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Infrared absorption of the charge-ordering phase: Lattice effects
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The phase diagram of the half-filled spinless Holstein model for electrons interacting with quantum phonons
is derived in three dimensions extending at finite temperafuee variational approach introduced for the
one-dimensionall=0 case. Employing the variational scheme, the spectral and optical properties of the
system are evaluated in the different regimes that characterize the normal and ordered states. The effects of the
charge orderingCO) induce a transfer of spectral weight from low to high energies in the conductivity spectra,
as the temperature decreases or the strength of the electron-phonon interaction increases. The inclusion of
effects of lattice fluctuations is able to smooth the inverse square-root singularity expected for the case of the
mean-field approach and determines a subgap tail absorption. Moreover, in the weak- to intermediate-coupling
regime, a two-component structure is obtained within the CO phase at low frequency: the remnant Drude-like
term and the incipient absorption band centered around the gap energy.
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I. INTRODUCTION teracting with phonons and developing a CO state is the
Holstein modef2 The CDW correlations and the transition
In recent years there has been a renewed interest i®mperature have been studied within this model by Monte
charge-density wavéCDW) materials: The transition to a Carlo simulation& 2% showing that the ordered phase is
charge-ordering CO phase is common to a wide range oftable at half filling. Recently, using the dynamical mean-
compoundg, including quasi-one-dimensional  organic field theory (DMFT), the issue of the nonperturbative cou-
conductors;® dichalcogenide$® molybdenum bronzes?  pling scenario of the CO phase and of the origin of the large
and A15 materiald. Moreover, the CO transition has been ratio of the zero-temperature gap to the transition tempera-
associated with the stripe density wave order in someure has been address€d® The results point out that the
cuprate8 and nickelate$;'® with the commensurate or in- scattering of electrons by the phonons involved in the lattice

commensurate charge ordering in mangarfites. distortions represents the crucial effect in the coupling re-
The ordered phase generally evolves out of a metalligime relevant to most CDW materials.
phase. In electron-phonon weéd-ph) coupling regime the In this paper we extend the variational scheme proposed

transition is the well-understood CDW instability of the for the spinless Holstein model at half filling by Zheng, Fein-
Fermi liquid! The related equations predict a ratio©f 0 berg, and Avignoff (ZFA) to finite temperature. We note
gap A to the ordering temperaturé-o close to the BCS that at zero temperature the ZFA results are in good agree-
value A/kgTco=3.52. However in quasi-one-dimensional ment with different numerical workE~° Actually this ap-
materials this ratio assumes larger values because of criticptoach introduces lattice fluctuations on the Peierls dimeriza-
fluctuations in low dimensionality. Furthermore values of thetion since it takes into account the nonadiabatic polaron
ratio larger than 10 have been measured in quasi-twoformation. Within this scheme all electrons in the Fermi sea
dimensional and three-dimensional materfal€:*>~*4In Ni  are involved in the el-ph scattering leading, above the CO
compound¥ A/kgTco=13 and in manganité$ a ratio of  transition, to a stable phase of disordered small polaf8Rs
order of 30 have been deduced by the energy gap fitted biy the intermediate- to strong-coupling regime. Thus, at half
optical measurements. This suggests that a strong-couplirfdling the phase diagram is consistent with previous DMFT
CO phase develops in novel materials and that the latticeesults pointing out a strong dependence of the transition
degrees of freedom can be important for stabilizing the ortemperature on the adiabaticity particularly in the weak- to
dered staté® A very useful approach to investigate the prop- intermediate-coupling reginf@>! Within the ZFA scheme
erties of the ordered state is to study the optical absorption ofre have derived the spectral properties useful to characterize
CO materials:*>"18 |n particular the lattice fluctuation the different phases of the system. Next, by using the formal-
effects®~2! and the response of the system in the strongism of generalized Matsubara Green’s functidhig?® we
coupling CO regim&!*>#?have been studied. Indeed the in- have determined the scattering rate of the quasiparticles find-
verse square-root singularity expected for the case of a stating that, in the CO phase, the single-phonon emission and
distorted lattice can be removed by the fluctuation effectabsorption represent the main mechanism of damping. The
giving rise to a subgap tail absorptiéh.Furthermore the lattice fluctuation effects included in the scattering rate are
presence of a polaronic peak in the MIR band of Ni com-beyond the ZFA scheme and modify the density of states
pounds observed above and below the transition temperatuteat, this way, is able to capture the features of the
can be explained only within a theory valid for an intermediate-coupling regime in agreement with previous
intermediate- to strong-coupling regirtet® DMFT studies?®3!

Theoretically one of the simplest models of electrons in- The scattering rate also turns out to be fundamental for
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deriving the optical properties of the system. With decreasing Following the ZFA variational schem®, we perform
T or increasing el-ph coupling, our conductivity spectra arethree successive canonical transformations to treat the
characterized by a transfer of spectral weight from low toelectron-phonon interaction variationally and to introduce
high energies with the opening of an optical gap. The effecthe charge-ordering solution. The first is the variational
of the lattice fluctuations is that it is able to smooth thelLang-Firsov unitary transformatiéh
inverse square-root singularity of the mean-field approach in
the optical absorption and induces a subgap tail. In the weak- " N
to intermediate-coupling regime, a two-peak structure is ob- U1=exr{92 (fejei+Aj)(aj—ay)
tained within the CO phase at low frequency: the remnant .
Drude-like term and the incipient absorption band centeregyhere f and A, are variational parameters. The quantity
around the gap energy. . controls the degree of the polaron effect ahddenotes a

In Sec. | the model and the variational approach are regispjacement field describing lattice distortions due to the

viewed; in Sec. Il the spectral properties are discussed. 1By erage electron motion. The second transformation is
Sec. Il the damping of the particle motion is calculated and

in Sec. IV the optical properties are deduced.

