PHYSICAL REVIEW B 68, 144408 (2003

Critical properties of the double-exchange ferromagnet NggPby ,MNO 5
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Results of a study of dc magnetizatidth(T,H), performed on a NgkPhy ,MNnO; single crystal in the
temperature range arourifi: (Curie temperatupewhich embraces the supposed critical regien=|T
—T¢|/Tc=<0.05 are reported. The magnetic data analyzed in the critical region using the Kouvel-Fisher
method give the values for thE.=156.47-0.06 K and the critical exponen{8=0.374+0.006 (from the
temperature dependence of magnetizatemd y=1.329+ 0.003(from the temperature dependence of initial
susceptibility. The critical isothermM (T ,H) gives §=4.54+0.10. Thus the scaling law+ 8=48 is
fulfilled. The critical exponents obey the single scaling equation of 8ttd, &) =Pf. (H/e#*?), wheref ,
for T>Tc andf_ for T<T.. The exponent values are very close to those expected for the universality class
of three-dimensional Heisenberg ferromagnets with short-range interactions.
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I. INTRODUCTION widely held opinion that a double exchange mechanism is

responsible for ferromagnetism in this class of mixed-valent

The relation between electrical transport and magnetisfinanganites. However, irrespective of the detailed nature of

in colossal magnetoresistive manganites is one of the currefff€ microscopic couplings, the basic assumptions are exis-
challenges in solid-state physitsThe close interplay be- tence of c.orrgalated and mol;nle charge carriers responsible
tween transport and magnetism in these materials is widel oth for aligning the magnetic subsystem and for the trans-

attributed to the double-exchang®E) mechanisnt, where ort. Within a ferromagnetically aligned region this may

; ) . . ield, e.g., long-range and/or multispin interactions. These
Mn e, electrons hop between neighboring sites via OXyge%eneral mechanisms are distinct from the localized-spin ex-

2p orbitals and align localizethy spins due to strong intra change interactions in a Heisenberg model. Thus, it is not
atomic Hund's rule coupling. Correspondingly, at a finite- clear how N¢ Pk, ,MnO; will behave at the critical point.
temperature paramagnetic-ferromagnetRM-FM) transi-  Claiming the essential validity of the DE mofeéVlotome
tion, the carriers in ferromagnetically aligned regions start tcand Furukawa argue, based on computational studies for DE
move freely through the lattice. The validity of this explana- models, that the PM-FM transition in these doped ferromag-
tion of the colossal magnetoresistarf@MR) in doped fer- ~ netic manganites should belong to the short-range Heisen-
romagnetic manganites has been questioned based on qu&l§/d universality clas$® Further computational studies on
titative comparison with experimeftThe central unsolved DE systéms show that the transition may become discontinu-
problem concerns the importance and role of couplings ofUS depending on doping level and competition with antifer-

the conduction electrons that are responsible for the cmpomagnetic superexchanyesimilar to the polaron model
mentioned above. However, the relevance of these models

and its apparent relation to the ferrpmagnetic transition Fq?r the CMR manganites is an open problem. As pointed out
other modes, such as Jahn-Teller distortions, charge/orbnibove’ it is possible that coupling of the magnetic subsystem
order, and phonons. It has been suggested that such cofy 5iher modes may lead to a composite order parameter and
plings may result in various forms of polardria the man- gitterent critical properties of the PM-FM transition. Experi-
ganites. Then, the PM-FM transition may be understood as gyental evidence for ferromagnetic clusters above the Curie
transition occurring when polaronic charge carriers becomeamperatureT,!! and the observations of inhomogeneity
delocalized. GeneraIiZing this piCture, ArChibaId, Zhou, andand phase Separati{grsuggest that ferromagnetic |Ong_range
Goodenough argued that the PM-FM transition should bgyrder may be established by percolation of ferromagnetic
first order’ triggered by a discontinuous transition betweenregions when lowering temperatur&uch magnetic inhomo-
polaronic and extended itinerant states of the charge carriergeneities in the spin system may result in reduced local ef-
Both, for the basic DE mechanism and for such extendedective topological dimensionalifgalso leading to different
models, the effective coupling between the localized corelikeritical behavior. Hence, the critical properties of the
ty4 spins is mediated by charge carriers subject to the flucparamagnetic-ferromagnetic phase transitions in manganites
tuations of the spins themselves and, therefore, may depembse one of the important fundamental problems. On the
on the electron kineticOther microscopic mechanisms for other hand, the vast variability of competing mechanisms,
the ferromagnetism in doped manganites have been sugrhich may influence the magnetic ordering, may also yield
gested based on the observation that the undoped referencther types of PM-FM transitions for different systefms.,
state should be a charge-transfer insulator and thus, ferralifferent cations at the rare-earth gita this class of mate-
magnetism in doped manganites should not originate fromials.

