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Griffiths singularities and magnetoresistive manganites
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The large, so-called colossal magnetoresistivity of doped LajMm3 attracted considerable attention, but
is only one unusual feature of the ferromagnetic transition in these compounds. We examine in this paper the
progression of magnetic and thermodynamic behavior as the transition temperature is made to vary from 360
K to 218 K by changing the divalent dopant. Single crystals gfSa, ;MnO,, as is well known, show modest
magnetoresistivity and conventional critical behavior,fhy 3MnO3;, and to an even greater extent,
Lay Ca aMnO;, have unusual magnetic properties extending more than 100 K above the transition. We treat
the properties of the latter samples in the context of a Griffiths phase in which the transition temperature is
depressed from its maximum valdg, by random bond-angle bending.
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[. INTRODUCTION sharply decreasek: and dramatically changes the nature of
the paramagnetic/ferromagnetic transition. The resistivity in
The properties o0AMNO;, whereA is a mixture of triva-  the paramagnetic phase increases exponentially with decreas-
lent lanthanides and divalent ions, have intrigued researchefsg temperature, peaks somewhat abdyg and then de-
for decades.The parent compound, LaMnQcrystallizes in  creases sharply in the ferromagnetic phase. The resistivity
a slightly distorted perovskite structure and is an antiferropeak shifts to higher temperature with increasing field, giv-
magnetic insulator with a N& temperatureTy~130 K.  ing rise to the dramatic field-dependent resistivity that has
When the concentration of divalent atorfGa, Sr, Ba, Pb  been termed colossal magnetoresistaf@®IR). A calcula-
substituted for La A-site substitution exceeds~1/8, the tion of the resistivity within the context of the double-
low-temperature phase is ferromagnetic and metallic. Thexchange modélprovided strong evidence that a localizing
Curie temperature depends strongly on the concentration anflechanism beyond that model was necessary to explain
ionic size of the substituehand, perhaps most significantly, these large field- and temperature-dependent changes, and
on the ionic-size variance @tsite atoms The highest Curie  there is now strong theoretiéahnd experiment%levidence
temperature,Tc~360 K, is achieved with Sr doping at a that polaron formation and accompanying self-trapping of
concentration close to 3/8, that is, for dg®r;gMnO;. At electrons play essential roles. As the average ionic size of
this concentration, the material is metallic in both paramagA-site atoms decreases toward that of lra=.1216 nm),
netic (T=360 K) and ferromagnetic phases, and the effect othe transition temperature decreases and the exponential in-
magnetic fields on the electrical resistivity is not dramatic.crease in resistivity with temperature makes the drop to me-
The ferromagnetic/paramagnetic transition is entirely nor+allic resistivity atT. ever more dramatic. A powerful argu-
mal, by which we mean that the magnetization can be dement can be made that the smaller fasite atom the greater
scribed by critical exponents very close to those expected fathe distortion of the crystal from the cubic perovskite struc-
a three-dimensionaBD) Heisenberg ferromagnét. ture. The concurrent bending of the Mn-O-Mn bond angle
The conventional picture for this system is based on thénhibits the double-exchange resonance that drives ferromag-
double-exchangmechanism proposed by Zertdeach diva-  netic order and lower3 ¢ .° However, even if theaverage
lent substituent converts a Mh ion to Mr**, with the out-  jonic size is kept constanfusually monitored by the so-
ermost g,) electron on the MP" site resonating with a called tolerance factdrthe transition temperature drops as
neighboring Mf* via the intervening oxygen atom. Because the variance in ionic size increaseé$his suggests thaocal
of strong Hund’s-rule coupling, the double-exchange transfebond-angle bending is more important than the average and
is favored when neighboring core spins are aligned, leadinghat disorder therefore plays a major role. Indeed, there is
to ferromagnetism. When the substitution level is sufficientlyconsiderable evidence that metallic and polaronic regions co-
high, the holes doped into this system form a fully spin-exist in the vicinity of the phase transition. The phase sepa-
polarized(half-metallig band. As theS=3/2 core (,4) spins  ration is dynamic, but much slower than is typical for critical
disorder with increasing temperature, the resistivity increaseffuctuations, as can be seen in noise measuremettsjuon
and, near the Curie temperature, exhibits substantial-spin relaxatiort® and the presence of strong diffusive peaks
though not dramatic—magnetoresistance. This picture den neutron scattering. The case for phase separation, driven
scribes La,gSr;sMnO; reasonably welf. by the randomness inherent in the system, has been docu-
Changing the Sr content away fromdgSr,gMnO;, sub-  mented extensively in a recent review by Dagaital 14
stituting Ca or other divalent atoms for Sr at the same con- This paper explores the dramatic changes in thermody-
centration, and even substituting other lanthanides for Laamic behavior that accompany the better known changes in
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transport properties upon various substitutions away from " T T " T L'SMOI

