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Magnetization and conductivity for La ;_,Sr,MnO ;-type crystals
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We use a model previously formulated based on the double-exchange mechanism and diagonal disorder to
calculate magnetization and conductivity forLgSr,MnO5-type crystals as a function of temperature. We
use the results of the model to draw phase diagrams and we calculate the resistivity for different concentrations
and magnetic fields and compare with experimgg0163-182807)07321-9

The discovery of *“colossal” magnetoresistance in experimental results showing the transition from metallic to
La;_,Sr,MnO5-type compoundsand its relation to pos- insulating and the different shapes of the curves for different
sible applications of magnetoresistarib4R) devices has at- doping concentrations. This is possible within the calculation
tracted the attention of the physics community in recenpresented here for Sr-doped LaMg@rystals, but it is not
years. Before the discovery of “colossal” MR, the earlier appropriate to describe samples where variable range hop-
studies by Jonker and van Sarftesstablished a temperature- ping is found.
doping phase diagram separating the metallic ferromagnetic Our model Hamiltoniah' is given by
from the insulating antiferromagnetic phases. Z&nsmo-
posed a “double-exchange(DE) mechanism to understand
the phase diagram of these compounds and the intimate link
between their magnetic and transport properties. This DE
mechanism was used by Anderson and Hasefaovealcu-  Where we use the same notation angl=c/,c;,, . We obtain
late the ferromagnetic interaction between two magnetic ionsite Green functions and thus local density of states for this
and by de Gennésto propose canting states for weakly problem. The electronic structure of the compounds consists
doped compounds. Kubo and OHatsed a spin wave ap- of essentially four bands, two for spin up and two for spin
proach to study the temperature dependence of the resistivigown, the splitting between the up and down bands is given
at temperatures well below the critical temperature and &y the intra-atomic exchange energdy their weight and
mean-field approximation af nearT,.. Mazzaferroet al”  width by the normalized magnetization=2(S). The Fermi
used a mixed valence approach similar to that devised folevel always falls in the lower bands so that the transport
TmSe combining DE with the effect of doping to propose theproperties are determined by these bands. Consequently, for
possibility of a metal-insulator transition in these com-Js>\Kt , whereK is the connectivity, using the site density
pounds. of state[Eq. (11) in Ref. 11] the averaged density of states

From the theoretical point of view, Furukafvaas shown per site reduces to
that DE is essential to the theory of these phenomena, while
Millis et al® have argued that DE alone is not sufficient to v, (K+1)\V4Kt?y,— (w—E)?
describe the properties of some of the alloys under consider- pou(®)= 27[(K+1)%t%r,— (0—E)f @)
ation and have proposed that polaronic effects play an im- K
portant role. Miler-Hartmann and Dagottd have pointed whereE=(e—J) and v,=(1+p m)/2 (u==* for up and
out that a new phase appears in the proper derivation of théown spin respectively
effective hopping, but have not studied its effect in the physi- We introduce the effect of the disorder originated by the
cal properties of the systems under consideration. substitution of some of the rare-earth ions by Sr, Ba, or Ca.

In Ref. 11 we treated a model Hamiltonian proposed folWe assume that this can be described within the model by
these systems using an alloy analogy approximation to thenaking the diagonal energies site dependent. As is well
exchange terms and including the effects of disorder by inknown since Anderson’s original papéra distribution of
troducing a continuous distribution of the diagonal site enerdiagonal energies produces localization of the electronic
gies. Here we continue that treatment by proposing a frestates from the edges of the bands to an energy within them
energy that allows us to determine the magnetization as ahich is called the “mobility edge”(ME). The precise po-
function of temperature. We then proceed to find the Fermsition of the ME is difficult to calculate and different local-
energy and the mobility edg®E) as functions of tempera- ization criteria result in different values forit However, we
ture. Finally, assuming that the conductivity is dominated bydo not aim here for an absolute value for the ME but rather
particles occupying extended states, we draw resistivity v$o its change with respect to the Fermi level when the mag-
temperature curves. We compare our results with experinetization changes from saturation to zero. For this reason
ments in single crystals of La,Sr,MnO; reported by we assume that there is no localization before disorder and
Tokuraet al'? for four different values of the concentration for simplicity, we use a Lorentzian distribution of enerdfes
of Sr and four different values of the magnetic field findingand the Ziman criterium of localizatidi. From the
that the model allows a clear and coherent description of thensemble-averaged Green function we obtain densities of

