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Observation of three-dimensional Heisenberg-like ferromagnetism
in single crystal Lag g755rg 10gMNO 5
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We report measurements and analysis of the magnetic critical phenomena in a single crystal of
Lag g75515.1.9MIN0O5. The critical exponents associated with the ferromagnetic transition have been determined
from ac susceptibility and dc magnetization data. Techniques like the Kouvel-Fischer plots, the modified Arrots
plots, and the critical isotherm analysis were used for this purpose. The values of the exponegntend &
obtained are found to match very well with those predicted for the three-dimensional Heisenberg model. Our
results are consistent with recent numerical calculations and suggest that though the double exchange interac-
tion is driven by the motion of conduction electrons, the effective magnetic interaction near the transition is
renormalized to a short range one.
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A universality clasgbased on the dimensionality of the ascribed to a single universality class. Besides the above
lattice and the order parame)és assigned to a system de- mentioned values which were determined using bulk mag-
pending on the values of the asymptotic critical exponentsietic measurements, the values of the critical exponents de-
that characterizes the phase transitidihis practice of as-  termined using other techniques like microwave absorgtion,
signing such universal classes based on theoretical spin-spifiicrowave surface impedaneand neutron diffractioh
interaction modeldlike the Heisenberg, mean field or the paye also varied, adding to the ambiguity in this issue.

Ising) has been extremely useful in trying to discern the in-  The quality of the samples used in the study of criticality
tricacies of magnetic transitions in real systems. . _in this class of materials is a probable culprit for the present

The nature of the para-ferro magnetic phase transition iiate of affairs. These samples are notoriously inhomog-

an'XGdA '\\/I/alce)nt hmanggmte; IOf . trt\e _general f‘;}rmmaenous, thus causing a smeared transitisith a distribution
8 AMNO; (WhereA is a divalent atomis an area where of T¢'s), which leads to an erroneous determination of the

the findings of experiments are yet to converge with theoret- o o : i
ical models. The nature of the phase transitions in this clas‘%symptOtIC critical exponents. Thus, it is imperative that ho

of materials was qualitatively explained by the double ex-ogenous single crystals be used for experimental investiga-
change(DE) interaction? which originates from the motion tions of this nature. . . . S
of conduction electrons, and its coupling with spins localized N @n attempt to resolve the inconsistencies existing in
at the lattice. Thus these materials provide us with a uniqudteraturé, and to determine the nature of ferromagnetism
class of strongly correlated electron systems where the laf? Metallic DE manganites, we have done ac susceptibility
tice, charge, and spin degrees of freedom are strongl?nd dc magnetization measurements in the critical
coupled. It is interesting to determine how the kinetics offegion of a high purity single crystal of orthorhombic
electrons which favor extended states affect the critical flucLa.875510.12gMNO5. The samples were prepared by the stan-
tuations and renormalizes the DE interaction in the vicinitydard solid state route using 99.999% purg@g, SrCQ, and
of the phase transition. MnO,. Single crystals were grown using a four mirror float-
There have been very few reports on the characterizatioing zone furnace under 6—8 atm of an Ag/@ixture. The
of the critical regime in metallic double exchange drivencrystallographic phase purity was checked repeatedly by x
manganites, and their results have been extremely inconcluay diffraction, and the samples were found to be of single
sive. In systems with a hole doping10%, which is neces- phase. The oxygen stochiometry of this sample was found to
sary to observe a DE driven phase transition, the values die 3.00-0.02. The chemical homogenity of the sample was
the critical exponent associated with magnetizatig) (s  checked using electron probe microanalyE&PMA) and
seen to vary from 0.37Ref. 3 to 0.50% This encompasses variation was found to be within 1%. Further details of
the values of the exponent as predicted by the threesample preparation can be found in Ref. 8.
dimensional3D) Heisenberg and the 3D Ising and the mean Dc magnetization and ac susceptibility measurements
field models, making it difficult to ascertain the universality were carried out using home made settffIn the critical
class to which these systems belong. Even in the same studggion, the temperature was controlled to an accuracy of 0.01
different exponents have shown values falling into differentK using commercial Lakeshore controllers DRC93CA and
universality classes, and the fact that no concensus coul@40. All the measurements were made with the applied field
emerge was reason enough for many to doubt whether thgarallel to theab plane of the crystal. The low field linear
metallic double exchange driven transition could actually beregion ofM-H scans were used to determine the value of the
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FIG. 1. The real part of the first order susceptibility measured as " "
a function of temperature for the sampleglgaSr 1,gMnO; at a {H/M) "(Ce gm/emu)
exciting frequency of 133.33 Hz and a driving ac field of 0.92 Oe. » . .
The inset shows the dc magnetization measured at a field of 3.42 FIG. 3. Modified Arrot plots using the equation of state
Oe. (H/M)Yr=a[(T-T)/T]+bMY2. We have usedy=1.38, and
the best fit was obtained witg=0.37. All the isotherms measured