Srys. We argue that bond disorder plays a key role and that LCMO 360 K
the problem should be considered in the context of a Grif- 20} 218K l -
fiths singularity. In his pioneering paper, Griffitisconsid- = 1 LPMO

ered a percolationlike problem in which each exchange bonce
in a system has valu&, with probability p andJ,=0 with
probability 1—p. For allp<1, Griffiths showed that the free
energy, and thus the magnetization, is singular at the transi
tion pointT(p), a consequence of the accumulation of clus-
ters whose local transition temperatures excéedp).
Fisch'® extended the argument to<Q),<J;, demonstrating
that the singularities persist. These results suggest, as emph$
sized by Dotsenkd’ that the essential contributions of local
minima destroy the length-scaling picture of a random-fixed-
point universality class. Bray and Modfeand Bray® ex- 150 200 250 200 250 200
tended the argument to any bond distribution that reduces th
transition temperature from some “pure” valdg; and pro-
posed a distribution function for eigenvalues of the inverse- FIG. 1. Heat capacity in zero applied field for the three samples.
susceptibility tensor that captures the singularity proposed byhe Lg, ¢ Ca,Pb),3MnO; sample was damaged upon thinning
Griffiths. Bray terms the temperature rangg(p)<T<Tg and shows a reduced heat-capacity peak.
the Griffiths phase, wherp is now a measure of the bond
distribution. The nature of the Griffiths singularity in the ence between the voltage contacts for thermopower measure-
limit of small dilution has been treated in some detail in thements. The resistance and thermopower were measured
quantum limit where Tc(p)—0 by Castro Neto and sequentially at each field-temperature point in a Quantum
co-workers?%21 Design PPMS instrument. Thermopower results have been
In this paper, which builds upon earlier wdrkwe dem-  reported elsewher?é_‘.Following the transport measurements,
onstrate the progression of the magnetic and thermodynamtbe samples were mechanically thinned, removing the gold
properties of doped LaMngQas the transition temperature is contact pads, and mounted for ac calorimetry measurements.
lowered from its maximum value. We then turn to an analy-The small LPMO crystals were damaged in this process and
sis of the low-field behavior of the magnetization based orthe heat-capacity data in field could not be obtained. Samples
the inverse-susceptibility eigenvalue distribution proposedvere placed in a cryostat in which a magnetic field upto 7 T
by Bray. In Sec. IV, we extend the analysis by introducing acould be applied. Light from a stabilized quartz lamp was
bond distribution that changes with temperature and field ashopped mechanically to provide periodic heat pulses to the
a consequence of the double-exchange mechanism and tré@mple at the desired frequency. The proper operating point
it using a cluster model. Section V concludes the paper wittwas located at the midpoint of the range where the ensuing
a discussion of the implications of this analysis for disor-temperature oscillations were inversely proportional to the
dered double-exchange magnets. frequency of the heat pulses. A thorough review of the ac
method has been prepared by Kraftmakier.
Figure 1 shows the ac heat capacity vs temperature for the
Il. MAGNETIC AND THERMODYNAMIC PROPERTIES three samples in zero applied field. Although the LPMO