Hm:iz einw—t<_2> CiTuciu—"zi (UniTnil—Jg.(;),
y i)

0163-1829/97/581)/141134)/$10.00 55 14 113 © 1997 The American Physical Society



14114 BRIEF REPORTS 55

StateSpM(e)ZIfzpoM(e')L(e—6')d6’, where L(x) is a ' r T T T
Lorentz distribution of widthl".

Within this comparativeapproach one can make the fur-
ther approximation replacingy, by a square density of
states with the same widthV,=2t\Kv, and the same
weight v, to obtain

pul€)= 27:\’;\/M{arctarlj(WM— €)/T']+arctaf (W, + €)/T']},

Magnetization

n=0.5, T_=0.369t :
which allows for analytical expressions for the number of 028 =03, TC=o,303t -
particlesn, and the internal energg as functions of the _._n=0.175,CT —0.166t
magnetizationm, and the Fermi energyg. In some in- 0.0 c 4
stances, when the Fermi level falls too near the band edge, 1 L L L L

this approximation can differ from the more realistic case 1t
where the density of states increases\as We will see n=0.15_’//
below that this is the case for=0.15 in the samples we use = 0
to compare our results with. z
To proceed further, we need an expression for the entropy -1
of these systems. Again f@omparativepurposes, we resort _J
to the simplest possible form compatible with our earlier 21 n=0.3. - .
approximations, that of a spin-1/2 array of sites: 00 02 04 06 0.8 1.0
S=In(2)—v.In(2v,)—v_In(2v_). More accurate forms of T/T
the entropy valid in the mixed valence regime can be used,
see, for example, Ref. 17. In the presence of a magnetic field FIG. 1. Zero-field magnetization (upper panel and
H, the free energy per site S=E—TS—ugmH, whereT  A=(B, — ) (lower panel are plotted as a function of the normal-
is the temperature andg is the magnetic moment per site. ized temperatureT/Tc) for '=1.8,K=5,t=1, and different val-
We proceed as follows. For eaech we use(assuming ues of dopingn.
keT<W,) =%,/ p,(€)de to obtain a relation between _
n,m, andex from which e can be determined numerically. ©f energies. As a consequence of the structure of the model
The free energy is then a function af and T only and  &nd of the approximations that led us to this point, the model
allows, by minimization, us to determima(T). The result- becomes symmetric under electron-hole transformation in
ing m(T) (Shown in Fig. 1 does not differ essentially from the lower spin up and down bands. _
the law of corresponding states for spin 1/2. Having obtained For n=0.5, the Fermi energy vanishes independently of
m(T) for each value of the parameters we can determine thE€ value of the magnetization and one can obtain an analyti-
up and down mobility edgesB(. andB_) and the Fermi cal expression for the free energy, from which we derive
energy. They are also plotted as functions of temperature ifc:
Fig. 1.
gFollowing Mott and Davie¥ we calculate the transport ~ Tc=[(I'*+30t%)arctariy10t/I") — T 10t]/ (87 /10L).
properties assuming that two forms of dc conduction are pos- ) ,
sible: thermally activated hopping and excitation to the mo- Connected to the transport properties we can define a
bility edge. When the difference between the Fermi level an@haracteristic temperaturéy, at which the mobility edge
the mobility edgeA is not too large as comparedkigT , the ~ Crosses the Fermi Iev_el. thlce, however, t_hat this crossing
conductivity is dominated by particles in the extended statesi0€s not imply any discontinuous change in the resistivity,
and is given by the usual relaxation time form the only nonanalytl_cr[y occurs dtc. Forn=0.5 we obtain
o= (62/333)2#“02%02(6) 7,.()p () — (f (e)/d€)]de}, an explicit expression fofy, :
in which a is the Mn-Mn distance in the simple cubic lattice, 2 2
f(e) is the Fermi function. We assume that the relaxation _Zupl(BA, —THarctarA, IT) — 2A,T'In(A,+ )]
time 7, is a step function equal to zero fex<B,, and takes M 4gin[(1+my)/(1—m,)] '
a valuer related to the minimum metallic conductivity for

