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Polaron transport and lattice dynamics in colossal-magnetoresistance manganites
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(Received 4 December 1996; revised manuscript received 23 December 1996

Based on the model combining the spin double exchange and the lattice polaron, we have studied the
colossal-magnetoresistance phenomena observed in perovskite manBanj#egvinO,. First, effects of both
the double exchange and the electron-phonon interaction on the transport properties are investigated. We have
evaluated the temperature-dependent resistance and the magnetoresistance using the Kubo formula, and exam-
ined the crossover from the tunneling to hopping regime of small polarons. Second, effects of the double-
exchange interaction on the lattice degree of freedom are explored. It is found that both the hardening of the
phonon frequency and a reduction of the phonon damping take place with decreasing the temperature.
[S0163-18297)06717-9

. INTRODUCTION beyond Grmeisen lawt* and the shift of phonon
frequency>~*” which all reflect that the lattice is closely
The “colossal” magnetoresistanc€CMR) manganites related to the electronic and magnetic properties. However,
R;i_AMnO; (R= La, Pr, Nd;A= Ca, Ba, Sr, Pbhave detailed understanding of the interplay between the lattice
recently attracted considerable attention due to scientific indynamics and the electronic and magnetic properties remains
terest and potential applicability of their very large magne-to be resolved.
toresistancéMR) for 0.2<x=<0.51"3The most essential fea- In this paper, we have addressed two questiGhsrhat is
ture of their magnetic and transport behaviors is thethe role of the electron-phonon interaction in CMR systems
existence of metallic conductivity and ferromagnetism. Thewhich are known to have the double-exchange interaction,
magnetic transition af . is closely connected with the resis- and reversely(ii) how does the double-exchange interaction
tivity peak atTp corresponding to an insulator-metal transi- affect the lattice dynamics through the electron-phonon in-
tion (T,~Tp). The correlation between ferromagnetism andteraction. For these purposes, we first investigate the effects
metallic conductivity inR;_,A,MnO; was explained by of both the double-exchange and the electron-phonon inter-

Zenef in terms of the double-exchange mechanism. Theréction on transport and magnetic properties. Employing the
are mixed valent Mn iongMn3* and Mn**) as a conse- Kubo formula, we have determined the temperature-

quence of hole doping by substitutif®f ™ with A®*. Inthe ~ dependent resistance and the magnetoresistance, and exam-
double-exchange model, conduction electrons in the partialljned the crossover from a metallic tunneling state to an in-
filled ey levels of thed band are strongly coupled with the Sulating hopping state in the small polaron transport. Second,
tightly boundd electrons in thet,, levels by the on-site to characterize the lattice dynamics in CMR compounds, we

Hund’s coupling, and mediate the ferromagnetic exchanggave considered the phonon degree of freedom in the pres-
interaction between the nearest neight$ 3 local spins ence of the double-exchange interaction. We have studied

formed from threed electrons in the corelike,, levels®® the renormalization of the phonon frequency and the phonon
Transport properties have been studied within the doubledamping constant.
exchange mechanism in favor of a magnetic pol&rérRe- This paper is organized as follows. In Sec. I, we present