Three single-crystal samples were used in this study. Twg2MPple shows obvious signs of the damage that accompanied
samples, LgStpaMnO; (LSMO) and La-Cay4MnO; thinning, as noted above, the heat capacity exhibits a sharp
(LCMO), were grown by optical floating-zone techniques byPeak at the temperatures indicatedTas (heat capacityin
Okudaet al >3 A sample of Lg ¢ Pb, Ca),3/MnO; (LPMO) Table I. The heat-capacity curve for LCMO is significantly
was grown by flux methods as described elsewlered has ~ narrower than for LSMO, a point we address in more detail
a transition temperature midway between the extremes rerlp_elow. Despite its sharpness, there is no sign of hysteresis in
resented by the other samples. The LSMO and Lcmahe LCMO data. Similarly, the magnetization curves change
samples were cut into rectangular slabs with the long direcsignificantly as the transition temperature is reduced. As had
tion along thea directions while the LPMO was used as Peen reported previoushthe magnetization for LSMO can
grown, but had a similar orientation. The magnetization of°€ collapsed to a single curve using exponents that are simi-

each crystal was measured in a conventional Quantum De- - "
sign MPMS system with the field along the longest axis of TABLE |. Transition temperatures and critical exponents for
%qmples studied.

the sample. The data reported are corrected for demagnetiz
tion. Following the magnetic measurements, gold current and

15

at Capacity (arb. u

Temperature (K)

voltage pads were sputtered on the sample and leads were To (heat capacity T (scaling A 0

attached to the pads with silver paint. One end of the samplecMO 218 K 216.2 K 0.10 16.9
was varnished to a copper block while a strain gauge heaterrmo 286 K 285.1 K 0.24 7.1
was attached to the opposite end. A pair of fine-wire thermot smo 360 K 359.1 K 0.31 5.1

couples were connected to measure the temperature differ
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FIG. 2. Scaling curves for the three samples. The expongénts
and & deviate strongly from Heisenberg-like values Bg is re-

used in the scaling curves.

ture decreases.

The dashed line is the slope expected Tei=360 K andS
=1.85, namely, the values for LSMO. The actual slope of

ipge LSMO data corresponds to a si8r3.5 while that for

LCMO requiresS~6. These results indicate the persistence
of spin clusters to temperatures significantly above the Curie

lar to those expected for a Heisenberg ferromagnet. Our datemperature, even in nominally Heisenberg-like LSMO.
behave similarly, as can be seen in Fig. 2 with the exponertven more dramatic is the sharp downturn or knee in the
values given in Table I. Here=(T/Tc—1); the values of |LCMO inverse-susceptibility data and, to a lesser but still
Tc, B, and 5 are those that best collapse the data abovgoticeable extent, in those for LPMO. This downturn, re-

(upper curve and below(lower curve Tc. The exponents  ported by De Teresat al,”” moves to higher temperatures

are somewhat different from those reported by Gheiséal,
but are not far from the Heisenberg valugs-0.36 andé
=4.8. However, as the transition temperature decreases, thg,

data for lowerT: samples can be collapsed only by using Fig. 4 to the next section.

exponents that are far from those for any known universality
class.

The effects can be seen more directly by following the
magnetization curves along the isotherms corresponding tc
the peaks in the zero-field heat-capacity curves. The ratio o
the measured magnetization 8¢ to the low-temperature

3x10°

saturation value is shown in Fig. 3 for all three samples. Thez oyq0° | -
. . . o B

solid curves are fits to the usual expressibh(H,T¢) = <

«H along the critical isotherm; the exponents agree with s

the scaling analysis. Note that the magnetization of LCMO =

. . . . 2 1x10° F e LCMO g

rises to 60% of saturation in low fields, yet shows no signs ofE e G fiths, LCMO

hysteresis or remanence. It is tempting to attribute this be-T = LPMO

havior to a first-order transition, but we discuss it in the next L ne. LPMO

section in terms of a Griffiths singularity. 0
While the LSMO data seem quite close to Heisenberg
behavior, the low-field susceptibility of that sample, as well
as that of the others, is anomalous. Figure 4 shows the in
verse susceptibility of the three samples, normalized by the
low-temperature saturation magnetizatigh{0) and plotted

with increasing field. The scaling analysis shown in Fig. 2
includes data only foff/T-<1.06, that is, at temperatures
low the downturn. We defer discussion of the other lines in