the usual double exchange interacfigaee also Ref. (@)]. On experimental front, studits 2 of critical behavior of

In our presentation and for definiteness, we follow themanganites near the paramagnetic-ferromagnetic phase tran-
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sition using a variety of techniques have yielded a wide
range of values for the magnetization critical expongnt 4000+
The values range from about 0.3 to 0.5, which embraces

mean-field =0.5), three-dimensional(3D) isotropic

nearest-neighbor Heisenberg=0.365), and 3D Ising £ 3000 3 %E% 167 K
=0.325) estimates. Static dc-magnetization %
measurement®2°in addition tog, also yield critical expo- 2000+ %

nents+y and § for initial susceptibility x(T) and the critical

isothermM (T ,H), respectively. However, they failed to
determine a unique universality class for the phase transition
of these manganites. Very low values ¢ [0.095 for
LaMnO; 44 (Ref. 23 and 0.14:-0.02 for Lag Ca MnO;
(Ref. 24] obtained from the static magnetization measure-

M (emulg)’

0 200 400 600 800

ments suggested that the paramagnetic-ferromagnetic transi- H/M (Oe glemu)
tion in these compounds is of first order. Further, a first-order ) .
PM-FM phase transition has been repoftedfor FIG. 1. Isotherms oM vs H/M of Nd, Pk, ;MnO; at different

Lay -Ca sMnO; based on the sign of the slope of the iso- temperatures close to the Curie temperatdrg= 156.5 K).
therm plotsH/M vs M?2. Interestingly, a continuous transi-
tion has been reportétfor Lay {Ca, ,MNO;. Recently, a tri-
critical point has been identifiédin La;_,CaMnO; phase
diagram atx=0.4, thus marking a boundary between first-
order and second-order phase transitions. Here we present a

precise estimation of critical exponents of a ek, ;MnO; IIl. RESULTS AND DISCUSSIONS

single crystal from magnetization data in the asymptotic According to the scaling hypothesis, the second-order

critical region and show _thaF thg criticgl exponents are 3Dyoca transition around the Curie poiRt is characterized
short-range Heisenberg-like in this particular compound. Th

- X ! a set of interrelated critical exponenisg, v, 6, etc., and
result suggests that the critical properties of manganites maé?/magnetic equation of sta¥®The temperature dependence

vary from such a conventional behavior in compounds where¢ 1 o spontaneous magnetizatiohg(T) =limy_o M just

a simple short-ranged ferromagnetic couplin_g_ rules the bebeloch is governed by exponerg through the relation
havior to unconventional or first order transitions in com-

pounds with several competing interactions. My(T)=Mg(—¢)?, <0, (1)

transition using a SQUID magnetometer. The data were col-
lected in temperature steps of 0.5 K with the magnetic field
direction along the length of the crystals.

and that of the inverse initial susceptibilityo (T)
=limy_o(H/M) just aboveT: by y through
Single crystals needed for the measurement were grown

by flux method employing PbO/PbBolvent?® Crystals with Xo (T)=(hg/Mg)e?, >0 2
various lead concentrations were grown. Composnmna!,md the exponend relatesM andH at T as
analysis was carried out by inductively coupled plasma
atomic emission spectroscogdCPAES. Phase purity was M=DHY? ¢=0, 3)
confirmed by x-ray diffraction. Among these crystals

Nd, Py sMnO;, which is in ferromagnetic-metallic regime, Wheree=(T—Tc)/Tc andMg, hy/Mg, andD are the criti-

was chosen for the present investigation. This compoungal amplitudes.