€>B,,, where, according to Ref. 18, = — t?’K?y,—I?. where A, =2tyKm,, m,=(1+u my)/2, and m,

M 27+2 2 i
We further replace by its average 2 =W2a2/242 to =(2I'*/t“*K“)—1. In Fig. 2 we showl: and Ty as a func-
P u(€) by 9%, =W tion of ' for n=0.5.

obtain
In what follows we considen<<0.5 and identifyn with
e?r w af(e) the number of holes, which we take to be equal to the con-
0% 2 % . . .
o= 7% > W, pule)l ———|de;. (2 centration of the divalent component of the alloy. We define
# Bu as insulator the state where the Fermi level falls below the

An Anderson transition takes place whBp vanishes. For ME[A=(B, —eg)>0], so that, for small’, the Fermi level
(t?°K? v,—T'%) <0 all eigenstates became localized. falls above the ME 4 <0) and only the metallic state ap-
In what follows we takek =5 appropriate to describe the pears. Wher™ increasesA reduces and finallA=0 for a

simple cubic lattice of the Mn sites arner 1 fixes the scale critical value I'_=.0.5K?’—¢Z (where m,=0 and
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FIG. 2. Phase diagram far=0.5 (e,=0). Ferromagnetid ¢ .

(solid line) and metal-to-insulatof,, (dashed lingtransition tem-

peratures vd' for H=0, K=5, andt=1. Regions are labeled @~ [-4 vl
FMM (ferromagnetic metain#0 andA<0), FMI (ferromagnetic 100 200 300

insulator:m#0 andA>0), PMM (paramagnetic metain=0 and

A<0), and PMI(paramagnetic insulatom=0 andA>0). The

dotted line is a guide to the eye.
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FIG. 4. Zero-field resistivitysolid lineg on a logarithmic scale

_ . vs temperature in La , Sr,MnOjtaken from Ref. 12. The dashed
Tc=Tw). WhenT'is increased fronl"_, Ty reduces and lines represent the fits with EQLO) fort=1,I"'=1.8,K=5, and the

finally Ty=0 at a critical valuel', = VK*t*— g . Above  corresponding values of doping:=0.15 ,n=0.175,n=0.2, and

I, the system remains insulating at all temperatures. Com=0.3. Inset: Thermopower for the same valuesndh arbitrary
sequently, only fod’ - <I'<<I', does the transition between units as a function of temperature.

metallic and insulating regimes appear. All these facts are

depicted in Fig. 2 fon=0.5 (e,=0). Note the similarity of modified by disorder, the Curie temperatures decrease with
T. vsI' with T, versus electron-phonon coupling in Ref. 9. T, while the increase witm is just a consequence of the

In Fig. 3 we showT¢ andT),, as functions oh for some energetics of the bands. Tentative fitting of the calculated
values ofl". As a consequence of the density of states beingesistivity with the data on La ,Sr,O5 of Ref. 12 gives a
value of 1.8 for I'.

In Fig. 4 we have tried tentatively to fit the logarithm of
the resistivity as obtained from E®) to the measurements
of Tokura et al'*> We have chosen to compare with these
samples to avoid the complications that arise from strong
coupling to the lattice in the smaller radius compoutidBo
do that, we fix arbitrarily the value df at 1.8. We lett vary
from sample to sample to fit,. Starting with the curve
corresponding tox or n=0.175 we choosé=1704 K and
change tat=1529 K forn=0.2, tot=1216 K forn=0.3,
and tot=1600 K forn=0.15. These values afcorrespond
to bandwidths that range between 1.3 to 0.93 eV. We then
multiply the values of each calculated resistivity by a con-
P, stant(in the logarithmic plot this corresponds to shifting the
EMI '::',FMM- curves up an<_:i downto fit approximately the yalue at the

