of states

wheres is . A(w) o
(w)= o (32
_ 2f?g%e *w3p 5 . .
S= ——————=(¢°wy. (28)  that turns out normalized to unity.
4 sink( 5“’0> In Fig. 2 we report the spectral function for two different
2 temperatures at=0.3. At T=0.05%0,, the spectral function

This expansion is valid as long aB$/12)(Bwy/4)2<1,

is deduced by Eq24) and the casé, =0 is considered. It is
apparent that in the large polaron ferromagnetic phase the
weight of the coherent term is prevalent. Hor 0.47wg, in

henceT>0.3wg. In this limit the Green’s function becomes the paramagnetic phase, the spectral function is provided by
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FIG. 2. T

the energy(in

wo).

Eqg. (31) and it is determined by the incoherent dynamics offor x=0.3 at different temperatures. In the large-polaron fer-

-

peratures: (solid
(dashed lingeT=0.47 (T is expressed in units of
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he spectral functiofcorresponding

to t=2wy andg=2.8) atx=0.3 as a function of

units of wg) for two different tem-
line T=0.05 and &=0,

the small polaron excitations. It is made up of two bandsromagnetic phasé\(w) is given by Eq.(25), in the small-

peaked approximately aroundg?w, andg?w,, whose dif-

polaron paramagnetic phase by E&1), in the regime of
ferent heights are due to the fixed doping. At high temperaeoexisting phases by the two preceding densities by means of

tures the spectral function is characterized by a large depreshe Eq.(18). We stress thal . denotes the ferromagnetic

sion in correspondence @f. With decreasing temperature transition temperature that coincides with the beginning of

and fixed doping, a transfer of spectral weight occurs crossformation of large polaron domains. Fe=0.3, T, is about

ing the regime of coexisting phases. To stress this importar@.46w,. For low temperatures incoherent processes of pho-
point, in Fig. 3 we present the renormalized density of statemon creation and annihilation lead to a depression in the

———

S

h —"

Z
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FIG. 3. The renormalized density of statesxat0.3 as a function of the enerdin units of wy) for different temperatures. In the inset
the renormalized density of states,atas a function of the temperature. The results are obtainet=f@w, andg=2.8.
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FIG. 4. The renormalized density of statesTat 0.3%w, as a function of the energyn units of w,) for different densities. In the inset

the renormalized density of states in a small range of energy around the chemical pgtential
the phase separation regime is set up=ad.17(inset of Fig.

density of states around the chemical potentiaWhen the
temperature increases, the effect of band renormalization), electronic levels are occupied in the energy range around
driven by e T is stronger than this decrease of electronicthe chemical potentigk. Thus, the charge carriers prefer to
states aju. Since the density of states is normalized, the nebe located in the metallic ferromagnetic domains in order to
effect is a rise of states at (compare graphs at=0.28T, increase the kinetic energy gain.
andT=0.65T;). However, when the phase separation regime
takes placéstarting fromT =0.65T ), the formation of para-
magnetic insulating domains in the metallic background
causes a robust pseudogap in the excitation spectrum. The
subtraction of levels below is strongly temperature depen-
dent and, as we see in the inset of Fig. 3, it finishe$ at
Therefore the pseudogap features show a direct relationsh

with the metal-insulator transition and the coherent-
incoherent f charge dynamics. Abdyehe den- o
incoherent crossover of charge dynamics. vehe den- sorption calculations.

Retaining only the dominant autocorrelation terms at the

sity of states aj is low and with increasing temperature it is
nearly constant. It is important to note that these results ar€acond step of iteratiof¥ 2’ we can derive the self-energy
compatible with photoemission experiments. Indeed the den- ’