: (4)

: ©)

U2=ex;{a2 (afa—aja))
IIl. MODEL AND VARIATIONAL APPROACH ’

In this paper we study the spinless Holstein model at halfvhere the variational parameterdetermines a phonon fre-
filling. 2% The Hamiltonian reads quency renormalization. The transformed Hamiltoniln
=U, U HU U, is

H=—t> clci+woX ala
.y I H:_t<2> XITX]CITC]"‘Q)02 aiTai‘f‘Lwo Sinhz(Za)
1) i

+gwo, cle(a+al)—u clc;. (1)

' ' +0%wo>, A%+ wgsinh2a)cosh2a) Y, (afal+aa;)
Heret is the electron transfer integral between nearest neigh- ' '
bor (nn) sites(i,j), ciT(ci) creates(destroy$ an electron at
the ith site, andy is the chemical potential. In the second ~ —9®o€®*> Ai(aj+al) +gwg(1—f)e*
term of Eq.(1) aiT(ai) is the creationannihilation phonon '
operator at the sitg and wy= yk/M denotes the frequenc
01Pthe optical-phonon modoe, witkirestoring force perqlengtri/ X E, clei(ai+al)+ E, clei(mi—m), ©)
unit andM the mass of the local oscillator. The parameger
represents the coupling constant between electrons anghere we have the phonon operator
phonons,

A Xi=exdgfe **(a—aj)], )
9= wo~/2Mwo’ @ the renormalized phonon frequenm_yozwo cosh(4), the
number of lattice sitek, and the quantity
whereA is the energy per displacement unit due to the cou-
pling of the charge carriers with the lattice. The dimension- 7i=0%wof (f—2)+2g%wo(f—1)A;. (8)
less parameter
) At half filling the charge-ordered solution is obtained by
N (3  assuming
2Dt

with D dimensionality of the system, indicating the ratio be- Ai=A+Acoe'? R, ©)

tween the SP binding energy and the energy gain of an itin- . . .
erant electron on a rigid lattice, is useful to measure thé’vhereA represents the lattice distortion unaffected by the

strength of the el-ph interaction in the adiabatic regime. anstantaneous position of electrons afido the additional

consider spinless electrons since they, even if at a very rou Bcal lattice distortion due to the Peierls dimerization with

level, mimic the action of an on-site Coulomb repulsion pre-Q= (7,7, ).

venting the formation of local pairs. In the ZFA approach the free energy is deduced employ-
The hopp|ng of electrons is Supposed to take p|ace béng the BOgOliUbOV inequa”ty and intrOdUCing a test Hamil-

tween the equivalent nn sites of a simple cubic lattice sepafonian characterized by noninteracting electron and phonon

rated by the distande—n’|=a. The units are such that the degrees of freedom such thidl —H.sp;=0, where(), in-

Planck constanti =1, the Boltzmann constark;=1, and dicates a thermodynamic average obtained by usipg;.

the lattice parametea=1. The test Hamiltonian is given by
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— . 2 ~ ~
Hiese —teff<i2j> clcjt @2 a/ai+ Lwgsintf(2a) gle)= \7v2> o(W—|e)) VRZ— &, (17)
’ a
2 2 2 2
+Lg%wo(A%+ACo) ~29%woAco where 6(x) is the Heaviside function. Actuallg(e) repre-
L sents a simple approximate expression for the exact density
X(1-1)>, eQRicle;—uo>, clci, (10)  of states and it is generally used for a 3D latfite*®
! ! Within the variational approach the kinetic-energy mean
where the subsidiary chemical potentjig] is value
-, —02 —2)4 202 _ . A 0 € _
Ho=p—Qenf(f=2)+2g%(f-DA. - (1) ()= [ deate) sy el €1 -nel € 19
The quantityters=te™ ST denotes the effective transfer inte-
gral, where the quantity and the electron order parameter
Sr=g*f%e **(2Ny+1) (12 1 GR
me=| | 2 €9 fclc)
controls the band renormalization due to the antiadiabatic !
polaron eﬁgct, withN, the average number of phonons with o ge)
frequency wy. The test Hamiltonian is diagonalized by a =E ~deTEz{n,:[g(‘)]—n,:[§(+)]} (19
-W €

third canonical Bogoliubov transformatitfnyielding

can be evaluated. The CO phase is characterized by an order
Fies= 2[4~ moldidict 2 [£7 = molplpy parameter different from zero. —
keNZ keNZ In this paper we discuss results valid in three dimensions.
In Fig. 1 we report the phase diagram obtained within our
+twp, agaq+ Lawg sin(2a) approach foW=6w,, with W the bare band half-width. We
q compare it with the mean-field result obtained in the adia-
batic limit for f=0 anda=0 that overestimates the transi-
tion temperature. Thé phase represents the Fermi-liquid-

+ P like normal state, while th® phase the disordered localized
whered,(dy) createsdestroy$ a quasiparticle in the upper SP normal state. This latter phase is determined when there is

band &)= /e;+E? pi(p) creates(destroys a quasipar-  apsence of orderXco=0) and the lattice presents the larg-
ticle in the lower bandg(k_)= - \/eE+ E?, and¢ is the po-  est distortions {=1). While the transition fromA to CO is
laronic band. We note thatZ indicates the new Brillouin continuous, the transition from CO ® and the crossover
zone defined by the conditiog,<0. In the charge-ordered from Ato Biis rather discontinuous. We stress that a discon-

+Lg%wo(A%+A2,), (13

quasiparticle spectrum and it is twice the quantity drawback of the ZFA approach.However, the phase dia-
gram bears a strong resemblance to that derived with more
E=2g%weAco(1— ). (14)  sophisticated tecniqués™>

In the inset of Fig. 1, the ratio oT =0 gap A to the
At half filling (p=0.5), the variational free energy of the ordering temperatur@.g is shown. It is interesting to note
system is that within the CO phase it is possible to distinguish two
regimes. The first is the mean-field regime in the sense that

Fooa _ B . the ratio assumes values near the BE&&KgT-o=3.52,
=+ TIn(d—e ")+ w, sinif(2a) while the second regime exhibits larger values of this quan-
tity. For instance, akh =0.9 the ratioA/kgT¢q is about 13,
+ ngO(AZJrA(Z:O)Jr,u(p)p, (15 the value measured in nickelatésHence, a strong-coupling

CO phase develops starting from intermediate values of the
whereg is the inverse of the temperature. The electron frees|-ph coupling. This CO regime is characterized by a gap of
energy reads the order of 2?w, and by distortions comparable to those of
the disordered SP phase.