o o in the critical region have not been shown for the sake of clarity.
demagnetization factor, which in our case was found to be

0.22. This value matches very well with the one computechf the first order ac susceptibility and the dc magnetization

using the dimensions of the sample used for the measureneasured in this sample where the two transitions mentioned
ments. All the data used for determining the critical expo-ahove are clearly seen.

nents were duly corrected for the demagnetization fields. Conventional methods of analyzing the critical region in-
The composition LggzsSh 12dMNOz  (Lay —,AMNOs,  yolves the use of Arrot plotS TheseM? vs H/M isotherms
with x=1/8) occupies a prominent place in the scheme okhould be straight lines in the critical region, with a zero
manganites, being in the transition region from the superexintercept afT=T.. The intercepts fof <T¢ and T>T¢ is
change dominated antiferromagnet®FM) manganites t0  then used to determine the saturation magnetizathd) (
the DE driven FM one$: It has been extensively studied in and the inverse susceptibility (&) respectively. It is to be
the past? and is reported to show two transitions in reason-noted that this method implicitly assumes mean field values
ably close succession, a paramagnetic insulatorpf the exponents, and a more general form of analgsiied
fel’l’omagnetic metal transition, followed by another low tem-the modified Arrot p|ot)5invo|ves p|0tt|ngM up VS (H/M)]-/V
perature transition to an insulating state. This state is nowh the critical region'® However, these methods do tend to

being explained by invoking polarortit and orbital  introduce some systematic errors due to the presence of two
Orde”nd models. HOWeVer, in this Study, we have Concen-(lg and 7) free parameters in the f|tt|ng procedure_

trated on the h|gher temperature transition Wh|Ch iS ||ke|y to We have circumvented this prob'em by using low field ac
be driven by the DE interaction. Figure 1 shows the real parkysceptibility measurements in the critical region to deter-
mine y. Low field ac susceptibility is an extremely useful
tool in the study of a para-ferro phase transition, as it enables
us to directly determine the true initial susceptibilityo],
which otherwise has to be estimated from the extrapolation
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FIG. 2. Kouvel Fischer plots of the real part of the first order
susceptibility for the sample a;sSt 1,dMNO3. The inverse of the
slope gives the value of the susceptibility exponen}, (and the 15
intercept on the temperature axis provides the transition temperature
(T¢c). We have obtained=1.38 andT-=186 K. Increasing non- FIG. 4. Kouvel Fisher analysis of the saturation magnetization
linearity causes deviations from the straight line fit close to the(Mg) plotted as a function of temperature. The inverse of the slope
transition. gives a value3=0.372.
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1.8 enous at least as far as the time scales of our experimental
probes are concerned.
Modified Arrot plot$? based on the equation of state

1/ _
( g ) T pyus

M T

In(M)