IIl. DAMPING

In this section we deal with the polaron self-energy. This
uantity allows us to determine the scattering rate of par-
les affected by lattice distortions and spin fluctuations. The
ter, in turn, will play an essential role in the infrared ab-

|

sity of states aj in the inset of Fig. 3 bears a strong resem-
blance with the spectral weights reported in Refs. 10, and 11. 1 1
Finally it is interesting to study the pseudogap formation 3 )k iw,)=¢,+ N 2 (E 2 GOKy iwpy)

k1 m

fixing the temperature and varying the hole concentraxion
(see Fig. 4. At T=0.3%,, the system is in the insulating s
paramagnetic phase fror=0 to x=0.17, in the regime of xf drexd (io,—iwg) 7[f1(7)+f(7)],
the insulating paramagnetic and metallic ferromagnetic coex- 0

isting phases fronx=0.17 tox=0.33, and in the metallic (33)
ferromagnetic phase from=0.33. Withx increasing, holes

are added to the system and ferromagnetic large polaron do-

mains are created yielding pseudogap features. As soon ashereg, is given by Eq.(15), f1(7) is
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So+1/2\2 — B
exp, zcosh wg| 7— 5

_ 71225

< 820;112 > (34)
with
z=4g2f2%e 4 Ny(No+ 1)1 (35)
andf,(7) is
fa(7)=2g%wie*(1—f)’[No(No+ 1)]1’2005%50( — g _
(36)

Making the analytic continuatioiw,— w+i4d, we can cal-
culate the scattering rate

I'(k)=T(k,w=§&)=—2ImS@(k,w=&). (37

We realize that the dependenceldfk) on k is due only to
&, . Hence, performing the expansi¢23) into the series of

multiphonon processes, we can express the scattering rate in

the following way:

F(k)=T(&)= I‘1—phon(§k) + qulti—phon(fk)

+FSpin—FIuct(§k)a (38)

wherel'; 0, is the contribution due to single-phonon pro-

cesses only,

Sp+1/2
2S+1

> 1(2)
X Sim‘( @) g1-1(&)

+g2wiet(1—1)2g,(&,),

I‘1—phon(§k) = 22[2e25T<

(39

I murti-phon represents the scattering rate by multiphonon pro-

cesses,
B So+ 1/2\2\ &
qulti—phon(gk)ZZthe 28T< 2 1(2)
| Bal
><smf(70)gl,|(§k), (40)
and I'sineiuce denotes the damping term by spin fluctua-
tions,
B So+1/2\2
I spinFluct( &) =Zt?e 251 | (Z)< 1
So+1/2\\?
—< o1 )| |B(&0- (41)

Hereg,, reads
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911 (&) =[No(l wo) + Ne(&c+1 o) IB(&c+ 1 wo) +[No(l wp)

+1-Ne( & wo) 1B(&— wo) 42
andg, reads
92(£0) = [No+N( &+ o) 1B(&+ wo)
+[No+1-np(&— o) IB(&—wp). (43
The functionB(x) is defined as
B(x)=2mg(x), (44)

whereg(x) is the density of stated 6).

We stress that the decomposition of the scattering rate in
three distinct terms has been introduced in order to simplify
the analysis of our results. Furthermore, we observe that the
scattering rate for small-polaron excitations can be correctly
calculated only within a self-consistent treatm&ft This
can be carried out substituting in E@®3) G© for a new
Green’s functionG. Using the Lehmann representation we
can write

S _f+°°dcu Ak, ) 45
g( 1Iwn)_ 7ocﬁiwn—a)’ ( )
where the spectral functioA is assumed to be
~ I (k)
Ak, w)= (46)

[T(K) %4+ (0—&)?

So, employing this self-consistent procedure, we get the scat-
tering ratel'G9(£,),

F(SC)(gk) = Fg.s—g)hon(fk) +FET?S|II phon(gk) + FSmeIuct(glzzli

whereT'$3% o, TS0 ohon aNAT Y £y, are calculated by
Egs.(39), (40) and(41), respectively, substituting the func-
tion B(x) for B9(x)

1 - +oo -
B(SC)(X):(N>kE A(kl’x):f,w dé19(€1)A(é1,X%).
(48)

Since the spectral functiol (46) depends o', the Eq.(47)
allows to evaluate self-consistently the damping due to po-
laron formation and spin fluctuations. Clearly, when in the
right-hand side of Eq(47) the limit'—0 is made, the equa-
tion (38) is obtained.