cently, Millis et al® reported that the effective carrier-spin the model of conduction electrons coupled to phonons as
interaction involved in the ordinary double-exchange Hamil-Well as the localized ionic spins in terms of the double ex-
tonian is too weak to produce the magnetic polaron effectschange, whereby the temperature-dependent resistance and
Instead, they suggested lattice polaron effects due to a strod§e magnetoresistance are evaluated from the Kubo formula.
electron-phonon interaction as a necessary additiondn Sec. Ill, we examine the double-exchange effects on the
extensioril_o They investigated a model of electrons, Jahn_lattice degree of freedom. Fina”y, conclusions follow in Sec.
Teller coupled to localized classical oscillators, within the!V. Detailed calculational steps are given in the Appendix.
dynamical mean field theory. Rer et al!! also examined
the combined influence of the glectron-phqnqn interaction Il. POLARON TRANSPORT
and the double exchange dn using the variational wave
function techniques. But they could not treat the polaron Since Zenéthas proposed an interaction between spins of
transport and the lattice dynamics on an equal footing. Irmagnetic ions named “double exchange,” Anderson and
fact, the contribution of the lattice polaron to carrier mobility Hasegawastudied this mechanism in a system of Mn ions
was pointed out earlier by Goodenoutgh. and a mobile electron with the transfebetween two Mn
There are many experimental evidences suggesting thiens and the strong intra-atomic exchange intedralvhen
importance of the electron-lattice coupling in manganesd is much larger thart, motion of the mobile electrons in
oxides’* 1" NearT,, dramatic changes are observed in theR;_,A,MnO; is described by the following double-
lattice degree of freedom, the anomalous lattice expansioaxchange Hamiltonian:
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(a) phonon interaction. The effective Hamiltonian incorporating
the electron-phonon interaction is written as
T T
_Ir T 0 t T, -
g H=t{ cos, % ¢l sCit 2 wqagag
g 09F i 3
=
&
= ig-R t
% 08 . +Z clcie'd RIMq(aa+a_d). 2)
g i
2 0TF ) Here we adopt a model in which the singdg orbital is
06 , | coupled to phonons assuming the electronically aceye
70 0.5 1 L5 band to be split, as in Rieret all! The present assumption
T/T, is expected to be more effective if the model were general-
ized to include another physics such as the on-site Coulomb
interaction, which might remove possible midgap states
(b) away from the Fermi levef’
0.11 : : The dc conductivityoc can be obtained from the optical
L N conductivity o(w) by taking thew—0 limit, and o(w) can
B o1 i be determined by using the Kubo formula of the current-
% L i current correlation function
5 009} ]
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007 T Since the current operatdrin narrow band systems is given
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FIG. 1. Bandwidthghopping parameters in unit of as a func-
tion of the temperaturga) Effect of the double-exchange interac- o explicitly involves the four-site correlation function,
tion, ty(T)[ y(T)=(cos@@?2))]. (b) Combined effect of the double- 5
exchange and the electron-phonon interactiary(T)I'(T). B G N
9 P an(NI(T) o=§t2<co%> e 2 (59)

-2 — ;
S5lugl*=4.5 is taken. o

0;j xj dT<C~T(T)C-+5(T)CT, ,Cir). 5)
HDE:Z tijCOS?CiTCj, 1 Cw J J jr+6"vi
ij
In the isotropic case, the resistivipy corresponds to the in-
verse ofo, p=1/o.
To evaluateo, let us consider the well-known polaron

canonical transformatiotf 77=esHe‘S with S=

where the hopping;; connects neighboring sites, adg is

the angle between the directions of ionic spins at ditesd

j.- An exact quantum mechanical -calculation gives ) -y R

cos(#;/2)=(Sp+ 1/2)/(2S+1), whereS is the spin of a Mn —quc;fcj_e'qi(_Mq_/wq)(aq—afa). The  transformed

ion and S is the total spin ofS,S;, and the conduction Hamiltonian’ is given by

electron spin. In this study, we treat the double-exchange 0

part within the mean field theory following Kubo and -~ _ oAyt v o T

Ohata’ in which cosg;/2) is replaced by its thermodynamic T t<CO§>% C“‘SCJX“‘SXJJF% “efq% A; %

average(cos(;/2)) determined by minimizing the free en- (6)

ergy of the spin system. Then the propagation of an electron R + )

can be described as if it were moving in a mean field ofVith X;=exg2g" i(Mg/wg)(ag—a_g] and A=Zg(Mg/

highly disordered configurations of ionic spins. This approxi-®gq). InsertingeSe™ =1 between each electron operator in

mation is known to work well at finite temperature, exceptEq. (5), and usingecie” S=¢;X; ande’c/e S=c/X], one

for the very low temperature regioff -0 K) where the spin  gets

dynamics becomes important. Within the present mean field )

theory, the double-exchange plays a role, through _ Etz o 0 922 z

((Sp+1/2)/(25+1))=y(T), of increasing the bandwidth as 21\ %%%

T decreases below., accompanied by the ferromagnetic : ; :

ordering[see Fig. 1a)]. Xy 5 Cp X ()X s(T) X1 4 50 X)) ()
In addition to the double exchange, the conduction elec-

trons are scattered by the Mn-O ionic motions in the The intricate correlation function of Ed7) should be