= = Curle Law, 5 = 185

1.0 1.1 1.2 13 14
TIT

C

15

FIG. 4. Inverse susceptibility multiplied by the saturation mag-

versus reduced temperatuféTc . If these data followed a netization. The dashed curve is the Curie-Weiss susceptibility ex-
Curie-Weiss law, they would lie on a straight line given by pected forS=1.85 and the critical temperature of the LSMO

3kgTc

;
T—C‘l)- @
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sample. The effective slope for LSMO correspondsste3.5, in-
creasing td&5=6 for LCMO. The curves through the data points are
for the Griffiths model, as described in the text.



M. B. SALAMON AND S. H. CHUN PHYSICAL REVIEW B68, 014411 (2003

1.8 T T T T T T 4~ T T T ' |
o [ (a) LCMO
@ 16} L @
c
= g
) 3

E 14 | £ 0
2 S
'g 12 9,\ 2
T L
© 10 (a) LCMO C 4
§ ! ]

08 . 1 N 1 N 1 -6 1 " 1 N 1 N 1 N 1

150 200 250 300 -0.2 -0.1 0.0 0.1 0.2
t H-1/B5
Temperature (K)
T T T T T T T T T T T T
—_ - 41 .
2 ] (b) LSMO
5 - 2 I i ]
.e' ] ?j: 01 H -
8 i = : |
] 1 o 4T . - 05T -
8 . T \: 1T
8 J 6 -8 § 3T -
= 8O (b) LSMO = ! 5T
:‘E 55 L 1 L 1 L 1 . 12 L 1 N 1 L 1 L
300 325 350 375 400 0.2 01 0.0 0.1 0.2
t H—I/BS

Temperature (K)
. ) FIG. 6. The deviation of the heat capacity in magnetic field from
FIG. 5. Field dependence of the heat capacity@1.CMO and its zero-field value, scaled by field and plotted versus scaled re-

(b) LSMO at the listed fields. The curve f@=1 T is not labeled ;o4 temperature. No set of exponents can be found to collapse the
in (b). Note the qualitatively different behavior of the two samples. LCMO data in(a) to a single curve. By contrast, the same values of
B and § used in Fig. 3, along witle=—0.1, serve to collapse the
The anomalies in the magnetization are, of course, mirt SMO data in(b).
rored in the field dependence of the heat capacity. Fig(ae 5
shows the data for LCMO and Fig.(l5, for LSMO at a IIl. GRIFFITHS-PHASE ANALYSIS: SUSCEPTIBILITY

succession of applied fields. The LCMO data shift to higher L . -
temperature while remaining relatively narrow, while the In his pioneering 1969 paper, Griffitfisdemonstrated

LSMO data, like those of most ferromagnets, broaden withthat th_e magnetiz_ation (.)f a randomly dilgted ferromagnet
little shift in peak position. The heat-capacity data, like the‘"’.lbove its percolation point is a nonanalytic function .Of the
magnetization, should collapse to a universal curve Wheltlleld at all temperatures below the pure-system Curie tem-

scaled with a power of the magnetic field and plotted versuderature. The _argtément was exten_dpd to _al_loys, .e., for 0
scaled temperature according to <J,<J;, by Fisch® and to any positive-definitébbounded

distribution of exchange interactions by Bray and Motte.