In Fig. 5@ we report the scattering rafé of large po-
laron excitations for different temperatures. Because of the
augmented number of phonons and the enhanced role of spin
fluctuations with rising temperature, the quaniityncreases.

At low temperatures we notice that the scattering rate is zero
for energies withinwy of the chemical potentiak. This
means that at these temperatures the spin fluctuations are too
feeble to scatter electrons and the main mechanism of energy
loss is the emission or the absorption of phonons with fre-
guency w, (one-phonon processes are prevalemhus the
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8+ o —
I'73 T A(k.w)=e TA(k,w) +2¢ 573, ||<s>sin*( Blzwo)
] - =1

NE
N

; [No(lwg) +Ne(w+1wo) JAK, @

+lwg) + 2e’5TIZl | I(s)sinf( B'zwo)

X

1 _ .
N kE [No(lwg) +1—ne(w—lwo) JA(K,, @

_ 1 -
+Iw0)+eST[IO(s)—1](N); A(ky, ).

(49

[T In the limit I'—0, the result of Eq(24) is recovered. We
have checked that the quantifydoes not change the spec-
tral properties in a considerable manner, although it allows to
eliminate the delta behavior in the expressigd).

On the other hand, as mentioned, the damping is essential
for determining the optical properties of the system.

2 T=0.65T
i ¢ Multi-phon IV. OPTICAL PROPERTIES
14 Spin-Fluet  \_/ ) . i i
] . / In this section we focus our attention on the optical prop-
o S S et erties.
(b) 490 8 6 4 =2 0o 2 4 6 To determine the linear response to an external field of
e-| frequency o, we derive the conductivity tensar, 5 by

) ) means of the Kubo formula
FIG. 5. (a) The scattering ratécorresponding td=2w, andg

=2.8) atx=0.3 as a function of the energyn units of wg) for
different temperaturegb) The scattering ratésolid line), 1-phonon o'a’B(Q)) :(
rate (dotted ling, spin-fluctuation rate(dashed ling and mul-
tiphonon rate(dotted-dashed lineat x=0.3 andT=0.65T, as a
function of the energyin units of wg).

v
5 p(w), (50)

-~ i

JR— + J—

® ><TQ,B> (w

where’l’a,B is the kinetic energy anﬂszg(w) is the retarded

current-current correlation function. The transport of elec-
i , i , trons will be supposed to take place between the equivalent

behavior of the scattering rate is explained by the fact thak\ sites of the cubic lattice. hence the tensqy 4 is as-

the quasiparticle excitations withi@, of the Fermi energy  symed to be diagonal with mutually equal elemeh;,su. To

cannot lose energy because of the Fermi statidtics. calculate the infrared absorption, we need only the real part
In Fig. 5(b) we concentrate on the components of theof the conductivity,

scattering rate at a fixed temperatufie(0.65T,). It is con-

firmed that also at higher temperatures the single-phonon ImII'! (o)

emission and absorption give an important contribution to Reo, o(w)=— B — (51)
the quantityl’. Nevertheless we stress that the spin fluctua-

tions are effective to enhance the Scattering rate jUSt in th¢'herefore our prob|em reduces to eva|uating the current-

important energy range around the chemical poteptiafi-  current correlation function that in Matsubara frequencies is
nally, the multiphonon contribution is dominated by two- defined as

phonon processes and it is negligible.

We stress that for the small-polaron excitations the quan-
tity I' decreases whehincreases resembling the behavior of IT, (i wn)=( N
teif- We note, however, that, fof >0.3wq, I' is always
larger thant.¢¢, making clear that the electronic states l0se,hare the current operatgr, suitable for the Hamiltonian
their individual characteristics and the electron motion is(l) is
predominantly a diffusive process.