1.4 is shown in Fig. 3. The value of determined using the KF
analysis of ac susceptibility is used, ads varied continu-
ously, so as to obtain isotherms almost parallel to each other
in the critical region. These isotherms are curved at low
12 fields, as they represent averaging over domains which are
5 6 7 magnetized over different directioh$??>?3and care has to
In(H) be taken to discard this region from the fitting procedure. As
is clearly seen in Fig. 3, at higher fields, the isotherms are
FIG. 5. InM plotted as a function of Inf for the isotherm mea- ~ Straight lines, and the best fit was obtained with a vaue
sured aff=T.. The inverse of the slope of the linear region gives =0.37. The value of M) determined by the intercepts
a value of§=4.72. of the modified Arrot plots in the regio@<T. is then
analyzed using the Kouvel Fischer formalisfplotting
Mg(dMg/dT) "1 vs T] to reconfirm the value of3. As is
of data measured at high applied fiéitiwhich besides sup- shown in Fig. 4, a good fit was obtained with a val@e
pressing effects like inhomogeniety in the sample can mask0.37.
the true critical behavior of the system. This is specially Figure 5 shows Iri{l) plotted as a function of It{) (using
important in systems like the hole doped manganites wherthe critical isotherny the inverse slope of which is used for
short range correlations are known to exist till temperaturegletermining the value of the critical exponehtWe obtain a
as large as 2. .'® Also, the Kouvel-FischefKF) (Ref. 19  value of 5=4.72, which matches very well with the oné (
analysis can then be used to independently estimate both the4.709) determined by using the Widom scaling equation
transition temperatureT) and y. Ac susceptibility data §=1+ y/8. A chart comparing the values of the exponents
analyzed using the KF formalisfill/xod/dt(x,*) vs T] is  which we have obtained with those reported in literature for
shown in Fig. 2. We have obtaineg=1.38 which matches metallic double exchange systems is shown in Table I. As is
very well the isotropic 3D Heisenberg value of 1.386s to  clearly seen, we have obtained values which match very well
be noted that to the best of our knowledge this is the firswith the isotropic 3D Heisenberg values.
report of a KF analysis of low field ac susceptibility in this It has been shown analyticaffithat if in a 3D ferromag-
class of materialsThough manganites have been speculatedhet, the effective exchange interactidfr) decays with dis-
to be magnetically inhomogeneotfs®! the fact that a rea- tance (r) at a rate faster than°, then the short range
sonable fit could be obtained to the low field data, and théHeisenberg likg exponents are valid. However, J{r) de-
fact that we could obtain self-consistent values of the expoeays at a rate slower thar %°, then the classicalmean-
nents using both low and high field ddtss is shown beloyw  field-like) exponents are valid. According to the theory of
adds credence to our claim that the sample used is homoglouble exchange, the effective ferromagnetic interaction is

TABLE I. Values of the exponentg, y and§ as determined from the Kouvel-Fischer analysis of the first
order susceptibility, modified Arrot plots, and the critical isotherm. The values determined by the earlier
workers in similar metallic double exchange systems and that expected for various universal models is given
for the sake of comparison.

Composition Ref. Technique B y )

Lag g7:50.120MN0z2  This work Bulk magnetization 0.370.02 1.38:0.03 4.72:0.04
Lag /Sip sMnOz? 8 Bulk magnetization 0.370.04 1.22-0.03 4.25-0.2
Lay Sty MnO3? 5 Microwave absorption 0.450.05 - -

Lag /Sip sMnOz? 7 Neutron diffraction 0.2950.004 - -

Lag S ,MNO5° 4 Bulk magnetization 0.580.02 1.08-0.03 3.13:0.20
Lag ¢Sty MnO3? 6 Microwave surface impedance 0#48.05 - -
Mean field model 16 Theory 0.5 1.0 3.0
3D Ising model 29 Theory 0.3265 1.2372 4.789

29

3D Heisenberg model Theory 0.3689 1.396 4,783

aSingle crystals
bpolycrystals.
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driven by the kinetics of the electrons which favor extendedprocesses. The 3D Heisenberg like values of the critical ex-
states, and hence one would expectlang range mean ponents thus imply that the effective interactions in a canoni-
field like universality class. However, recent numericalcal DE model are relatively short range-near the transition.
calculationé®~28 show that the exponents in the DE model This is important in the context of phase separation models
are consistent with those of the isotropic short range 3[Cbeing used to explain various intruiging features of the hole
Heisenberg model. doped manganite. This intrinsic phase separatiofinto

Our results match well with these calculations and are théiole rich and hole poor regionsould possibly be the reason
first of its kind to show unambigously that the para-ferrofor the short range nature of the magnetic interactions, and
phase transition in metallic manganites fall into the isotropichence the 3D Heisenberg like values of the critical expo-
short range 3D Heisenberg universality class. The consisaents. Further studies on various dopants and doping levels
tency of the exponent values determined using low field, andvould be required before this finding can be generalized to
high field magnetization data ensures that the values are irall double exchange driven manganites, since there are re-
trinsic to the system and are not arising either due to samplports suggesting a first order transition in the
inhomogeniety or any artifacts in the measurement/fitting_a,;Ca;,sMnO; systent’
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