In the latter paper, the authors focused on the distribution

p(\) of the eigenvalues of the inverse-susceptibility ma-
' (2 trix. Above the critical temperatur€: but below the highest
achievable critical temperatufig;, all states with small val-
ues of\ are localized; there are local regions of large sus-
ceptibility, but no long-range order. JustBt, an extended
ate of infinite susceptibilityN\=0) appears, signaling the
udden onset of long-range order. Subsequently, ‘Bsayg-
gested an explicit form for this distribution,

[C(H,T)-C(0,T)JH*Ao=f

Hl/ﬁ(s

As we reported earliéf neither the exponents that provide a
scaling collapse of the magnetization data, nor any other s
that we can identify, are able to satisfy the scaling condition
for LCMO. This is shown in Fig. &). However, the LSMO
data, Fig. @b), do fall on a single scaling curve using the
values of3 and (S from the magnetization scaling, _arazdF _ p(N) X Yexd — A(T)/\]. (3)
—0.1; the last differs somewhat from a value consistent with

B and 6. As the susceptibility data of Fig. 4 demonstrate, The power-law prefactor was not specified in that paper, but
even LSMO does not exhibit single-spin behavior, so weBray and Huifang’ later considered a soluble model of the
must take the critical exponents to represent only effectivaliluted Ising ferromagnet and verified E@®) with x=1/2.
values. The amplitudeA was argued to diverge as €IT/Tg) ~%at
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TABLE II. Parameters used in Griffiths susceptibility calcula- 300 — y
tion. E'I__"__pﬂd
a (K) X Tc (K) Ts (K) LCMO o

LCMO 5.0 0.53 224.8 376
LPMO 4.15 0.61 293.5 365

N

[=1

o
T

ibility, 1/y,

verse suscepti

the pure, or Griffiths, temperatur€; and to vanish as 100 |-

(T/Tc—1)?1~P at the actual Curie point. The exponghit
is the usual exponent for the system at its pure transition.
This distribution peaks at =A/x and vanishes at=0 for ,
all temperatures abovE:. There is, therefore, a pileup of oL 2 z o L]
small eigenvalues—Iarge susceptibilities—as the Curie tem- ) log (TIT,™"1)
perature is approached. JustTgf the distribution collapses 0.00 0.25
into A =0 causing the magnetization to jump to a large value TIT ™
in applied field—the hallmark of the Griffiths singularity. ¢

We assert here that the transition temperatures evidenced FIG. 7. Inverse susceptibility of LCMO at 500 Oe as a function
in the sequence LSMO, LPMO, and LCMO are a conse-of T/T,. The solid curve in the main figure and the logarithmic plot
guence of increased randomness due to the increased lodalthe inset is a fit of the data to a power law with the result that
bond bending in the vicinity of successively smaller dopanty=0.63.
atoms. If so, then each sample is farther below the Griffiths
temperature of an optimal system and will consequently ex- Note that the critical temperature obtained from the Grif-
hibit a broader temperature range over whig{ir) varies fiths fit is somewhat higher than that obtained from scaling
between its zero afc and its divergence ag. We calcu-  or the heat capacity. This may reflect the suggestion made by
late the average susceptibility from E®) according to Griffiths in his original paper that the susceptibility would

tend to diverge in advance of the onset of long-range order.

In

T T=2207K (]
1

T To examine this, we focus on the downturn in the inverse
o 0 A Tp(N)dh susceptibility for LCMO. In recent work oftelectron com-
=C—F, (4) pounds in which disorder has drivi to 0 K, Castro Neto
et al?® have argued that the susceptibility divergesT4s?
p(N)d\ : . :
0 wherey=<1 is related to the tunneling barrier for a cluster of

