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Metal-insulator transition in the mixed-valence manganites

L. Sheng
Department of Physics and Texas Center for Superconductivity, University of Houston, Houston, Texas 77204

D. Y. Xing
Department of Physics and Texas Center for Superconductivity, University of Houston, Houston, Texas 77204
and National Laboratory of Solid State Microstructures, Nanjing University, Nanjing 210093, China

D. N. Sheng and C. S. Ting
Department of Physics and Texas Center for Superconductivity, University of Houston, Houston, Texas 77204

(Received 22 July 1997

It is found that the sharp resistivity peak observed near the Curie tempefBtuie the manganites
R;_,A,Mn0O; is closely correlated to the residual resistivity of the sample, suggesting that nonmagnetic
randomness plays an important role in determining their anomalous properties. Using the one-parameter scal-
ing theory to study the electronic localization due to both the nonmagnetic randomness and the double ex-
change spin disorder, we show that the sharp resistivity peak is caused by the Anderson metal-iisdilator
transition and thap,>p. (a critical valug is a prerequisite to the occurrence of the M-I transitibg.as a
function of py has also been calculated. These results are in good agreement with experimental measurements.
[S0163-182697)51836-4

The mixed-valence oxideR; ,A,MnO; (whereR=La, M upon cooling should reduce spin disorder scattering and
Nd, Pr; A=Ca, Sr, Ba, Pphave recently been subjected to thus increase the carrier conductivity. However, whether DE
intense experimental™® and theoreticdf 2 investigations  alone can account for the anomalous transport behavior is a
because of a huge negative magnetoresist@utessal mag- question at issu& 5’
netoresistance or CMRexhibited in samples of 02x<0.5. By using a simplified DE Hamiltonian, a perturbative
For such a range of doping, the resistivitys temperaturd  calculatiort® of p nearT¢ is found to disagree with experi-
curve usually exhibits a sharp peak at a certain temperatuiigental results by an order of magnitude or more, wherefore
Tp, indicating a crossover from metallic behavior extra physics such as strong Jahn-Teller—type coupling be-
(dp/dT>0) below T, to activated behaviordp/dT<0)  tween electrons and lattice was proposed as a necessary ex-
above T,. The application of an external magnetic field tension. Theoretical attempfs® to incorporate the DE ef-
strongly suppressep and moves the resistivity peak to fects and the strong electron-phonon interaction led to the
higher temperatures, thereby producing a CMR fiearlt is suggestion that there is a crossover from a Fermi liquid to a
generally accepted that the anomalous transport phenomesenall polaron regime in which the conduction is dominated
in theseR;_,A,MnO; systems are closely related to their by the hopping motion of self-trapped polarons. This theory
magnetic properties, in particular the paramagnéfM)-  predicted® a sharp peak in the vs T curve at half-filling
ferromagnetidFM) phase transition upon cooling. Most ex- (x=0) but failed to get a large magnetoresistance in combi-
perimental measuremefitd’indicate thafT, is very close to  nation with metallic lowT behavior in doped samples. On
the Curie temperaturéf, which is reminiscent of the the other hand, authors in Refs. 16 and 17 recently pointed
double exchangéDE) model® based on the exchange of out that thee, electrons would acquire a nontrivial phase
electrons between Mi and Mrf* ions. when they move in closed loops, and this effect might favor

For the Mn oxides, metallic ferromagnetism occurs in theelectronic localization in the DE model. However, such a
composition range 02x<0.5, where it is associated with qualitative suggestion still lacks the support of quantitative
the simultaneous presence of ffnand Mrf* ions. Each studies.

Mn3" ion has four @ electrons, three in thig, state and the It is widely accepted that there is a close correlation be-
fourth in the ey state. The Hund’s rule coupling is very tween the resistivity peak and the FM-PM transition. After
strong so that spins of all tribelectrons on a given site must inspecting experimental datal® we find that both of them

be parallel. Three,, electrons are localized on the Mn site are associated with the residual resistivity=p(T=0) of

and give rise to a local spi@ of magnitude 3/2, while the;  the samples. A high residual electrical resistivity appears to
electron may hop into the vacasy states of surrounding be a prerequisite to the occurrence of the sharp resistivity
Mn** ions. Owing to the strong Hund’s rule coupling, the peak neafT ;> there is no obvious resistivity peak in rela-
hopping of ane, electron between M and Mrf* sites is  tively clean samplespp,<10~4 € cm). At the same time,
affected by the relative alignment of the local spins, beingthe Curie temperaturé. is observed to be higher for clean
maximal when the localized spins are parallel and minimakamples and lower for dirty ones. Singg in the FM ground
when they are antiparallel. The sharp dropibhelow T can  state, arises from the nonmagnetic randomness rather than
be attributed to the fact that an increase in the magnetizatiospin disorder, the correlations mentioned above strongly sug-