MnOg octahedra, which gives rise to a very strong electronevaluated under the transformed Hamiltoniad. The

(3-§'>fo dr(cl(7)c;. 5(7)
88" jj’ —®
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calculation can be further simplified with an approxima-where UdE(Mq/wq)(eid-é_l) [see Fig. 1)]. Under the
tion replacing the first term of Eq.(6) by above approximation, the mean field scheme of Kubo and
t<cos(0/2)>2,—5<XJT+5Xj>ch+5cj. This approximation is quite Ohat& can be generalized to include the phonon contribu-
reasonable in view of that the coherent bandlike motion otions which drastically reduce the magnetic transition tem-
the polarons arises from the quantum mechanical tunnelingeratureT,,'* whereas the temperature-dependent behavior
between sites without changing the phonon numbers, whichf (cos@?2))[=y(T)] does not appreciably change.

is governed by the matrix elements (Iﬁq|XF+5X]-|nq).19 With the approximate HamiltoniarH incorporating
With increasingT, the polaron bandwidth decreases expo-both ¥(T) and I'(T), the complicated four-site correlat-
nentially due to the termxf+5xj)[EF(T)], ion function in Eg. (7) can be disentangled into

t t

(M oD 5 WX (DX (T)X] 4 X)) These
correlation functions and- can be evaluated in the straight-
forward fashion. Detailed calculational procedures are pro-

, vided in the Appendix. From EqA12), the dc conductivity
I'(T=exp — X |ugl4(Ng+1/2) |, (8 o is given as follows:
q
|
o= étzv(T)zezz > (5:5) 2 n(1-ng)e K Ri-Rpgike (R=Ryr+ o=
2 88" jj’ k1ky
X Tk~ T/ 2T g (T, = T 2L(1.",6.5" = &gn(iii .5 D e/ (i, 8,8 :T) M2, 9

with a renormalized polaron ban&"gzty(T)F(T)E,se*““‘5—A. Explicit expressions of{(j ,j’,S, 5";T), &T), and
7n(j,j’,6,6";T) are given in the Appendix. Keeping in mind that the auto-correlation function is most domingnt forand
5=35', o is more simply obtained in the following form:

o= gtzy(T)zezN 2, ng (1—ng)el ™ 6)2Te (1~ 1) MM éMen(] o/ 7(T) 112 (10
kiko

Herez is the number of the nearest neighbarsandN, are  is active. We also assume that the most relevant phonon
the fermion and boson distribution function, respectively,mode is the optical mode<{w,) which might be involved in
and &(T),¢(T), and »(T) are also given by the Jahn-Teller coupling.

Numerical results for the resistivity are provided in Fig. 2.

ETM)=20 |ugl’(1+2Ny), (1)
q
. l2fF
2 12 g B
{T)=2 whlugl’[Ng(Ng+1)]*2, (12 i
q I 1F
EQF L
7(T)=23, |ugl[Ng(Ng+1)]*2 (13 = 081 I
a S 1
U
Now let us investigate the qualitative behaviorpofOne can 06 i
carry out the numerical calculation of E{.0), assuming the [ ! ! ]
simple square density of stat€80S) D(e), 0.5 1 15
T/T.
N(1-x) W w
Die)=————, — 5 S€es. (14 L
€F 2 2 FIG. 2. The resistivity of the polaron only modgivo dashed