B .
fodre'“’ﬂT(TTjZ(T)ja(o»: (52)

The introduction of the damping allows us to improve the i+ s, 12
approximations of calculation for the spectral properties: in- i =ite2 (SO o e (53)
deed we can determine the spectral function, “ o 25+1 i+oa™!
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andj’ T(r)=e""j T e M. Performing the two canonical trans-
formations(2), (3) and makmg the decoupling of the correla-

tion function (52) in the electron, phonon, and spin terms
through the introduction ofl ., (9), we get

|

B )
xf drelenmA(i)i’,8,8")
0

> 2 (88

Ha,a(iwn) ~
i

X<TT€IT( T)EH— 5(;( T)CiT/ Y

&Ci ’>I s (54)
where the function\,

A(i,i",6,6")=®(i,i",6,0")Y(i,i",8,6"), (55

denotes the product of the phonon correlation functign

D(i,i"6,6")= (T T)X|+5a(7)X Xine (56)

)

(57)

5

times the spin correlation functio¥,

)

We calculate the electron correlation function

CRRCUSY)
25+1

Siovi”;“Jr 1/2
2S+1

- t
<TTEIT( T)Ci+521( T)Cir+5r&ci’>t

- %);k exdik-Rie—iky- (R + da)]

xexdiky- (R + 8" a)]
xe RGOk, —7)GO(ky,7) (58

and we separata into two terms,

A(i,i’,6,8")=d(i,i",8,6)Y(i,i",6,6")
syt or+ 12|\ 2
:[<XiTXi+b‘z}>t]2< (W >t
B(i,i,8,8)Y(0,i",8,8)
. L (Si(),i+6&+1/2 2
—[(X{ Xi 4 sa)i] “osr1 -
(59
hence
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>2
+ DT, 8,8)Y (i,

giE=

To derive the optical properties, the role of the damding
of the particle motion is fundamental. Furthermore, the de-
fect scattering rat€y is added to the quantity calculated in
the previous section. This scattering r&igis assumed to be
a small perturbation, thus it has been fixed equal tawf.1
The effect of the damping can enter our calculation substi-
tuting in Eq.(58) G(© for G given by Eq.(45).

Considering the two terms of Eq60), the correlation
function can be written as

Sp+1/2
2S+1

A(i,i’,5,5’)=e‘23T<(

5,8")

So+1/2
2S+1

(60)

M, (i0) =TI (i0)+ T2 ((w,). (61)

The first term reads

Sp+1/2

1) ¢; — Na2t2a—2ST
IT; \(iw,) =4et"e <( 5571

ﬂ%); sirf(k,,)

B ~
XJ dre'“n’G(k,— 1) G(k,7) (62
0
and the second one is obtained retaining only the main auto-
correlation termi =i’ and 6= ¢",
> ( N2

-
X D dre"" ""G(k,— 7)G(Ky,7)F1(7),

KKy

So+1/2
25+1

(63

wheref,(7) is given by Eq.(34). We stress that substituting

G for G is necessary to have a nonvanishiig"),(i w,).

We perform the analytic continuationw,— w+i6, and,
clearly, the conductivity can be expressed as sum of two
terms,

IM[ T M (@) + TR ()]

w

Reo, (w)=—

=Reo?2"(w)+Recl""(w). (64)
The first term Rer(?2"? represents the band conductivity.
Here the charge transfer is affected by the damping due to
interactions with the lattice and spin fluctuations, but it is not
accompanied by processes changing the number of phonons.
On the other hand, the second term R&";Oh) in Eq. (64)
derives from inelastic scattering processes of emission and
absorption of phonons and it is marked by the apex “inco-
herent” since the particles lose their phase coherence be-
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cause of this phonon-assisted hopping. As in the spectral H(&,&p,0)=C(&E w_|;)[n (§+|; ~ )
properties, we stress the appearance of two physically dis- o o o7LTF 0

tinct contributions.