0163-1829/97/5@.2)/70534)/$10.00 56 R7053 © 1997 The American Physical Society



RAPID COMMUNICATIONS

R7054 L. SHENG, D. Y. XING, D. N. SHENG, AND C. S. TING 56

gest that nonmagnetic randomness plays a significant role in ALILELLEN UL AL AL BLNLELELE BLELELELE BLELRLEL

determining the transport and magnetic properties of the Mn —¢— n=4
oxides. 10.0 —&— n=6 |

In this paper we propose that the nonmagnetic random- - —A— p=8 3
ness together with the spin disorder leads to an Anderson * —6— n=10
metal-insulator(M-I) transition nearT., from which the i .
anomalous properties of transport and magnetism in the Mn% i T

oxides can be well understood. Using the well-established & 1.0
scaling theony® we study the electronic localization by con-
sidering diagonal disorder and off-diagonal disorder. The
former is introduced to describe the nonmagnetic random-
ness, and the latter comes from the DE model including the
nontrivial phasé®!” We find that the off-diagonal disorder
alone can only localize a small fraction of electron states
close to the band edges but fails to cause localization of the
electron states at the Fermi level for intermediate hole dop-
ing. Our scaling calculations show that, in the presence of a IElt
suitable strength of nonmagnetic disorder, the spin disorder ) o o
frozen in at the FM-PM transition will cause the localization ~_F!G- 1. The renormalized finite-size localization lengit/n as
of electrons at the Fermi surface and induce a M-I transitior function of the dimensionless energs/t. Inset: logarithm of the
nearTc in the doping range of 02x<0.5. In order to find  SCaling parametet as a function of E|/t.
the correlation betweep, and the M-I transition as well as )
the FM-PM transition, we evaluate the residual resistivityVVhen the system enters into PM phasé=0), the random
necessary for observing the M-I transition and the Curie tem+ j; gives maximal off-diagonal disorder.
peratureT¢ as a function ofp,. The calculated results are The localization calculations are performed in two steps
found to be well consistent with experimental observations.according to the one-parameter scaling théSrirst, con-
The Hamiltonian used to describe the Mn oxides is sider a three-dimensional bar of an essentially infinite length
L=10° and a finite cross-sectianx n (the lattice constara
being taken to be unijyand evaluate its localization length
by calculating the system Lyapunov exponents for the trans-
fer matrix. Second, the localization length in theso limit
Here the first term is the DE Hamiltonian ef electrons, in  is obtained by means of a finite-size scaling analysis.

which T; is the effective transfer integral between nearest- Let us study first the localization effect in the DE model
neighboring Mn sites. It was proposed rece’rﬁly\at'f” has N the absence of diagonal disordef € 0). In this case, all
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the form electron states in they band are extended in the FM phase
by the lack of disorder. For the PM phase, éand ¢; are
_ 0, 0, taken as independent variables that are uniformly distributed
tij=t cos( 5) cos( §> in regions[ — 1,1] and[ — , 7], respectively, corresponding

to a complete random distribution of the spin orientatibn.

Figure 1 shows the calculated localization length as a
exq—i(‘Pi_(Pj)]]v (2)  function of energylE| on the bars witm=4, 6, 8, and 10.

Note that all the curves are crossed at a fixed pBint To
with t the transfer integral in the absence of the Hund’s rulego to the infinite-size limit, we fit the calculateq,/n to the
coupling and @, ,¢;) the polar angles characterizing the ori- universal one-parameter scaling funcéidn
entation of local spirs . Since the scaling behavior of local-
ization is well-known to be universal, i.e., independent of Mn(E) n
details of the disorder, we can use the diagonal disdrttier n__ £E))
second term in Eq.1)] to represent the total effect due to all
possible nonmagnetic disorders, wherds the random on- The scaling parametef(E) is found to have two branches
site energy. The nonmagnetic disorders in the Mn oxidegsee the inset of Fig.)1an indication that there are localized
may mainly come from the doping @*, which leads to a and extended states in tleg band. For|[E|>E;, N\y(E)/n
local random potential fluctuation and lattice distortion.decreases toward zero with increasimgso we expect the
Here, we have neglected the superexchange interaction bkcalization lengtha,(E) to converge to a finite value for
tween localized spins, which should be small compared witth— o and identify £(E) with the localization length..(E)
the electron kinetic energy in the intermediate doping rangefor an infinite system. FolE|<E., \,(E)/n increases with
In the FM state at low temperatures, where all the localizedh, and so\ , diverges a— =, where&(E) becomes a cor-
spins are aligned\( reaches its maximum valyet ;;=t and  relation length of the electrons. It follows th&t is the mo-
so the randomness only comes from the second term of Edility edge separating the localized statef#t>E from the
(1). As temperature is increased, the contribution of the off-extended states 4E|<E.. The present calculation yields
diagonal disorder to the electronic localization increasesk.=3.6. In the range of hole concentration &< 0.5, the
along with the gradual disorder of the spin orientations.Fermi level is within the region of 2> E>0, whereE=0
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T as functions of diagonal disorder parameédéfit. Inset: compari-
FIG. 2. Phase diagram in tl&t vs W/t plane. Opened triangles son between the theoretical result fog vs pg and experimental
represent the calculated mobility edge in the FM state, circles standata.
for the mobility edge in the PM state, and small squares on the light
dotted line are the Fermi energy corresponding to hole concentratd@rming, the mobility edge should change continuously
x=0.2. The lower half of the conduction band wikh<0 is not  from E.(Mg) to E;(0). The phase diagram is divided into
shown here. three regions by the mobility edgés. (M) andE.(0), and
one can identify different conduction behaviors according to