Previous DMFT resulf$ have pointed out a strong depen-
dence of the transition temperature on the adiabaticity par-
_ ticularly in the weak- to intermediate-coupling regime.
whereg(e) is the density of statedV=06tq¢; is the renor-  Therefore we have determined the transition temperature for
malized band half-widthng(e) is the Fermi distribution, two different values of the adiabaticity ratisee Fig. 23)].

0
feIZTf_wdEg(E)'ﬂ{np[§(+)]nF[§(7)]}' (16

£N =2+ E?, and &)=~ &) In order to simplify the The temperaturd ¢ strongly depends on the adiabaticity
calculations, in the three-dimension@D) case we consider for intermediate el-ph couplings. Here the lattice fluctuations
a semicircular density of states are very effective in reducing co. The variationATcq
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0.26 -
0.24 /o

0.22 - L9 .

= v FIG. 1. The phase diagram
0.20 - ."-c'; (solid line) corresponding tow
0181 A H =6w, compared with the mean-
0.16 ] <,5 field one(open circles CO char-

. ; B acterizes the charge-ordering
= 0.14 1 3 phase, theA phase represents the
0124 i I - — - pe Fermi-liquid-like normal state,

— 0.104 fP ' " and the B phase the disordered
0.08 - ¢ W-=28 o, small polaron normal statéthe
| o . crossover between thé and B
0.06 1 8 cO ~-°0---Mean-field phases is marked by the dashed
0.04 - / line). In the inset, the ratio off
0.02 OP =0 gap A to the ordgring tem-
0.00 ] A peratureT 5 as a function of.
0.0 0.5 1.0 15 2.0 25
A
020 =T¢o—Teo Of the transition temperatures due to different
0.18 4 masses of the oscillators is reported in Fi¢h)2 The ratio
0,164 between the old and the new masses simulates the isotopic
o1o] substitution of the oxygen fromM®0 (M) to 0 (M*). Ac-
' tually in many perovskite oxides the presence of the oxygen
0.124 atoms induces the el-ph couplifTherefore we can con-
Z o0 sider a change of the values ab, and g to wj
E oosl =woyM/M* and g*=g(M*/M)¥* respectively® The
softening of the phonon frequency induces an increase of the
o] transition temperature. Furthemore, as a function pthe
0.044 difference between the two ordering temperatures is charac-
0.024 terized by a maximum in the region of weak to intermediate
000 el-ph couplings.
0.0 . .
(2) A Ill. SPECTRAL PROPERTIES
In this section we calculate the spectral properties within
the ZFA approach. They are discussed in order to character-
1.0 ize the different phases of the diagram reported in Fig. 1.

el [T W=so, //'/"'\.\

/
S

ATy /W (x100)

0.2

0.30 0.35 0.40 0.45 0.50

FIG. 2. (a) The transition temperature as a functiorhofor two
different values of the adiabaticity ratid®V=6w, (solid line) and
W= 3w, (dashed ling (b) The variationATco=Tgo— Tco Of the
transition temperatures due to different masses of the oscillator as a

where we have c;(7)=e™ce” ™
=e™iX;e” ™. The Green’s function in Matsubara frequen-
ciesw, becomes

The electron Matsubara Green’s function can be disen-
tangled into electronic and phononic teffhisy using the test
Hamiltonian(10), hence

Gkn=— (L] T BTG KX

(20
and  X(7)

g(k,iwn)—eSTQ(C)(k,iwn)JreST(;)E (;)E G©

kq

X (Ky iwop) J‘ﬁe(iwnfiwm)r{es coshfwo(7—B/2)] _ 1},
0

function of \. where
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s=2f2g%e **[Ny(No+1)]*2. (22) 0.40 9 T - : =015
0.35 4 T/W=0.023 o 7\’_0'35
In Eq. (21) GO(k,iw,) is the Green’s function ] - : o BT =
q. (21) G*(K,iwp) 030 W=6w, : A S S 0,50
GOK,iwy)=u2¢ M (K,iw) +0v26 I (K,iw,), (23 0.25 -
0.20
whereG(M(k,iw,) andG()(k,iw,) are the Green’s func- =Z :
tions associated to the quasiparticles of the upper and lowe 9153
bands, withuZ given by 0.10 3
, 1 3 0.05—;
P (24) 0.00 3
2 2 2 ) AN AL RARE LALI RALN LALE LARS RAAN RARY LARY LA RALE LARN RAAN LALE RAM
+E (a) 876543210123 4567 8
andv? by elo,
~ 0.40 n T
vz—i 1- L (25 0354 T/W=0.14 g i: —A=0.4
k= - =] B N oo _
2 Vee+E? 030 W=60, i n i_?'g
Two physically distinct ternf§ appear in Eq(21). The first 0.25 — '
derives from the coherent motion of quasiparticles and their 0.20 ]
surrounding phonon cloud, while the incoherent term is due=z |
to processes changing the number of phonons during the  0.15
hopping of the charges. 010
Making the analytic continuatiohw,— w+id, one ob- .
tains the retarted Green’s functi@e(k, ) and the spectral 0.05
function 0.00 4
_ 2 (+) (b) -10 -5 0 5 10
AK,0)=—2TGe(k,w)=2me Ui w— & ] elay

+ oo

to2olo— &+ 2me ST > 1y(s)efleo?
[(#£0)—

X[1-ne(0—lwy) JK(w—lwp)
+ o0 o
+27e”ST > 1 (s)ef' P (w+]1wg)
1(£0)—c

XK(w+lwg)+2me STIo(s)—1]K(w), (26)
where the functiorK(w) is
K(w)=H(w)+H(-w), (27)
with
H<w>=@e<w—E>a<m—w>. (28)

In the normal phase the first term of H&6) represents the

FIG. 3. (a) The renormalized density of states\&t=6w, and
T=0.023V as a function of the energyn units of wy) for different
el-ph couplings.(b) The renormalized density of states W
=6wg and T=0.14W as a function of the energjn units of wg)
for different el-ph couplings.