lines) and the combined model of the polaron and double exchange
: _ (solid line). In the polaron only modef,,, andt,, are the band-
bare electron bandwidth and estimated to €widths corresponding to the upper and lower limiting value of
w=12t[~2 eV from the band structure calculatiorand  (cos(@/2)), respectively. Calculations are performed for the param-
the Fermi energyr is wy(T)I'(T)(1—x) with x being the  eters, x=0.3, w=64T;~1.1 eV, wy=5T,~0.08 eV assuming
doping concentration. These treatments of DOS are based an~ 200 K, andZ4|ugl?=6. The inset presents the resistance be-
the assumption that only the lower one of the sglitbands  haviors withH=0, 4.8, and 9.6 T.

Here the bandwidtiW is given bywy(T)I'(T) (w is the
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Two dashed lines represent resistivities of the polaron onlyransport properties. In the metallic regime, the screening of
model with given bandwidths_ ofTup[zwl“(T)] and the conduction electrons will be more easily described by the
tiow] =0.75WI'(T)]. Heret,, andt,,, correspond, respec- original Hamiltonian’ of Eg. (2) rather than the polaron
tively, to upper and lower limits of the double-exchange fac-Hamiltonian of Eq. (6).

tor ¥(T). In both casesp’s exhibit peaks as a function of  The renormalized phonon frequen@y, and the damping

T, and the larger band widi,, yields a smallerp with a constantsy, can be obtained from the following equatith:
peak at higher temperature. The resistivity peak as a function

of T corresponds to the crossover from a quantum tunneling (By—i aq)2= wﬁ— 2wq| Mq|2f(a,mq+i0+)’
of the metallic phase to a self-trapped small polaron hopping
of the insulating phase. Such features are characteristics of B>y, (15)

polaron systems, which are indeed observed in many oxide .

systems. In the highl limit, the resistivity has a thermal where the electron screening functigiiq, ) is given by
activation form of expfy/T), characteristic of the semicon-

ducting phasé® Now taking the double-exchange into ac- .
count, the polaron bandwidth increases with decrea3ing f(q,wq)zz (T)(terat7) — By
due toy(T), and accordingly the resistivity is given by the a YD k™ ™ @

solid line (in Fig. 2) with a peak afT. connecting the two .

polaron resistivity curves. This figure clearly demonstrates tgztE ek 9, (16)
that the semiconducting behavior aboVg is attributed to o

self-trapped lattice small polarons, and that the rapid falloffrq real part of both sides of EL5) yields

in the resistivity belowT, is attributed to the double-

exchange mechanism in addition to the lattice polaron effect. 1 Ni—Ngsc
Thus, the combined model of the double exchange and the aézwg—qu|Mq|2 > 1, (17)
polaron provides a good description of the resistance Y(M% terg— 1tk

anomaly observed in the experiment. The coincidence of thﬁ is important to note that the termEs(ng—ng,q)/

resistivity peak positioTp with T, originates from the mean (te,a—t9) h
) . L k+g—t) has very weak temperature dependences
field treatment ofy(T) which neglects the fluctuation in the [~C+O(T/ER)?, Er being the Fermi level

hopping of conduction electrons. ; K
Effects of the external magnetic field can also be take dg:;airrr]r;rr:ﬁ)c/i ];rrgnn:k}]/'(%en;ﬁ;hg; d(i%enéj;nncseoﬁ‘vi\?ri;grr?e;s

into account iny(T) through the modified free energy due to _ .
the magnetic field. The behaviors of the MR’s are shown in“"{:“’q[l_B/V(T)]llz' where. B contains _a!l the
the inset of Fig. 2. With increasing the field intensity, the T-independent terms. An explicit calculation @ is not
resistivity decreases and the peak position shifts to a highéfvailable, but ﬂz"e order of its rpzagnltude should be very
T, and so the negative MR results. These results are qui@Mall:  O[IMq|/(wqEr)]~O(10°%). In  Fig. 3Ja),

consistent with the experimental observations. The MR peal -dépendent behaviors @i are plotted with respect to the
Tur is located near the resistivity peakp. In fact, external magnetic field strengti, and compared with the