crystallizes in cubic structure with space groBm3m and _The magnetic equation of state in the critical region is
lattice constana=7.736(1) A. Colossal magnetoresistance, W ten as

defined ag R(H) — R(0)]/R(0), isfound to be—86% under _.B Bty

a field of 5 T near Curie temperature in this compound. M(H,&)=8"T-(H/"), @
These properties demonstrate that the chosen system belongkere f, for T>T and f_ for T<T, respectively, are

to the mixed-valent manganites with CMR. Single crystalregular functions. Equatio) implies thatM/&? as a func-
structure determination has revealed that the ioCtahe- tion of H/e#*” falls on two universal curves, one for tem-
dra are nearly perfect with the MrO; bond length peratures abov&c and the other for temperatures beldw.
=1.934 A, Mn-0, bond lengtk=1.938 A, and @-Mn;-0O, Figure 1 shows the Arrott plav1? vs H/M, constructed
bond angle=179°%° These lattice properties indicate that from the rawM-H isotherms after correcting the external
distortions in the Mn-O-Mn sublattice away from the ideal magnetic field for demagnetization effects. According to
perovskite lattice are weak. Extensive magnetization meamean-field theory for a phase transition, which is far from a
surementdM (T,H) were performed on a well characterized tricritical point, nearT - these curves should show a series of
Ndy Pl MnO; single crystal of dimension 21.65  straight lines for different temperatures and the lineTat

% 0.75 mnt in external static magnetic fieldsup to 48 kOe =T should pass through the origin. In the present case the
in the temperature range 14AKI'=<167 K encompassing curves in the Arrott plot are nonlinear indicating that the
the critical region near the paramagnetic-ferromagnetic phasmean-field theory for the above class of phase transitions is

IIl. EXPERIMENTAL
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FIG. 2. Modified Arrott plot isothermav¥®" vs (H/M)Y"',
with B8’ =0.365 andy’ =1.336. Some of the isotherms are omitted
in this figure for clarity.T~T-=156.5 K is the value obtained in
this study.

invalid. Therefore, the values dfig(T,0) and Xgl(T,O)
were determined using a modified Arrott pfdtjn which
MYE" is plotted versusH/M)¥" (Fig. 2). As trial values,
we have chosep’ =0.365 andy’ =1.336, the critical expo-
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FIG. 4. Kouvel-Fisher plot for the spontaneous magnetization
Mg (triangles and the inverse initial susceptibility, * (circles.

Alternatively, the values of -, B8, andvy are also obtained
by the Kouvel-Fisher(KF) method® According to this
method, plots of Mg(dMg/dT)™* vs T and
Xo X(dxo*dT)"* vs T should yield straight lines with
slopes 18 and 1k, respectively. When extrapolated to the
ordinate equal to zero, these straight lines should give inter-
cepts on theill axes equal to the Curie temperature. In Fig.
4 these plots are shown. The straight lines obtained from a
least-square fit to the data give the values #f0.374

nents of the Heisenberg model. As this plot results in nearly=0.006, Tc=156.47-0.06 and y=1.329+0.003, T¢

straight lines(for sufficiently high field$ a linear extrapola-

=156.16t0.06, respectively. In order to check whether the

tion from fields above 2 kOe to the intercepts with the axegpresent composition is close to a tricritical point in the
MY and H/M)¥" gives the values of spontaneous mag-Ndi-xPBMnO; phase diagram, the exponent valugs

netizationM g(T,0) and inverse susceptibilityal(T,O), re-

=0.25 andy=1 have been tried by fixing these values in

spectively. These values as functions of temperature are plofitting functions. These yield a very poor fit to the data. Fur-

ted in Fig. 3. The continuous curves in Fig. 3 show the powe

law fits according to Eqgs(1l) and (2) to Mg(T,0) and
Xgl(T), respectively. This gives the values @f=0.369
+0.02 with Tc=156.4-0.2K [Eqg. (1)] and y=1.334
+0.06 with Tc=156.15+ 0.3 [Eq. (2)]. These results show