Thus we get the renormalized density of stdté®) that
is normalized to unity. In Fig. @) we report the density of
states for three different values of the el-ph couplingTat
=0.023N. It is apparent that in the normal phasa (
=0.15) the weight of the coherent term is prevalent and the
density of states is practically unchanged with respect to the
noninteracting case. Entering the CO phase, a gap opens in
the quasiparticle spectrum and it broadens with increasing
parametein. We note that, at the energies corresponding to
the gap, the inverse square-root singularity occurs. The other
sharp features of the density of states are due to one-phonon
and two-phonon processes in the upper and lower bands.

At higher temperature$Fig. 3(b)] similar features are
found. However, in this case, for large el-ph couplings, the
density of states is determined by the incoherent dynamics of

purely polaronic band contribution and shows a delta behawthe small polaron excitatiorf§.It is made up of two bands

ior. In the CO phase, this term is equal to the result of thepeaked approximatively around g2w, and g%, whose
mean-field approach when one neglects the renormalizatiomeights are equal at half filling. We stress the evolution of the
of the upper and lower bands due to the polaron effect. Thgap energy of the CO phase toward the characteristic energy
remaining terms of E¢(26) provide the incoherent contribu- 292w, that represents the energy range between the two

tion that spreads over a wide energy range.

peaks of the SP density of states.
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IV. DAMPING +o ,3;0|
Te(t)7= 2a—2Sy inh (+)7-
In this section we deal with the el-ph self-energy that Pl &k 71=22t% 22 I.(z)smf( 5 )91,|[§k 1;
includes lattice fluctuation effects beyond the ZFA approach. (35)

This quantity allows to determine the scattering rate of the , )
quasiparticles of the upper and lower bands and a better defi'd I'res denotes a residue term due to the dlggrence be-
sity of states. This analysis will play an essential role in the™een the coherent and the incoherent contributions
infrared-absorption calculations that is the main aim of this ()7 7120 25t _ (+)
paper. For the sake of clarity we will put forward this dis- Fred & '1=2t%¢ " lo(z) ~1]BL£ . (36)
cussion. _ . In the previous equations the functign,[ £.")] reads
Retaining only the dominant autocorrelation terms at the ’

. . _40 . _ J— R— J—

second step of iteratioft, *°we derive the local self-energy gl E71={No(lwg) + N[ £L7+ 1w 1Bl L) + 1 wg]

2(2)(iwn): i) E (l)Z g(c)(kl,iwm) +{N0(|50)+1_nF[g(kﬂ_l;o]}B[f(kﬂ_lao]
N LA (37
B S (+)
X f dTe(lwnflwm)T[fl( )+ f2( ’T)], (29) and 92[§k ] reads
O —_— JEN—
92 £ 1={No+ ne[ &7+ 0o [} Bl £+ wo]
where B -
_ +{No+1—ne[&") — wol}BLE(") — wol.
fl( T) — Zt2e72S-|—{eZ coshfwg(7—B12)] _ 1}, (30) (38)
z=2s, with s given by Eq.(22); Z is the number of nn sites; Moreover the functioB(x) is equal to 2rK(x), with K(x)
and given in Eq.(27). The decomposition of the scattering rate in
) three distinct terms has been introduced in order to simplify
fo(7)=2g%wge (1~ )?[No(No+1)]" the analysis of the results.

We define the scattering rate for the quasiparticles of the
(31) lower band,

— B
XCOSV{ w0< T— EIRE
T == _oas@,  — (=)
Other terms beyond the autocorrelation ones induce a depen- F-()=To=§ =233k l0=6"] (39
dence of the self-energy on the momentum and could bevhich turns out to be equal ., (k). Thus we can take into

included? We note that the fundamental autocorrelationaccount only one scattering rate,
contribution presents some analogies with the corresponding

self-energy within DMFT approaches where the indepen- F(k)=T(k)=T_(k). (40
dence on the momentum is the main assumption when the ] ) .
interaction term is local. In Fig. 4@ we report the scattering rafé for different

Making the analytic continuatiohw,— w+i48, we can €l-ph couplings at low temperature. In the normal phase (

calculate the scattering rate of the quasiparticles of the upper 0-15) the scattering rate is zero within of the chemical
band, potential . Therefore at this temperature the main mecha-

nism of energy loss is the spontaneous emission of phonons
T (K=TTo=&1=—233@)r =1, 32 with frequencyw, by the quasiparticlesone-phonon pro-
+(K)=TTo=§"] Trel0=86"] (32 cesses are prevalgnThus the behavior of the scattering rate
is determined by of the Fermi statistics since the quasiparti-
cle excitations withinw, of the Fermi energy cannot lose
_ (- +) energy’®*’ In the CO phaseN=0.50) the gap in the scat-
Pt =T L& "1=T1phod & ] tering rate opens at energies given by the sum of the gap
+qu|ti[fﬁ+)]+rres[fﬁ+)], (33 energy(indicgted by the arrows in t.he figyrand thg p_honon
frequency. Since there are no available states within the gap,
whereI'; pnon is the contribution due to single-phonon pro- only the quasiparticles with such energies can be scattered by
cesses only; the residue el-ph interaction.
In Fig. 4(b) we concentrate on the scattering rate at a fixed

We can express the scattering rate in the following way:

ﬁ;o el-ph coupling § =0.4) for different temperatures. At loiv
Fl_pho,{g(k”]:Zthe‘stl1(z)sin > g -1 €] (T=0.01W) there is the gap due to the Peierls dimerization
and the processes of phonon spontaneous emission by the
+92w(2)e4a(1_f)2g2[§(k+)], (34) quasiparticles. With rising temperature, we can follow the

increase of the quantitly in the normal phase because of the
' represents the scattering rate by multiphonon proabsorption and emission of phonons. In the normal phase at
cesses, finite temperatures, these scattering processes are effective
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5 limit, with E, typical activation energy for hopping®
| The introduction of the damping allows to improve the
Jd 0 T A=0.15 approximations of calculation for the spectral properties.
] —2=0.50 This can be carried out by substituting in Eg1) the new
] Green’s functiong(®,
3 -
] GOK,iw,) =UfG (K, iwy) +vEG ) (K,iwy), (42
- 2+ for G(©. The Green’s functio”)(k,i w,) is expressed as
] W=60, T/W=0.023 o redo AV (K.0)
;] GO Kioy= [ e 43
I N P R _e 27 lop— o
0—-“”'._.'.”',” \---.--l-lu---.---.---.---. where the spectral functioA*) is assumed to be
@ 5 4 3 2 4 o 2 38 4 5
~ 'k
e/, A (K, w)= o (44

[T(k)]%4+[w— DT

~

—— T/W=0.01
----- T/W=0.05
-------- T/W=0.14

with v standing for+ or —. We can determine a new elec-
tron spectral function and density of stat¥s,.; that in-
cludes fluctuation effects beyond the ZFA approach. These
effects are able to change the density of states in the Fermi-
liquid-like phase. Indeed in this phase it is interesting to
study the behavior of the density as function of the tempera-
ture at a fixed value of the coupling constant{see Fig.
W=6 ' J/ 5(a)]. While the density obtained within the ZFA approach is
=00, \ /! similar to the bare ondsolid line in figure, now Njyct
rA=0.4 \ J shows an enhancement at the Fermi energy in the low-
~-- temperature regimeT(=0.0A) and a depression at the
L B B B L B L B B B same energy in the high-case =0.20W). Actually at low
4 -3 -2 A T 0 T 1 2 3 4 T the processes of phonon spontaneous emission subtract
spectral weight to states of energy larger thancompared
with the chemical potential, inducing an increase at the
FIG. 4. (a) The scattering rate &W=6w, andT=0.023V as a  Fermi energies where the states are not damped. At interme-
function of the energyin units of wy) for different el-ph couplings:  diate temperaturesTE0.12V), where real phonons are
A=0.5 (solid ling) and A =0.15 (dashed ling (b) The scattering present, the absorption and emission processes are effective
rate atW= 6w, and\ =0.4W as a function of the energ§n units  also around the chemical potential and oppose this enhance-
of wg) for different temperaturesT=0.01W (solid line, T  ment, so that the density of states at the Fermi energy is
=0.05W (dashed ling and T=0.14V (dotted ling. The arrows  nearly unchanged. At higher temperatures these processes
indicate the gap energy. dominate, causing a reduction of the spectral weight at the

. i i chemical potential.
also in the energy range around the chemical potential where |, Fig. 5b) the density of statedl;, is plotted as a
" uc

they are able to enhance the rate. Actually, at higher temperasction of the coupling constant showing that it is able to
tures (T=0.14W), the rate is weakly dependent on the ener-cqn1re the features of the intermediate-coupling regime. For
gies mv_olved in the phonon scattering. Itis conflrmgd _that INthese values of parameters, the density within the ZFA ap-
this regime of temperatures the single-phonon emission angkoach shows a discontinuous transition from a lightly renor-
absorption give an important contribution to the quanfity  5jized function to a strongly modified density with a
~ For large el-ph couplings and for small polaron excita-marked reduction at the chemical potential. Due to the in-
tions, the quantityl” decreases wheill increases but it is  ¢jqded Iattice fluctuations\y,, evolves gradually from the
always larger tharie;, therefore the electronic states 10s€ pare density to the characteristic small polaron function
their individual characteristics and the electron motion isshowing pseudogap features in agreement with previous
predominantly a diffusive process. A high-temperaturegy,gies?-3'Not only in the normal phase but also in the CO
expansiofi”**“**provides the scattering rate state does the quantify change the spectral properties. Ac-
tually, in the boundary phase region below the transition tem-
=72 /W:e,ﬁmzzﬁ /W_e*BEa (41) perature of the ZFA approach, a pseudogap opens in the den-
z 4E, ’ sity of states as a precursor effect of a gap at lower
_ _ temperatures and stronger el-ph couplings.
with z=2g%w, and E,=z/4. This value coincides with the Thus the lattice fluctuation effects introduced by means of
well-known rate of the Holstein polaron in the “classical” a self-energy insertion turn out to be able to correct the draw-

w

r

e

n
| IR ST S N N TN NS S S T S
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o
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] the electron and phonon terms through the introduction of
1 W=6 , SN L. T-0.07 W H.est (10), we get in Matsubara frequencies

I, o(iwn)= e’t? —

B )
)2 > (6 5’)Ldre'“’n7

0 i1 s
XCI)(i,il,é'él,T)A(i,i/'5,5,,7), (46)

where the functiom\ denotes the electron correlation func-

tion
- , — . t
AGLI,8,8", 1) =(Te](D)Cissa(TC),, 5oCir)e (4D)
0.00 AT T and the functionb the phonon correlation function
@ 108 6 -4 -2 0 2 4 6 8 10
e/lm L aw = t
0 (I)(|,| 1515 lT)=<TTYiT(T)Xi-%—ﬁ;y(T)Xiurg/&Xi’>t'

(48)

To derive the optical properties, the role of the damding
of the particle motion is fundamental. Since the electron cor-
relation function can be expressed as a function of the
Green’s functiong’ (), the effect of the dampiri§ can enter
our calculation substituting ") for (), given by Eq.(43).
Furthermore, in order to simplify the analysis of our results,
we separat@ into two contributions,

d(i,i’,8,8")
=[(XIXi 1 5oy JH{ @117, 8,8") = [(X[Xi 1 sai]?}
=e 2ST+[d(i,i’,8,6")—e 25T]. (49)

Considering the two terms of E@49), the current-current

FIG. 5. (a) The new renormalized density of statesVét 6w correlation function can be written as

and\ =0.2 as a function of the energin units of w,) for different
temperatures(b) The new renormalized density of states \Aft
=6wy andT=0.2W as a function of the enerdyn units of w,) for
different el-ph couplings.