; . iy maximum. This last constant corresponds to different values
0.1 02 03 04 05 of 74 in Eq. (2) which range from 101°to 10~ % sec. These
n 79'S correspond to the minimum conductivity defined in
Mott and Davis'® We can see that the fitting is better in the

FIG. 3. Phase diagram. Ferromagnefig (solid liney and ~ More “metallic ” samples thgn mtha =0.15.sample where
metal-to-insulatof, (dashed linestransition temperatures vs dop- 9N€ could expect the Cont”bu“,on of localized states to be
ing n for H=0, K=5, t=1, and different values of’: (a larger and the model results differ more from experiment.
I'=18, () =3, and(c) T =4.5. Regions are labeled as FMM [ndeed, as pointed out above, the resistivity calculated with
(ferromagnetic metaim#0 andA<0), FMI (ferromagnetic insu- the square density of states differs even more from experi-
lator: m#0 and A>0), PMM (paramagnetic metalm=0 and  ment than the one shown in Fig. 4, which is calculated with
A<0), and PMI(paramagnetic insulatom=0 andA>0). The the more realistic density of states of Ed).
dotted lines are a guide to the eye. We conclude from the comparison that the model allows

0.4
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the fitting of resistivity curves in the absence of magnetic
field should be taken with care because of the effect of mag-
netic domains walls.

Three main interactions should be incorporated in a more
complete description of the whole family of “colossal mag-
netoresistance ” Mn perovskites.

(1) Static and dynamic lattice effects can modify not only
the values of both parameterandI’, but also the thermo-
dynamics of the transition, leading to first-order transitions
as those found in many of the compouriihe connection
to the dynamics of the lattice has been recently very el-
egantly demonstrated by Zhao al?*

(2) Coulomb interactions between ions, that in combina-
tion with point(1) above could also produce charge ordering
and lead to the reentrant behavior found in Ref. 20.

(3) Superexchange interactions between the localized

Resistivity (102 Qcm)

200 250 300 350 400

Temperature (K) spins that lead to canted states, as those found in electron-
doped Ca_,Y ,Mn0;.??
FIG. 5. Magnetoresistance in La,Sr,MnO5 (n=0.175). The The thermopowerg) can also be calculated following the

solid lines show the temperature dependence of resistivity in magsame procedure and approximations. The results for this
netic fields taken from Ref. 12. The dashed lines represent the fitguantity are shown as an inset in Fig. 4. The correlation
with Eq. (10) for t=1, '=1.75,K=5, and the corresponding val- between In p) and S pointed out in Ref. 23 is apparent.
ues of magnetic fieldB=0 ,B=3 T,B=8 T, andB=15 T. Measurements of this quantity and resistivity in the same
crystalline samples would be highly desirable.
us to characterize the resistivity behavior of different TO summarize, we have shown that a very simple estima-
samples by two parameters, one associated to the degreet'tﬁn of the effect of disorder on the double-exchange mecha-
disorder (), and the other to the hopping energyThe  hism allows us to understand resistivity and magnetoresistiv-
values of the hopp|ng energycan be affected by di5p|ace- |ty of Sr'dOPEd La manganites. The most natural source of
ment of the oxygen atoms, or by po|aronic or other manydisorder is the substitution of rare earths by Sr, Ca, or Ba, but
body effects. polaronic or other many-body effects may act in a similar
In Fig. 5 we show the magnetic-field effect on the resis-Way.
tivity and compare again with the results obtained in Ref. 12.
Here again, we take'=1.8, t=1789 K, and select One of us(R.A.) was supported by the Consejo Nacional
70=0.96x10 ** to fit the H=8 T curve. We take de Investigaciones Cefitos y Tecnicas (CONICET), Ar-
wp=0.964x 10" erg/G to fit the rest of the curves. Indeed, gentina. B.A. was partially supported by CONICET.
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