that our trial values are very close to the correct critical ex-,. .
y 2dlca'[es that although N@Ph, sMnO; has a rather low -, it

ponents. Moreover, the curve passing the origin in Fig.
belongs tor = 156.5 K, which is near th& values obtained

from the fits corresponding to Fig. 3. Thus, the results give
support that the 3D Heisenberg universality class governs th

phase transition in NgPk, sMnO;.
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ther, specific heat measureméften Nd,_,PbMnO; (x
=0.2, 0.3, 0.4, and 0)5did not show any signature of a
first-order transition. In fact, broad cusps of the specific heat
observed at the respective ferromagnetic transition tempera-
tures are consistent with Heisenberg-like behavior with nega-
tive critical exponent for the specific heak€0). This in-

Is distinct from Lg ¢Ca ,MNnO;.

The value ofé has been directly obtained by plotting the
gritical isotherm. Figure 5 showd s (156.5 K,H) vsH on a
log-log scale. According to Ed3), this should be a straight
line with slope 1. From the linear fit we obtained=4.54
+0.10. The critical exponents have to fulfill the Widom scal-
ing relatiort*

5=1+vlB. (5

Using the above determined values@®andy, Eq.(5) yields
6~4.6x0.3 for v, B evaluated according to Fig. 3 anil
~4.55+0.10 fory and B8 obtained by the KF method. Thus,
the critical exponents found in this study obey the Widom
scaling relation remarkably well.

In order to check whether our data in the critical region
obey the magnetic equation of stat®, M/s# as a function
of H/eP*7 is plotted in Fig. 6 using the values of critical

FIG. 3. Temperature variation of the spontaneous magnetizatiogXponents and ¢ obtained from above analysis. The inset

Mg (triangle and the inverse initial susceptibility, (circles
along with fits obtained for power laws.

shows the same results on a log-log plot. It can be clearly
seen that all the points fall on two curves, oneTer T and
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FIG. 5. M vs H on a log-log scale at 156.5 K, i.&l~T.. The

straight line is the linear fit following Eq3). Hle |'(7+ﬂ) [10" O€]

another one folf>Tc. This corroborates that the obtained _F'G: 6. Normalized isotherms of NgPk, MnO; below and
above Curie temperaturd §=156.5 K) usingB and y determined

values of the critical exponents afi¢: are reliable and in ; i
agreement with the scaling hypothesis. as explalﬂed in the text. _Inset shows the same plot on a Io_g-log

The values of criical exponents of Mg, MnOs scale.|e|=|T—T¢|/T¢. Dlﬁergnt symbols on the .same scgllng

. R th fi- curvef (f_) cor_responds to different temperatures: 148uld tri-

(present work the Conven.tlonal ferromagnet i theoreti angles, 149 K (circles, 150 K (crossey 151 K (squarel 162 K
Ce}l values Obtamed, for dlﬁergnt_modélssand values ob- (diamond$, 164 K (down triangleg 165 K (asteriskg, and 165.5 K
tained from the static magnetization measurements reporteﬁghussegi
in literaturé®~2*for other manganites are listed in Table | for
comparison. Clearly, the values of critical exponents founctutoff used fore avoids any such problems. According to our
for Ndy Py sMNO; completely agree with those of conven- analysis this particular manganite system displays consistent
tional Heisenberg ferromagnets. Secondary effects on theritical properties for the paramagnetic-ferromagnetic transi-
PM-FM transition due to magnetic anisotropies or dipolartion placing it into the expected universality class of isotro-
long-range couplings are expected to be small or unobsenpic 3D ferromagnets. This result is not trivial: the critical
able, as in similar systenis.In particular, a crossover to exponents are governed by lattice dimensidd=(3 in
another universality class due to magnetic anisotropy shoulgresent cage dimension of order parameten£ 3, magneti-
be unobservable in this virtually cubic systéiiThe lower  zation and range of interactiofshort-range, long-range, or

TABLE I. Comparison of critical parameters of hgPhy ,MNnO; with the conventional ferromagnet Ni,
different theoretical models, and manganites reported in literature. Abbreviations: SC, single crystal; PC,
polycrystalline; NS, not specified; NEI, not estimated independently.