M, (i0) =TI (i0,)+ T2 ((w,). (50)

The first term reads

backs of the ZFA approach. Next we will focus on the optical 1 (i wn):4e2t2e25T(i) > sir(ky,)
properties, analyzing the prominent role of the lattice fluc- ' L/ KNz
tuations in determining the infrared absorption of the system.

X > hr172(k) Stk iw,), (51)

V1,V

V. OPTICAL PROPERTIES

. . . . , where we have
In this section we deal with the optical properties near and

within the CO phase. Calculating the real part of the conduc- hCH ) (k) =h( (k) = (U2 — v 2)2 (52)
tivity in a regime of linear response reduces to evaluate the ko Tk

retarded current-current correlation function
htH ) (k)=h(")(k)=4uivd (53)

jl—[ret ) — . .
E)%oa’ﬁ(w)z——(). (45) with S"172)(k,iw,) given by

(O]

; A iwa7o(v (v
The electron motion will be supposed to take place between srd(k,iwn) = fo dre'en"G(k, — 1) G (k, 7).

the equivalent nn sites of the cubic lattice, hence the tensor (54)
0, p 1S assumed to be diagonal with mutually equal elements
Ouu The second term of the current-current correlation function is

Performing the two canonical transformatiod$ and (5) obtained, retaining only the main autocorrelation teri’
and making the decouplii§of the correlation function in and 8= 6",

094302-8
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% (iw,) =

2e?\[ 1
| = (v1,v2)
Z )(L2> k;\l:z kg\lz Vlz,vz P

X (k, k) T272)(Kk Ky i), (55)

where we have

p(+r+)(k,kl): p(fvf)(k,kl):(Ukukl_vkvkl)za (56)

P (K ky) =P (K ke) = (Uwie, + i wi)? (57)
and the functionl 172 (k ki w,) reads
TOL (K Ky ,iwp)
_ fo’gdfeiwn@w(k,—T>E<V2><k1,r>fl<r>,

(58)
with f,(7) given by Eq.(30).

We perform the analytic continuatidmw,— w+i4, and,

PHYSICAL REVIEW &/, 094302 (2003

E2
A (e)=A ) (e)=

2+E2 (64

The latter term of the conductivity becomes
R O_(incoh)(w)

2e%t? o (o
:( e )e—stz de|"_deg(ag(en
W -W

0] vive J—

22
X R (€,€1,0)+

)est[lo(Z)—l]

0 0
3> [° de f dexg()g(en) (e[ £ o]
Vi,Vo —-W —-W
—ne[ 2P Ct1D (e 6p,0), (65)

where g(e) is the density of stateg17), the function

clearly, the conductivity can be expressed as a sum of tw&""*"?(€, €1, ) is given by

terms?6

j[Hl'et(l)(w) +Hret(2)(w)]

w

R0ogo(w)=

=R ol (w)+R oM (w). (59

a,a

As in the spectral properties, the appearance of two physiC(Vl
cally distinct contributions, the coherent and incoherent one,

is due to the charge
transfer affected by the interactions with the lattice but not
accompanied by processes changing the number of phonons.

(coh)
a,a

occurs. Actually the first terrk o

On the other hand, the incoherent teftnr{"¢°" in Eq. (59)

derives from inelastic-scattering processes of emission and

o Bawol
RULYD(€,e,,0)=2 I,(z)sin)"( 20
I=1

)[Jf“’”z)(e,el,w)
+H""? (61, 0)], (66)
v2)(€,€,,X) IS

C(VLVZ)(G,G:L,X)
[T(e)+T(e1)]
[[(€)+T(€1)]?/4+ (&) — g(l”z)_l_x)z’

(67)

1
2

absorption of phonons. The coherent conductivity is derived

as

4e2t2)

0
e 2> | _de(ne[¢"-0]
w vy, vp J =W

R a<°°“>(w)=(

—ne[EMVIC1 D€, 0)h( A1V (e),

(60)
whereC("1"2 (¢, w) is
~ I'(e)
C(VlvVZ) , = 61
O @
andh(e) is defined as
1 , -
h(e)=(ﬁ)2 sirf(k,) 5(e— €. (62
k
In Eq. (60) the functionA(*1:"2)(¢) is expressed by
(+.4) (--) ¢
Al =A'"" = , 63
(e) (€) = (63

and

£ =+ EZ (68)
We notice that the functions

Jl(yl'vz)(e,el,w)
=Cl17D(e,61, 0+ wo){NE[ €2~ 1w~ w]

—nel€0? —TwolH{No(lwg) +ne[e02T), (69)

Hl(vl’yz)(e,el,w)
— (vq,vp) PN (v2) —
=Cl"172(€,€61, 0~ lw){Ne[ €] ¥+ wo— 0]

—nel€7? + 1o H{No(lwg) +1—ne[EV2]) - (70)

describe phonon absorption and emission processes, respec-
tively. In the limit of high temperatures and for small polaron
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1.0
0.9 ——%-0.30
1l | o anme | Ve A=0.33
o4 { | MY Ty e A=0.36
] e h=0.43
0.7
© 0.6 FIG. 6. The conductivity up to
® //"\.\ 6w, at different el-ph couplings.
(C 0.5+ el T In the inset, the conductivity up to
04_: . T 2 2w, at different el-ph couplings.
T 0 The conductivities are expressed
0.3 T/W=0.023 in units of e’p/mt, with m
] =1/2.
0.2 W=6 o,
0.1 -~
0.0 e
0 1 2 3 4 5 6

excitations, the phononic incoherent absorption is prevalergccount two different regimes:=0.4 (A—CO phasg and

and in this limit an analytic expansion can be perforrffed. A=0.8 (B— CO phase In the first caséFig. 7), by starting
The internal consistency of our approach is verified byfrom the normal phase and by lowering the temperature,

using the sum rule there is a redistribution of the spectral weight among the two
" - components accompanied by a progressive narrowing of the
f doRo, (0)=— Eezﬁa,a}, (71)  Drude term. The maximum of the second band slightly shifts
0

towards higher frequencies and the optical gap fully devel-
ops at low temperatures well within the CO phase. We stress
that these results of the optical absorption are consistent with
a?(perimental measurements in dichalcogentdes.