5 2 i ) N aligned spins. In general, the relaxation rate of Griffiths
whereC=ng”ugS(S+1)/3Kg is the Curie constant and the ¢|,sters is also expected to be proportional to its inverse

upper limit of the integral recognizes that the smallest SUSsysceptibility® so similar arguments might hold here, i.e.,
ceptibility at any temperature i8/T for spin S The expo- ¥~ 1o (T/Te—1)'Y. In Fig. 7 we plot the low-field suscep-
nential amplitude is taken to be tibility of the LCMO crystal as a function off/T¢, with
(T/Te—1)20-8 T-=220.7 K obtained by fitting the data to a power law. The
A(T)=a c , (5) random critical temperature is much closer to that indicated
(1-TITg)?# by the heat-capacity peak, and is a more reliable measure of
the tendency of the inverse susceptibility to vanish with an
with 8=0.38 anda,T¢,Tg, andx varied to fit the suscep- exponenty=0.63, that is, to approachc with infinite slope.
tibility data. The downturn in the inverse-susceptibility Though closer to the heat-capacity pe@d8.2 K at this
curves sets the value dfc while the upward curvature is field) it appears to be somewhat above the temperature at

controlled byTg. There is considerable covariance of the which long-range order is established, as suggested by Grif-
amplitudea and prefactor exponemt so the values are sub- fijths.

ject to some uncertainty. We use the effective spinl.85
appropriate for 70%S=2 and 30%S=1.5. Because the
downturn(if there is oné for LSMO is not discernible, we
cannot get an unambiguous fit for those data. However, the In the classic Griffiths-phase model, exchange interac-
solid curve for LPMO and dotted curve for LCMO in Fig. 4 tions are distributed randomly, but once distributed, are
are reliable, with the parameter values given in Table Il.  fixed. This is not the case for a double-exchange system in
Of considerable interest is the fact that the Griffiths tem-which the effective coupling between two Mn ions depends
peratures that emerge from the fits are comparable and onbyn the alignment of their respective core spins or, equiva-
slightly above the observedc for LSMO. This indicates lently, the rate at which the outey electron hops between
that LSMO lies very close to the optimal critical temperaturethe two ions. As a consequence, as spins order locally, the
and explains why it can be treated in the context of an ordispin clusters are also more metallic, and the combined effect
nary Heisenberg ferromagnet, albeit with slightly modifiedis to reinforce and stabilize the formation of large Griffiths
critical exponents. clusters. In the presence of an applied magnetic field, these

IV. GRIFFITHS-PHASE ANALYSIS: HEAT CAPACITY
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metallic, spin-aligned clusters form at higher temperatures, 003 - T : T
strongly affecting the thermodynamics of the transition and,
of course, giving rise to the CMR effect itself.

The heat capacity associated with the Griffiths singularity
was studied for the random spherical model by R&uliho
found a jump singularity af - . We take a different approach
here, using the Oguchi modélto calculate the magnetiza-
tion and the associated short-range order parameter. In th|'
approach, the interaction energy of a pair is calculated ex-,
actly using the double-exchange energy

adiabatic polaron —
0.02 [

0.01 -

Resismwty (arb. units)

Si+172
Eae(S)= ~Xt5a7 ~EadS), ®)

where the bar denotes an average over all possible values ¢ o, ____J__‘r’—-’,”

the total spin 1/ZS,<7/2 of the twoS=23/2 cores and the 100 150 200 250 300 350
sharede, electron of the pair. The pair interacts with is Temperature (K)
—1 neighbors through an effective magnetic field

FIG. 8. Resistivity of the LCMO sample in a field of 1 T. Su-

Horf(H, T)=H+2(z— 1) S{c(H,t)Imet perposed are the fits to the zero-field data at low temperatures to a
€ ’ oeme power law and at high temperatures, to an adiabatic small-polaron
+[1—=c(H,T)]Jinstm(H,T). (7) model.
Here,m(H,T) is the reduced magnetization to be calculated,
Jmet IS the exchange interaction in metallic regions that have HT pexp pit" 1o c(H.T pexp pit o
a concentratiort(H,T), andJ;,s is the exchange energy in c( ) p o tl1—c( )] Ap -9
nonmetallic(but still conductivé regions. The insulating ex- eXp “ ex"

change energy can be extracted directly from the inverse (10

susceptibility by extrapolating the linear region of Fig. 4 to

obtain the Curie temperatuf@=202 K, from which mean- whereA=(1-c.)/c, and the percolation exponent is set to

field theory givesJ;,s=0.85 meV. We obtaidye. from the  t=2. Several resistivity curves and the resulting concentra-
spin-wave dispersion of manganites which i® tions are shown in Fig. 9.