In appendix we report the details of calculation for the

optical conductivity. The band conductivity is derived as
242

4e°t )e—ZST <
w

x f “delne (- 0)—ne(IE(E w)h(8),

— oo

Rea&?ind)(w)=

So+1/2)\2
2S+1

(65)
whereC(¢,w) is
= T
C3(€,60)——r2(§)+w2 (66)
andh(¢) reads
1
h<s>=(ﬁ); Sin?(K,) (£~ &) (67)

The latter term of the conductivity becomes

2+2 2
2e’t )eZSr
w

<[ ae[ argoneires v

Sp+1/2

(incoh)(
25+1

a,a

Reo w)=

2e%t? +1/2\2
* e_stIO(Z)< S;OS+1 >
(so+1/2 2
\l2s+1

<[ ae| ang@ning-w)

_nF(f)]C(g,gl,W), (68)

where g(¢) is the density of statel6) and the function
R(&,&;1,w) is given by

Bl

R(£,é,0)=22, h(z)sinf( 5
=1

)[J|(§,§1,w)

tHi(§,61,0)]. (69

We notice that],(&,¢;,w),
J(£,61,0)=C(&,&1, 0+ wo)[NE(é—lwp— w)

—ne(€—1wo) IINo(lwg) +ne(§)], (70)

andH,(,&;,0),

—ne(€+1wo) IINo(lwg) +1—ne(6)],
(71)

describe phonon absorption and emission processes, respec-
tively.

In the limit of high temperaturesT¢>0.3%,) and for
small polaron excitations, the incoherent absorption is preva-
lent. In this case the conductivity consists of a sum of narrow
Lorentzian functions centered on the pointBwg,
respectively®>*3We perform an expansion suitable for high
temperatures and in appendix we derive the approximate ex-

> z
\ ’ pr—

e’t?

Reo—a,a(w) = <_) <
B =
x{ex;{ 4;( z)]

]p(l—p), (72

Sy+1/2
25+1

—exp{ - E_(a)-l-;)2
4z

wherep is the electron concentration.
We have checked the internal consistency of our approach
by means of the sum rule

@ T ~
f doReo, o(w) ==~ 5eXT,.q), (73)
0

where?w is the component of the kinetic energy. The left-
hand side of Eq(73) is calculated by using the conductivity

spectra, whereas the mean va{frel,a> can be evaluated by
performing the two canonical transformatiol®),(3) and
making the decoupling in the electron, phonon, and spin
terms through the introduction ¢, (9). We get

N 1(+=
(Taa)= gf _dég(£)éne(8) (74)
realizing that the two sides of E¢73) differ by a few per-
cent.

In Fig. 6 we report the calculated conductivity spectra for
x=0.3 at different temperatures. In the large polaron ferro-
magnetic phasar is given by Eq.(64), in the small polaron
paramagnetic phase by E@.2), in the regime of coexisting
phases by the two preceding conductivities by means of the
Eq. (18). With rising temperature, a transfer of spectral
weight from low to high energies takes place. The crossover
energy can be estimated abaeyt=9w,. When the tempera-
ture increases, the large polaron Drude term makes smaller
and atT=T,. the optical response is characterized by the
small-polaron absorption band peaked approximately around
29%wq. Thus changes in the quasiparticle excitations of the
system are traceable in the optical response that, Tfor
>T., show the opening of an optical gap. At low tempera-
tures the conductivity shows a clear Drude peak belay
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0.20 o
- | ]
A i _T=01 Tc 359
0.18 | ||I - T_043T. B T=01T,
016431  ...... T=075T, 1% 14T
01 4 2 ! ———a—- T=0.84 Tc 62.0_5 T T=065T,
(50125 meemeem T=0.9 T, ' T TR09 T
0.10 —:
0.08 3  ——
0.06 3
0.04 3
0.02 3
0.00 - r-“-“l

0

FIG. 6. The conductivity up to 18 at different temperatures. In the inset the conductivity up teylat different temperatures. The
conductivities are expressed in unitset/maw,, with ¢ hole concentration anth=1/2t, and they are obtained fo= 2w, andg=2.8.

and a quiet asymmetric absorption band with a long tail In order to be more quantitative in the comparison with

above its peak position at higher energies. These two types ekperimental data, we have evaluated the effective carrier

optical response are due, respectively, to a coherent motiatumber below the crossover energy,

and an incoherent absorption band of large polarons. In the

inset of Fig. 6 the Drude peak is shown. Aglecreases, the

coherent response increases continuously. We stress that the om o

results shown in this figure are all consistent with experimen- Netf(w)= 7ef dwReo, (o), (76)

tal spectrd?!® 7€ NypJ 0 '