corresponds to a Fermi level at the center of the band. Thufhiﬁh region the; pointW,E_E) lies in. “c (Vg' EhF) is in_ ret?iotr: h
under the present frozen-spin approximation, the DE spir) "€ System always exhibits metallic behavior in both the

disorder is found to be not able to localize the carriers on th&™M and PM states; while if it is in regiofil , the system
Fermi surface. always exhibits |r_15ulatorl|ke behavior. FOMEg) in region

Next we take both off-diagonal and diagonal disorder into!! + the system will undergo an Anderson M-I transition that
account by assuming; to be uniformly distributed within

is intimately related to the FM-PM phase transition. Such a
[—W/2W/2], and evaluate, respectively, the mobility ed(‘;estransition is of particular interest since it is associated with

E.(M=M,) for the FM state in the absence of the off- the sharp resistivity peak observed in the Mn oxides. We can
C S. .
diagonal disorder and (M =0) for the PM state in the expect that the M-I transition temperatuFg should be very

presence of the off-diagonal disorder. Hatg represents the Cl0S€ t0 the Curie temperatulie;, where the magnetization
magnetization for completely aligned spins. Figure 2 Showgecreases Shafp'Y froml =M tq M=0.In the range of
the calculated results oE.(M,) (opened trianglesand 0.2<x<0.5, relatively strong d|§prder 12W<16.3 is
E.(0) (opened circlesas functions of the diagonal disorder N€c€ssary to make the M-I transition occur.

W. The dotted line with small squares stands for the Fermih InMorde(éogmp:r&trg theory with elzxplerimerz]ntal d%ta flor
level Er in the FM state fox=0.2, which is evaluated by € Mn oxidesk; -,AMnQs;, we now calculate the residua

diagonalizing the Hamiltonian of 2010x 10 cubic lattice ~'€SIStVity po and the Curie temperatufie. . The calculation

with periodic boundary conditions and averaging the corre2f po due to tr)elqtively stron% non:;\agr]]netlic d(ijsoran']eedsl :
sponding density of states over 100 set values of the randof NONPerturbative approach, and the Landauer formula Is

variables. For the hole concentration of €.2<0.5, E¢ lies suitable _for this case. By “Si.”g .the Landauer formu[a to-
between the dotted line and tlie=0 axis. It is found from gether with the scaling analysig, is related to the scaling

- 2\ £, 20 ety
our calculation that the change of the Fermi level from theparameterg(E) aspo=(2h/e%)£a.”" The resistivityp, as a

FM to PM state is smaller than Q.4 this doping range. By function of W/t calculated forx=0.3 is shown as opened

making a comparison betwedfy(0) andE.(M,), we find  Sduares in Fig. 3, where the lattice constant is taken to be
c s/ _ .

that for fixedW the off-diagonal disorder shifts the mobility 2= 40 A as a reasonable value for the Mn oxideBhe

edge toward the band centeéE £ 0) and hence increases the solid curve is the begt fit to the calculqted results, where the

proportion of localized states in the conduction band. Thergovv\(/er Iavl/?.spF%oc;NZ rgBornb approxqgano(? and Po |

is a critical magnituda/, at which all the electron states in > (We= W)~~~ (Ref. 2] have been considered, respectively,

the conduction band become localized. It decreases froff (€ extrapolations oV—0 andW—W,=16. To deter-
W.(MJ)=16.% to W,(0)=12 as the off-diagonal disorder mine T, we compare the system free energy in the FM state
is switched on ¢ with that in the PM state. When the system changes from the