~160 meV & independent of concentration. The effective  we proceed by calculating the magnetization self-
Heisenberg exchange interaction giving this spin-wave stiffconsistently in the context of the Oguchi model, that is, we
ness is)ye=D/2S.¢1a%>=1.56 meV; hereS,;=1.85 is the  solve
average spin per manganese atom. The hopping energy giv-
ing the same spin-wave spectrum is=D(2S+1)/xa?
=140 meV?? Alternatively, we can used the critical tem- [
perature from Monte Carlo simulationgT-~0.14,% ob- s00 L
tainingt=134 meV.

The most important input into the model is the relative
concentration of metallic bonds. We obtain this empirically -
from the resistivity data as outlined in Fig. 8. The zero-field & 200

unlts)

data at low temperature are fit to the power law s 00
2 150 300 3507]
_ 2 5 8
pir=potaxT +asT>, (8 S
8 100 =
and the high-temperature data to an adiabatic small-polarorg -
contribution, i’ 50 1
n=bTexp(E,/T), 9 ° ]

100 150 200 250 300 350

as done previoushy. Here, however, the metallic fraction is
P Rj‘ Temperature (K)

obtained by solving the generalized effective-medium

(GEM) expressioff using the experimental resistivifye, FIG. 9. Heat-capacity curves calculated from the Oguchi model
and the extrapolated high- and low-temperature fits. The; several fields. The metallic concentrations extracted from the
GEM analysis differs from that used in Ref. 22, guaranteeingesistivity curvegleft inse, using the GEM analysis, are shown in
that percolation occurs at a critical concentrat@rthat we  the right inset. The only other input is the overall amplitude of the
set to the 3D value for spherical inclusions, namely, zero-field curve. The calculated curves differ from those presented
~1/6. The equation to be solved fo(H,T) is in Ref. 22.
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1000 —— cussion for decades. Most recently, Kehal*® argued for a
tricritical point just abovex=0.33 in Lg _,CaMnO3. They
800 i do not identify the two phase lines that should emanate from

the tricritical point. Further, examination of thei=0.33
data shows that the susceptibility at 290 K corresponds to a

800 = Oguchi Model at 0.1 T il spin S=3.5, rather than th&<2 expected. Consequently,
= r 1 even 30 K above the transition there is evidence for cluster-
2 400t 4 ing, a signature of the Griffiths behavior we propose here.
23 Apart from the critical behavior, various explanations for the
200 L i CMR phenomenon draw upon elements of the Griffiths-
True T, = 218K phase approach—mixed phases and phase separation, perco-
lation, and slow dynamics—but have not connected them to
ol - produce a coherent picture. In particular, the dramatic
. ! . . . . . ! . changes in behavior that accompany subtle changes in the
100 150 200 250 300 350 size and concentration of dopant atoms have not been ad-
Temperature (K) equately treated. We have attempted here to demonstrate that

- _ _ the intrinsic randomness introduced by substituting ions that

FIG. 10. Inverse susceptibility at low field calculated using the giffer in size (and of course valengdrom the usualA-site
Oguchi model. The sharp downturn at a temperature above the peaf{om drive the system from its optimal doping and ionic size
in the heat-capacity peak mirrors the behavior of the experimentaét Skyg to the strong CMR regime as Sr is changed to Pb and

data. finally Ca. Remarkably, the transition to the magnetic phase

m(H,T) remains second orderlike, by which we mean that the prop-
' erties are fully reversible and, with the exception of the heat
1 é"f ES:, —Eqe(S) + pgugHers(H,T) capac_ity, can b_e trgated by_the usual fgrromagnetic scaling
=7 i 25, p ex KeT : equations, albeit with nonunivers@ven bizarrgvalues for