le| range
Material Ref. for fit Tc (K) B y S
Ndy ¢Pky MNO3, SC This 0.006— 156.47+ 0.374+ 1.329+ 4.54+0.10
Work 0.05 0.06 0.006 0.003
Ni, PC Ref. 35  0.00024- 635.53¢ 0.395+0.01 1.345 4.35+0.06
0.012 0.02 0.01
Mean-field theory Ref. 35 0.5 1.0 3.0
3D Ising model Ref. 35 0.325 1.24 4.82
3D Heisenberg model  Ref. 35 0.365 1.336 4.80
Tricritical mean-field Ref. 27 0.25 1 5
theory
Lag ;SrpMnO3, SC Ref. 20 0.002-0.03 354:®.2 0.370.04 1.22-0.03 4.25-0.2
Lag gSih ,MnO3, PC Ref. 16 NS 315.74 0.500.02 1.08-0.03 3.13-0.2
Lay gBay 3Mn0O;, PC  Ref. 21 NS 338:10.2 0.464+ 1.29+0.02 NEI
0.003
LayCay ,MnO;, SC  Ref. 25 NS NS 0.36 1.45 NEI
LaMnQ; 44, PC Ref. 23 NS 141 0.095 1.47 NEI
Lay CaysMnO;, SC  Ref. 24 NS 2220.2 0.14-0.02 0.8%*0.03 1.22:0.02

LageCa MnO;, PC  Ref. 27 0.002-0.04 265H.5 0.25-0.03 1.03-0.05 5.0-0.8
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infinite).3"*8 Thus, our results show that the “additional de- disorder, which may be necessary to explain the various
grees of freedom” related to the fact that the ferromagneti@anomalies and the CMR in this class of ferromagnetic man-
coupling is mediated by itinerant charge carriers do nofganites.

mimic long-range interactions. Thé value reported for a From the experimental studies on manganites reported in
Lag -Sty.sMnO; single crystal’ is close to that of a conven- the literature so far, it remains unclear whether continuous
tional ferromagnet and consistent with the Heisenberg modglaramagnetic-ferromagnetic transitions, if present, should
but y in Ref. 20 is not close to any theoretical model showngenerally belong to the universality class of the Heisenberg
in Table 1. On the other hand, mean-field-theory values arenodel with short-range couplings. The wide disparity of
obtained! for polycrystalline LggSr, MnO;. A first-order  critical properties reported in the literature for manganites
transition in Lg Ca, ;MnO; (Ref. 26 and a crossover to a calls for more experimental studies on high purity samples,
continuous phase transition on either side of the phas# particular single crystal investigations with different com-
diagrant>?’ suggest that Ca-doped manganites are distingpositions.

from other manganites. Some theoretical moefspredict

that such a cross-over from co'ntinuous to first-order transi- IV. CONCLUSIONS
tions may occur. However, in a recent stﬁ‘blyon a
Lag /Ca sMNnO;3 single crystal, it is proposed that the transi- In summary, we have studied the critical behavior of

tion should be viewed in the context of Griffiths singularity, Ndy ¢Pby ,MNO; in the temperature region aroufi¢: from
which arises when disorder suppresses a magnetic transitiofic magnetization measurements and determined the values
Here we would like to remark on the critical behavior of of T¢, B, v, and§, which provide a consistent description of
other half-metallic oxides such as CrQRef. 4) and the continuous paramagnetic-ferromagnetic transition ac-
Sr,FeMoQ;.#? It has been found that both materials belongcording to scaling laws. The values of the critical exponents
to the 3D Heisenberg ferromagnet universality class. Ougare very close to the values for the universality class of 3D
study demonstrates that a mixed-valent half-metallic ferroHeisenberg ferromagnets with short-range interaction.
magnetic manganite also shows these conventional critical
properties. This finding should provide a point of reference
also for an understanding of tla@omaloushehavior in some

of the manganites with unconventional PM-FM transitions. M. S. thanks the Alexander von Humboldt foundation for
Hence, this result is useful to identify further effects such adinancial support. N.G is grateful for the financial support of
polaronic coupling of charge carriers to other modes andn CSIR extramural research grant.
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