where ('Al'a,a> is the mean value of the component of the
kinetic energy equal to one-third of E(L8). Employing the

calculated spectra, we have checked that the two sides of E ; ¢
(71) differ by a few percent. In the other regimeX =0.8) very different features of the

In Fig. 6 we report the conductivity spectra for  optical response are obtaingBig. 8). Here the evolution
=0.023V at el-ph couplings. Raising the el-ph coupling, afrom the SP to CO absorption band is characterized by near

tranfer of spectral weight from low to high energies takesPeak energy. In the CO phase, beldwo, there is a residue
place. The Drude term becomes smaller and, in the weak tof optical response in the limio—0 and the optical gap
intermediate CO regime, the optical response is characterizegiarts to appear for lower temperatures in correspondence
by two components: the remnant Drude-like term and thewith energies that can decrease with lowerihgThese re-
incipient absorption band centered around the gap energgults can be closely connected with the conductivity spectra
For stronger el-ph couplings, the band is peaked around th@easured in nickelat&s'® that reveal the relevance of the
gap but it is accompained by a subgap tail due to the latticéattice degrees in stabilizing the CO phase.
fluctuations:®>?%*8Thus, by increasing the parameterand

by crossing the phase transition, we do not have any sharn

changes in the optical spectra but a rather continuous evolt 0.5 W6 & — T/W=0.048
tion. We point out that in the mean-field approach the infra- g;‘; 04 0 Ve T/W=0.040
red absorption occurs only at energies above the gap and it ¢, - A T/W=0.033
characterized by the inverse square-root singul&fity. 055 TG T/W=0.023

In the inset of Fig. 6 the gradual disappearance of the %°°3 i "-\,‘\,_‘ R T/W=0.010

Drude term and the rise of the interband absorption can b'e
followed in a narrow range of energies. At higher tempera-
tures a similar evolution of the bands of the infrared absorp™
tion is found by increasing the el-ph strength. Actually, in
both ranges of temperature, the response in the limit0 is
completely suppressed only for strong el-ph couplings wher:
a well-defined optical gap opens. Furthermore in the CC
phase there is a lowering of the height of the interband term
that spread over a wide range of energies.

It is interesting to analyze the conductivity spectra at a FIG. 7. The conductivityin units ofe?p/mt, with m=1/2t) up
fixed el-ph coupling for different temperatures. We take intoto 2w, at different el-ph couplings.
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Re[o]

0.103 - with decreasingl or increasing el-ph coupling, the ordered
0y W=6awm | . TAW=0.14 phase effects the conductivity spectra, inducing a transfer of
0.08 L N I T/W=0.11 spectral weight from low to high energies with the opening
007_5 A=08 | | T/W=0.03 of an optical gap. The inclusion of effects of quantum lattice

fluctuations makes it possible to smooth the inverse square-
root singularity of the mean-field approach and induces a
subgap tail absorption. In the weak- to intermediate-coupling
regime, a two-peak structure is obtained within the CO phase
at low frequency: the remnant Drude-like term and the in-
cipient absorption band centered around the gap energy. The
results obtained in the intermediate- and in the strong-
coupling regimes are consistent with experimental conduc-
0,00 oo g e e tivity spectral?15:18:20

L VS L In this paper lattice fluctuation effects beyond the varia-
’ tional ZFA approach are included by means of self-energy

FIG. 8. The conductivityin units ofe?p/mt, with m=1/2t) up  insertions. At the lowest order the main contribution to the

0.06
o,os—f
o.o4—f
0,03—3

0.02

0.01

to 16w, at different el-ph couplings. self-energy is independent of the momentum, however, at the

same order other terms could be easily included in order to
V1. SUMMARY AND CONCLUSIONS give a nonlocal quantity. Furthermore, the scattering rate can
be calculated not only perturbatively but also employing a
We have discussed the phase diagram, and the spectis#lf-consistent proceduré-3846|f also the real part of the

and optical properties of the half-filled spinless Holsteinself-energy is introduced by using the Kramers-Kronig rela-
model in three dimensions as a function of the temperaturéon, the procedure of calculation can become more com-
and the el-ph coupling. The lattice fluctuation effects play aplete. The agreement of the results obtained in this paper
crucial role in determining the density of states and the opwith other approaches seems to suggest that a second-order
tical response of the system. perturbation theory on the good ZFA solution can capture the

The phase diagram is consistent with previous DMFT rephysics of the model in the different regimes of the normal

sults, pointing out a strong dependence of the transition temand ordered state.

perature on the adiabaticity particularly in the weak- to Finally we note that our approach is valid in the infrared
intermediate-coupling regime. The density of states capturesange of frequencies where interband absorption takes place.
the features of the intermediate-coupling regime in agreeThus it is unable to reveal the structures attributed to collec-
ment with DMFT studies. tive excitation modes arising from the CDW

Concerning the optical absorption, we have observed thatondensaté%17:50

1G. Griner, inDensity Waves in Solidé\ddison-Wesley, Reading, S. Gagliardi, and S.-W. Cheong, Phys. Rev. L&t, 4504

MA, 1994). (1998.

2Charge Density Waves in Solidedited by Gy. Hutiray and J. ‘K. H.Kim, S. Lee, T. W. Noh, and S.-W. Cheong, Phys. Rev. Lett.