the critical exponents.
(11 Outside the “critical” regime, there is ample evidence in
our data, and in a wealth of further data in the literature, to
demonstrate coexistence of more or less metallic and more or
less insulating regions over a wide temperature range both
above and below the Curie temperature. We have shown that
he clusters evolve as the temperature is reduced toWward

whereZ is the partition functionisame sum without the fac-
tor p). Oncem(H,T) is known, we compute the energy
density by averaging o(S;) at each field/temperature point
using the Boltzmann factors that have been calculated sel
consistently, and differentiate numerically to obtain the hea : ; o
capacity. The amplitude is chosen to fit the zero-field dat na masnner CO”S'Ete”t with the theoretlca_ml_ldegs of B“”FV and
and kept constant for other fields. The results, shown in Fig.. oore! anq Bray.® In essence, the transition IS not prima-
9, provide a better representation of the metallic fraction thaﬁIly a qggsﬂon of connectedness and the evolution of a tenu-
the simple percolation approach used in Ref. 22. The width®Ys infinite CIL!Ster’ .bUt rather more a homogenec_)us nucle-
amplitude, and shift in temperature of curves at successivétIon problem in Wh'.Ch the most-pr_obable cluster size grows
fields agree extremely well with the data. In each case, th S the temperature is reduced _unnl the nUMErous large clus-
experimental peaks are broader on the high-temperature si rs become effectively space filling, providing an abrupt on-
of the curve, indicating that the Oguchi calculation underes§et of ”e.a”y.comp'ete Iong-ran_ge orgjer. N

timates the persistence of short-range order at higher tem- The_ situation in _the manganites differs SIgn_lflcantIy from
peratures. Nonetheless, the curves show quite clearly that t% straightforward ideal Griffiths phase precisely because

metallic concentrations extracted from the GEM analysis ar riffiths clusters that form are more metallic and therefore
able to predict the unusual critical behavior of LCMO. ave stronger ferromagnenc double-exchange_ energies than
The final question in this analysis is whether the Oguchi:he fsurrom:_ndmg mZTtI’IX: ThedCMR gffect thus rt'ﬁlnforcgitclusf—
model described here actually reproduces Giriffiths-like pel€r formation. local spin ordering increases the mobility o
lectrons, which then increases local exchange interactions

havior at low fields. The magnetization has been calculate§’

at the same fields as the data in Fig. 4, using the zero-fiel a (ljouple edxchang\i} V\éh'Ch “:t turntft(ajetdsdbatlsk 'tt(;] lt?](.:k '?
value ¢(0,T) extracted from the resistivity. The result is ocal spin ordering. Vve have attempted to deal wi IS el

shown in Fig. 10. Note that the downturn in advance of thefect phenomenologically by determining the fraction of me-

heat-capacity peak is similar to the experimental data. Th%a"'c’ thh—scliJscepgblllity clu.s:'er'ts from the field- apd d
Oguchi approach does not capture the presence of large sp mperature-gependent - resistivity -using -a  generaiize

clusters and therefore does not produce upward curvature f ect|ve-med|u_m approach_. Kr_10wmg t_hat fraction, we com-
the inverse susceptibility. pute an effective magnetic field acting on each pair of

double-exchange-coupled spins and from that, determine the
V. CONCLUSION magnetization and energy denS|ty: We demonstrate that this
approach accurately tracks the height and temperature of the

The nature of the ferromagnetic-paramagnetic transitiopeak in the heat capacity and, to a significant extent, its
in these materials has been the subject of considerable dig4dth. We regard the unusual behavior of the heat capacity in
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magnetic field, along with the strongly non-Curie-Weiss be-cess assists in stabilizing large clusters. It is our hope that
havior of the susceptibility to be hallmarks of the CMR ef- this paper has helped to delineate the problems that remain.
fect, as important in understanding it as the more dramatic

changes in transport properties. ACKNOWLEDGMENTS
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