For a given system, the disorder paraméférand the PM to FM state, thes electrons can hop_mire fre_ely and
Fermi energyEr are approximately unchanged, correspond-hence lower their kinetic energy bAE=Epy—Egu,
ing to a point in the phase diagram of Fig. 2. However, thewhere  the  average  energy is  given by
mobility edge varies with temperature since the spin disordeE,= [dED,(E)Ef(E—u,) with a=FM, PM. Here, the
is temperature dependent. With the system changing frordensity of state® ,(E) is calculated by finite-size diagonal-
the FM ground state ai=0 to the PM state al>Tc on ization and the chemical potential, in the Fermi-Dirac dis-
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tribution function f(E—u,) is determined from the 5x10 6to8x10° O cm. We can see that the upper fqur
condition of  fixed hole concentration -IX  ys T curves withp, abovep, all exhibit sharp peaks near
= JdED,(E)f(E— u,). On the other hand, the entropy loss T..; while the lower two curves with, well below p, have

of the localized spins increases the free energy byo evident peak. In the crossover region between the two
kgT In(2S+1) per site, so the Curie temperature is deter-cases mentioned above, whexgis smaller than but close to
mined approximately byA E=kgTcIn(25+1). The obtained pc, the Anderson transition does not occur, but strong elec-
kgTc scaled byt for different W are also given in Fig. 3 tronic quantum interference among scattereak localiza-
(opened circles One sees thal decreases with increasing tion effecd still exists aboveT¢. This effect may result in a
diagonal disordewV. This is easily understood from the fact SIoW decrease in the resistivity with (Ref. 20 in the PM
that the disorder resists electronic motion and so disfavor§tate and a low peak of resistivity neBg . As a result, we
DE ferromagnetism. Combining th dependence gf, and conclude th'ap0> Pc, ]‘or which th_g Anderson M-.I transition
that of T¢ given in Fig. 3, we readily obtaifi. as a function can occur, is the optimum condition for observing the sharp

of pg. A comparison between the present theoretical result€SISUVItY peak _ar_1d the associated CMR in the M_n oxides.
and the experimental data of Coeyal’ is shown in the In summary it is proposed that the nonmagnetic random-

inset of Fig. 3, where the hopping integral is taken to peNess and the effective hopping disorder in the double ex-

t=0.19 eV, a reasonable value for the Mn oxides corre—Change model play a dominant role in determining the

sponding to a bandwidth of 2.3 €V/.The theoretical values an'omalous.transport property and the magnetlsm in the Mn
oxides. Using the one-parameter scaling theory, we have

of T, even when the disorder is small, are in good agree—t died the electronic localization b idering the di
ment with experiments. Our results are somewhat differenpruci€d the electronic localization by considering the diago-

from those obtained by Millid2 but are very close to those nal and off-diagonal disorder and found that, in the presence
estimated by Varm¥ ' of suitable nonmagnetic disorder, an Anderson metal-

From thepy vs W relation given in Fig. 3, it is found that insulator transition will f°”°_W the . f(_ar_romagnetm-
the critical value W=12t corresponds to py=p paramagnetic transition. The residual resistivity dnrdare
- 0~ Pc

~10"3 O cm andW=16t corresponds tgrg—s. It then cglculated as functions of the strength of the nonmagnetic
follows that the Anderson M-I transition will occur when the dISC{EI.‘dIe;. Otur thecf>ret|cal _resulttsl C"En Welltgccognt'\;or thgdes—
conditionpy> p. is satisfied. In this case, the resistiviyT) IS:.en II? ca ur'e\:,] to ex'p(;,\rlmtetu at tﬁ sderva |qns| n Mn toxf| tﬁs'
exhibits metallic behavior below (=Tc), having a posi- inafly, we wish o point out fnat the dynhamical aspect ot tne

. - . DE model has been neglected in our calculation. It is
tive temperature coefficient. Abovg,, the conduction car- . 7 : .
. . P _believed’ that this dynamical effect should not change the
riers are localized and the resistivity is governed by the vari-_ = .~ ; )
21790 ; . ; .~ "qualitative behavior of the results obtained from the present
able range hoppintf;?° leading to insulatorlike behavior f ; L
) ) - : " rozen-spin approximation.
with a negative temperature coefficient. This transition be-
havior disappears fopo<<p.. Experimental measurements  This work was supported by the Texas Center for Super-
show that most Mn oxides conform to the rule predictedconductivity at the University of Houston, and by the Robert
above. Figure 2 of Ref. 7 gives systematical experimental. Welch foundation. D.Y.X. was also supported by the Na-

data for the Mn oxide®R, /A, MnO; with p, ranging from  tional Natural Science Foundation of China.
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