3s. Kagoshima, H. Nagasawa, and T. Sambo@gie-Dimensional

4J. A. Wilson, F. J. Di Salvo, and S. Machajan, Adv. PH34.117

Sdyom (Springer-Verlag, Heidelberg, 1985 15‘]8?:' 1§Jn20432-?/82kim T W Noh H. C. Kim. H-C. RL. S. 3

Levett, M. R. Lees, D. Mck. Paul, and G. Balakrishnan, Phys.
Rev. B64, 165 106(2001).

186G, Griner, Rev. Mod. Phys50, 1129(1988.

17\. Degiorgi, B. Alavi, G. Mihdy, and G. Grmer, Phys. Rev. B4,

Conductors(Springer-Verlag, New York, 1988

(1975.

5D. McWhan, R. Fleming, D. Moncton, and F. J. Di Salvo, Phys. 7808 (1991

Rev. Lett.45, 269 (1980. 18y, Vescoli, L. Degiorgi, H. Berger, and L. Forr®hys. Rev. Lett.

6G. Traviglini et al, Solid State Commur7, 599 (1981) 81, 453 (1998
’L. Testardi, Rev. Mod. Phygl7, 637 (1975. 1R, H. McKenzie and J. W. Wilkins, Phys. Rev. Le89, 1085
8J. M. Tranquada, B. Sternlieb, J. Axe, Y. Nakamura, and S. Va- (1992

hida, Nature(London 375 561 (1995. 20, Degiorgi, St. Thieme, B. Alavi, G. Gner, R. H. McKenzie, K.
9. M. Tranquada, D. J. Buttrey, V. Sachan, and J. E. Lorenzo, Kim, and F. Levy, Phys. Rev. B2, 5603(1995.

Phys. Rev. Lett73, 1003(1994. 2LA. schwartz, M. Dressel, B. Alavi, A. Blank, S. Dubois, G.
105 _H. Lee and S.-W. Cheong, Phys. Rev. L&8, 2514(1997. Gruner, B. P. Gorshunov, A. A. Volkov, G. V. Kozlov, S. Thieme,
s, Mori, C. Chen, and S.-W. Cheong, Nat(t®ndon) 392, 473 L. Degiorgi, and F. Ly, Phys. Rev. B52, 5643(1995.

(1998. 22 A. Paolone, P. Dore, S. Lupi, P. Maselli, P. G. Medaglia, and

12T, Katsufuji, T. Tanabe, T. Ishikawa, Y. Fukuda, and Y. Tokura, ~ S.-W. Cheong, Phys. Rev. B4, R9592(1996).

Phys. Rev. B54, 14 230(1996. 23T, Holstein, Ann. Phys(Leipzig) 8, 325 (1959; ibid. 8, 343

13p, Calvani, G. De Marzi, P. Dore, S. Lupi, P. Maselli, F. D’Amore, (1959.

094302-11



C. A. PERRONIet al. PHYSICAL REVIEW B 67, 094302 (2003

24F. Marsiglio, Phys. Rev. B2, 2416(1990. (Benjamin, Reading, MA, 1962
25R. M. Noack, D. J. Scalapino, and R. T. Scalettar, Phys. Rev. Lett!°H. Fehske, J. Loss, and G. Wellein, Z. Phys. B: Condens. Matter
66, 778(199). 104, 619 (1999. ]
26M. Vekic, R. M. Noack, and S. R. White, Phys. Rev.4B, 271  “!I. J. Lang and Yu. A. Firsov, Zh.I&p. Teor. Fiz43, 1843(1962
(1992; M. Vekic and S. R. Whitejbid. 48, 7643(1993. [Sov. Phys. JETRL6, 1301 (1963]; Yu. A. Firsov, Polarons
273, K. Freericks, M. Jarrell, and D. J. Scalapino, Phys. Re#8B (Nauka, Moskow, 1976
6302(1993. 42E. N. Economou, Green's Functions in Quantum Physics
28p, Niyaz, J. E. Gubernatis, R. T. Scalettar, and C. Y. Fong, Phys. (Springer-Verlag, Berlin ,1983
Rev. B48, 16 011(1993. “3A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, Rev.
293, Ciuchi and F. de Pasquale, Phys. Re®B5431(1999. Mod. Phys.68, 13 (1996.
303, Blawid and A. Millis, Phys. Rev. B2, 2424(2000. M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phy&), 1039
313, Blawid and A. Millis, Phys. Rev. B3, 115114(2001). (1998.
32H. Zheng, D. Feinberg, and M. Avignon, Phys. Rev38 9405  “°C. A. Perroni, V. Cataudella, G. De Filippis, G. ladonisi, V. Mari-
(1989. gliano Ramaglia, and F. Ventriglia, Phys. Rev.6B, 184409
333, E. Hirsch and E. Fradkin, Phys. Rev. L&®, 402(1982; J. E. (2002.
Hirsch and E. Fradkin, Phys. Rev. &, 4302(1983. 46C. A. Perroni, G. De Filippis, V. Cataudella, and G. ladonisi,

34R. H. McKenzie, C. J. Hamer, and D. W. Murray, Phys. Rev. B Phys. Rev. B64, 144302(200J.
53, 9676(1996; R. J. Bursill, R. H. McKenzie, and C. J. Hamer, 4’G. Mahan,Many-Particle Physics2nd ed.(Plenum, New York,

Phys. Rev. Lett80, 5607 (1998. 1990.
35A. Weisse and H. Fehske, Phys. Rev58 13 526(1998. 48K. Kim, R. H. McKenzie, and J. W. Wilkins, Phys. Rev. Leftl,
363, Schnakenberg, Z. Phyk90, 209 (1966. 4015(1993.
373. Loos, Z. Phys. B: Condens. Matt@®, 377 (1993. “9p. A. Lee, T. M. Rice, and P. W. Anderson, Solid State Commun.
38J. Loos, Z. Phys. B: Condens. Mat@®, 149 (1994). 14, 703(1974.

39L. P. Kadanoff and G. BaymQuantum Statistical Mechanics *°N. Kida and M. Tonouchi, Phys. Rev. &, 024401(2002.

094302-12