In Fig. 7 atT=0.1T, the optical conductivity is decom-

posed into two components: bafdbtted ling and incoher- ) ) ) )

ent conductivity(dashed ling It is worthwhile to notice that that is proportional to the spectral weight below this cutoff

the band conductivity provides also the main contribution toenergy[see Fig. &)]. In Eq. (76) m. is the free electron

the polaronic absorption band. In the inset of Fig. 7 themassgis the electron charge, amd, is the number of Mn

Drude term is fully shown. At low temperatures it can beatoms per unit volume. A3 increasesN.¢; decreases as-

obtained by means of the equation suming a nearly constant value forT.. We stress that the
calculated quantitycircles agrees with the experimental ef-
fective carrier number deduced by Refs. 12,13 and reported

I'(w) in the same figurédiamond$. We note that the agreement

m’ (79 gets worse foif >T.. Indeed, within this temperature range,
in addition to the small-polaron band, other terms, such as
interband transitions between the exchange-split conduction

whereA is a proportionality constant arid(«) is the scat-  bands?® could contribute to the optical absorption.

tering rate of the preceding section calculateg at his inset We have also estimated the quant{ty) (the first mo-

emphasizes the spectral weight of the absorption band toomen),

Reoprygel @) =A
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o 0.20

0.16 7 o1s]

: 0.16-.

0.14 5 _ 0144

! T=0.1 TC
0.12 5
0.10
b 0.08 -

0.06 -

0.04 -

0.02 -]

0.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13

o/ o,

FIG. 7. The conductivitysolid line), the band conductivitydotted ling, and the “incoherent” conductivitydashed lingat T=0.1T in
units of e>c/mwg, wherec is the hole concentration amd= 1/2t. In the inset the conductivitgsolid line) and the Drude terndotted ling
at T=0.1T. in the same units of the figure.

% It has been stressed that the phase separation regime in-
fo dowReo, (o) duces a robust pseudogap in the excitation spectrum of the
()= — , (77 system. Furthermore, the pseudogap features show a direct
f do Reo, (o) relationship with the metal-insulator transition and with the
’ crossover from the coherent large-polaron dynamics to the

incoherent small-polaron one. Our results turn out to be com-
as a function of the temperatufgee Fig. &)]. It measures patible with the spectral weights found experimentdlI}*
the characteristic energy of the polaron excitatiGh$hus With regard to the infrared absorption, we have observed
(w) assumes small values in the large-polaron phase at lowhat, with decreasing, our optical spectra are characterized
temperatures and increases gradually in the phase separatigy a transfer of spectral weight from high to low energies
regime tending to the valug®wy in the small-polaron phase filling up the low-frequency optical gap present in the high-
at high temperatures. temperature phase.

Finally in Fig. 9 we plot the resistivity=1/0, whereo In the metallic ferromagnetic phase, at low temperatures,
results from the conductivityr(w) in the limit «—0. We  the system shows two types of optical response: a narrow
obtain a further confirmation of two different behaviors: me-Drude term and a broad absorption band due respectively to
tallic (dp/dT>0) and insulating dp/dT<<0). In logarith-  the coherent and incoherent motion of large polarons. These
mic scale the behavior of activated resisti¢ftjor T>T_is  results obtained at lowW are consistent with experimental

emphasized. conductivity spectrd>*®*?®The agreement improves when a
temperature-independent part is extracted from the experi-
. ’46 . . .
V. SUMMARY AND CONCLUSIONS mental optical spectr®*® This part is considered to be due

to the “background” interband transitions between the @ 2
We have discussed spectral and optical properties mainlgnd Mn 3 band. The reduced optical conductivity obtained
for x=0.3 and as functions of the temperature. The polarory subtracting the temperature-independent tpnints out
formation and the small-to-large polaron crossover throughhat the broad band at loWis very similar to that shown in
the phase separation regime turn out to play a crucial role ithis paper. We also stress that orbital degrees of freedom
understanding the properties of manganites. could be responsible for the effect of enhancing the incoher-
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the small-polaron formation have been reported in the high-