Tur, Tp, and T, are the same in the present mean fielgavailable experimeft in the inset. It is seen that the fre-
treatment. It should be noticed that the magnitudes of th&luéncy hardenings with decreasifigand with increasing
MR’s in the figure are not large enough to explain the ex-H are qual|tat|vely.well explayned. However, it |s'also appatr-
perimental CMR data quantitatively, suggesting that addi®nt that some deviations exist between calculational and ex-
tional treatments might be required. One possibility is to in-Perimental results, particularly, nedg. These discrepancies
corporate the half-metallic nature of the ferromagneticmight be ascribed to the mean field treatmenty¢T). In-
manganite$%?* which is expected to suppress largely thecluding spin correlation effects in calculating(T) is ex-

spin-disorder scattering under the external magnetic field. Pected to improve the agreement. It should also be noted that
the phonon frequency hardening of EG7) would be valid

for both acoustic and optical phonon modes consistently with

the experiments, because we have assumed the general form
As mentioned before, the phonon frequency become8f the electron-phonon interaction in E@).

hardened ad decreases below,.'®"7 Interestingly, the Taking the imaginary part for both sides of H@5), one

phonon hardenings are observed for both optical and acou§ets the phonon damping paramegy,

tic phonons in these systems. These frequency shifts are con-

Ng—Nitq

lll. LATTICE DYNAMICS

sidered to be due to the change in the electron screening 8§, = _o M, |2 1 S Nk— Ni+q
T is lowered belowT. . The hardening occurs in the metallic ““a®a™ <“al™q 'y(T)Im  teio—ti— g/ y(T)—i0"
region (T<T.), i.e., in the band-type tunneling regime d d (18)

where Rayleigh-Schrdinger perturbation theory is valid.

Therefore it is expected that the change of the bandwidth du&he imaginary part of the screening function is easily calcu-
to the double-exchange factar(T) modifies the electron lated by —considering a parabolic electron band
screening belowT,. Note that the previous approximation ti=t= ;€' o=|t| 52k,

for the canonically transformed Hamiltoni&t corresponds

to neglecting the phonon frequency renormalization, which Zaq=2wq|Mq|2W D(Ep) 1 19

seems to be too small to cause any appreciable change in the 2 VEQ y(T)z’
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APPENDIX: CALCULATION OF dc CONDUCTIVITY ¢

(@g(T)

To evaluate the dc conductivity, one should evaluate
correlation functions of electrons and phonons under the
Hamiltonian?{. Defining A and A’ simply as

c
q

A= gl Rigd i) Ma
Wq

ay(T)/e

T M
A =€l Riglad’ —1) 9 (A1)
Wq

1 1 I 1 I I 1 : XJT(T)XJ'+5(T)X]'Tr+5er’ is given by

0.6 0.8 1 1.2 14
T/T. t B 2 12y AKAlaiw,T
XJ-T(T)XJ'+5(T)XJ-,+5,XJ'/=H e~ (W2(AP+[A' P gA*ace“a
FIG. 3. (@ The phonon frequency shifis,(T) —@g)/@g for a

various magnetic field strengths, whedg=q(1.1T.,H=0 T). —Aace 1T —A'*al Ava-

In the inset, the shifts are compared with the experimentder xe ~ € & .
H=1 T) for Lag Ca ;MnO; [Jeonget al. (Ref. 16]. In the fitting, (A2)
T.=238 K is taken from experiments. We have tal@n 0.07.(b) Using e—Aade‘ique—A’*ag: e—A'*age—Aade‘i“’qTeAA'*e‘iwqf
The phonon damping constants aq(T)/ag with we see

ag=aq(1.1T,,H=0 T), are given.