00740 . 15 . .
] SN T paramagnetic phasé!® However for frequencies higher
0064 © 0o o © than the peak of small-polaron absorption band, the effects
5 0.05 ° < due to the exchange-split bands and to the local Coulomb
3 ] %o repulsion cannot be neglectdd.Indeed the experimental
5 004 o % data can be fitted reasonably well with the small-polaron
< 0.03 0 %o band below 0.8 eV Thus we can consider our results mean-
] ° 0 ingful for fr nci h rption k.
002 x=0.3 °% 0o gful for frequencies up to the absorption pea
0.01 4 oo
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10] ? APPENDIX
é s- x=0.3 O/ In this appendix we report on the calculations leading to
VA ) / the expressions of the optical conductivity
6__ /O/o
4 43/°/° Reo, o(w)=RecP2"¥(w)+Red "V (w). (A1)
24 o/o-o—o——O—o’o’o-o
jo This decomposition originates from the current-current cor-
0 T T T T T T T T T T . . . . .
(b) 1 02 08 04 08 e 07 08 09 Ao T, relation function that in Matsubara frequencies can be writ-
T/T ten as
c
FIG. 8. (a) The effective carrier numbefcircles below the M, (i0) =TI ((0,)+ T2 (iw,), (A2)

crossover energy. compared to the experimental effective carrier

number deduced by Refs. 12,13 as a function of the temperéire. \yhere the first term is
The first momentin units of wy) as a function of the temperature.

The results are obtained fa=2w, and g=2.8, in the casda)

g . +1/2\\2/1
specifyingwy=50 meV and the lattice constaat=0.4 nm. (1) /s — Na2t24—2ST So -
I (o) =4et%e 5571 N
ent absorptiod’*8 On the other hand, we observe that elec- g ~
tronic correlations can change the spectral properties but are X Sinz(ka)J dre'“n"G(k,— 7)G(K, 7)
somehow obscured in the optical conductivity within the fer- K 0
romagnetic metallic phagé. (A3)

At high temperatures, the infrared absorption is due to the
incoherent small-polaron motion. Spectroscopic evidences aind the second one reads

4 o0
0.1 5 \O\O\O
] x=0.3
E 1 o
§ oo /
a E
; e FIG. 9. The resistivity as a function of the
\E3 O/O/ temperaturéwe have use@d,=50 meV and the
3 /0/ lattice constana=0.4 nm).
] o
o
o
_©
1E-4-E O—O/o

02 03 04 05 06 07 08 09 10 11 12 13 14

T/T
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n@ion=| 5 (321 )

B o ~
x> | dreln Gk, — 1)G(ky,7)1(7)
kky Jo
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1 and

N2

Sp+1/2
2S+1

!

Tedo’S A ' -
H|(k,kl,w)=f7 EA(k,w YAk, 0" +lwy— w)

X[Ne(0' +1wg— ) —Ne(w’ +lwy)]
(A4)
with f,(7) given by Eq.(34). Adopting the Lehmann repre-

sentation, the spectral functioh(k,») can be introduced,
therefore, making the analytic continuation,— w+i 8, the

X[No(lwg) +1—ne(w’)]. (A10)

We observe thad,(k,k;,») andH,(k,k;,») describe pho-
non absorption and emission processes, respectively. Using
the convolution product of Lorentzian functions, the band

band conductivity becomes

ImH(l)ret ®
Reo(abznd)(w)z——a'a (@)
! w
212 2
_[4e*t )est So+1/2)\?(1
) 25+1 N
X > sirf(k,)D(k), (A5)
K
whereD (k) =D(k,k) with
+oodw’~ "NA ’
D(k,kl)=f7OC EA(k,w YAk, 0" — )
X[Ne(o' —w)—ne(0’)]. (A6)
We also derive the latter term of the conductivity,
(2)ret
Reo 1NN () — — ImII " ()
a,a w
242 2
:(Zet )eZST So+1/2
0} 25+1
1 2t2
il ~25;
X Nz)k%f(k,kl)Jr - )e
| So+1/2\? So+1/2\\?
o@D\ 2571 |7\ 2571
1
x| —| 2 D(kky), (A7)
N2/ Kk,
where
o= Bl
flkkp) =22 I.(z)sinr(T")[Jl(k,kl,w>+Hl<k,k1,w>]
=1
(A8)
with

tedo’ o "NA ’
J|(k,k1,w)=f_ EA(k,w Ak, 0" —lwg— w)

X[Ne(0'—lwg— )~ N0’ —lwg)]

X[No(lwg) + Ne(')] (A9)

4e?t?
Rea?2")(w) =

conductivity becomes
> 2

X f “AElne(£— )~ Ne(6)C(E ) h(8),

— o0

o 25r (SO+ 1/2
25+1

(A11)
whereC(¢,w)=C(&,£, w) with
+odw’ - -
C(§,§1,X)= J'_OO EA(g,w')A(gl,w' _X)
1 [T(&)+T(&)]
2 [T(§+T(£)1%4+ (61— E+%)?
(A12)
and
1
h<§>=(ﬁ)§ sif(k,)3(é—&). (ALY

Since #(y), the Fourier transform ofi( &), is calculated as

[Jo(2Yter)1231(2yters)

wy)= [ deevinie)-

2ytes '
(Al4)
we can expresh(¢) in the following manner
tee & \[3o(y)]234(y)
h(¢)= f d cos{ ) .
© 27tetr) — Y PANT y
(Al15)

On the other hand, the latter part of the conductivity reads

242 2
2e“t 025
w

<[ ae| angenmie o)

So+1/2\2
lo(2) (2s+1

Sp+1/2

Rea(*"(w)= 25+1

( 2e’t?
+

o
gkl

Sy+1/2
25+1
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+ o + o0 _: _2 ,
Xﬁw dfjﬂo dé19(8)g(E)NE(é— ) —Ne(E)]C(E,E1,0), z=25=20%wy. (A21)

This expansion is valid as long ag#/12)(Bwy/4)><1,

(A16) henceT>0.3%),. The response of the small-polaron excita-
where g(¢) is the density of state§l6) and the function tions is characterized by the incoherent behavior, therefore
R(&,¢é1,w) is given by the conductivity becomes

+o0 —
. Bwol) e%?\ [ [Sy+1/2\2\  [=p[ 1
R(&,é1,w)=2 I,(z)sin Ji(&€,&4, B A R R
(§,61,0) 21 1(2) "( 2 [J1(§,é1,0) Reo, .(w) > )< 5571 > ~\ N2
+HI(§!§1!‘”)] (A17) +edw’ (+edw” - INTR "
with Xl(,zkl o | 2 AkeDAK ")

J(&61,0)=C(£,&, 0+ w)[Ne(£—lwo— o)

—np(E—1wo) I[No(lwg) + Ne(8)]
(A18)

X[l—nF(w”)]n,:(w’)[ex;{ - 451((»-{- '
4

_ wrr_?)Z

|

Hl(gagl,w)ZC(f,gl,w—|50)[n|:(§+|ao—w) (A22)
- — ; _— 2, .
—np(é+1w) I[No(lwg) +1—ng(6)]. We consider§,= —g“wo— u obtaining

—exg — E_(w-i- w'—w"—i-;)z
4z

and

(A19) et?\ (St 12|12 [=B B
o Reo, o(0)=|—|{ | Sar7 —iexg — —=(o
In the limit of high temperatures, we concentratefe(rr) ’ w 25+1 z 4z
of Eq. (A4) carrying out the following approximation,
_ = B =
B 3 ~2)? —exr{——wwz)z ]pa—p),
e 28Texp{ z cos% wo( — 5) ] =exp—z7)ex B ], 4z
(A20) (A23)
where wherep is the electron concentration.
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