X[ (D)X o DX X
where D(Eg) and vg are determined from the parabolic
band,|t| 5°k?. In Fig. Ib), T-dependent behaviors aof, are T o (UDIAP+A/ P AN *e o0 ga*al g rag
presented. Our results predict that the phonon damping pa- > K
rameter decreases with decreasingmplying that the pho-
non is more sharply defined beloly.. This feature in CMR (A3)
systems is quite different from conventional observations ofvhere \=Ae '“a"™— A’. Under the noninteracting phonon

increased phonon damping parameter belqvior magnetic Hamiltonian, the thermodynamic average(ef*age**ad) is
or strongly correlated systems. To our knowledge, no eXpe”given by}
mental reports are available yet on the phonon damping pa-
rameter. We think that the sound attenuation experiment will ot . )

provide a better understanding of the nature of the electron- (e""3ge M2y =g~ N™Nq, No=gog—1- (A4

phonon interaction in CMR systems.

q

Then(X;r(r)xj+5(r)XjT,+5,Xj,) is obtained as follows:

V. CONCLUSIONS (XJ(D)Xj2 o X, , 5 X ) =ex —D(Rj—R;1,8,8",7)],
We have extended the double-exchange model to incor- (A5)
porate the strong electron-phonon interaction, and investi-
gated transport and magnetic properties of CMR manganeseq)(ﬁj_ﬁj,,g, &, 1)= 2 |U€i

2(14+2Ng) =22, v4(j,6)

oxidesR; _,A,MnO;. We have found that the semiconduct- q q

ing behavior in manganites aboVg is attributed to the ef- R 12

fect of self-trapped lattice small polarons, and that the rapid Xva(l ;6" )[Ng(Ng+1)]

falloff in the resistivity belowT, is attributed to the com-

bined effect of coherent lattice polarons and the increased Xco{w +i B } (AB)
bandwidth via the double-exchange mechanism accompanied a 2

by the ferromagnetic ordering of magnetic ions. Further, w i iq-6_ (i R\=
have explored effects of the double exchange on the phonslr\{hergﬁ_uqig qu/wq)(e 1) and vq(].9)=(Mq/
degrees of freedom. The temperature-dependent hardening ‘Bﬁ)e i(e™"-1). . . .
the phonon mode frequency observed in experiments is well TThe eIecTtron four-site correlation  function
described, and the reduction of the phonon damping constaf; (7)¢j+(7)Cj, . 5Cj-) is easily evaluated from the Hamil-
is predicted below . tonian’H which transformed into th& space,



1. . R RSN _~Q
(cf(r)cj+5(r)cj,+5,cj,>=)Z nkl(l—nkz)e'“kl i)
Ky ko
X @~ i(ki=Kp) (Rj=Rj) gikp-(5-6").
(A7)
where the renormalized polaron barig is given as
(X, X)) 2 582
The time integral of the correlation functions, K@), can
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7(,i',8,6 V=22 v4(i, 85 (i',6 ) [Ng(Ng+1)]*2
! (AL0)

£,i7,8,6"T)=2 wivg(i,&)vi(i’,8)[Ng(Ng+1)]*2
! (A11)

be performed by the saddle point approximation. In the vi-
cinity of the saddle point, the integrand becomes just @&rom Egs.(7), (A5), and (A7), the dc conductivityo is

Gaussian,
¢(§]—§J,,5,5,,7)2§(T)— 7](] ,J’,s]S,,T)
+¢(j,j",6,8", T2,  z=7+iBl2,
(A8)

where&(T), 7(j,j’,8,8";T), and((j,j’, 8,8 ;T) are, respec-
tively, given by

ET)=2 lugl(1+2Ny), (A9)
q

evaluated and obtained as

o= §t2ym2ezz 2 (88" 2, ng(1-ng)
88" i’ kika

X e*lkal(ﬁj 7F§] /)e||22 (ﬁj*RJ‘/‘F é* :S')
e Tk, ~ Ui 2T = (T, = 1,241, 6,8" T g = (T)

xenid" 8.0 D i (j i, 8,8 T) ]2 (A12)
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