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Anomalous low-field magnetization in La 2/3Ca1/3MnO3 near the critical point:
Stable clusters?
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The magnetic behavior of bulk La2/3Ca1/3MnO3 (TC5267 K) at low fields in the paramagnetic
phase was studied. NearTC(T2TC,30 K) we find a sequence of steplike features in the effective
Curie constantC(T)5M (T2TC)/H at well defined temperatures and intermediate plateaus,
accompanied by temperature hysteresis. On approachingTC , theC values at each plateau follow a
geometrical progression, with the effective spinS doubled at each step. The first plateau givesS
55.5, corresponding to a cluster of three Mn31 ions sharing one extra hole. This suggests that close
to TC short range magnetic order at low fields develops hierarchically through a series of most stable
cluster states. ©1998 American Institute of Physics.@S0021-8979~98!52311-0#
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I. INTRODUCTION

The doped manganites Ln12xAxMnO3 ~where Ln and A
are trivalent lanthanide and divalent alkali-earth, resp
tively! are of great interest now due to the colossal mag
toresistance effect~CMR!.1 Although the basic mechanism
for the onset of uniform ferromagnetism, the Zener’s dou
exchange~DE! interaction, was recognized long ago,2 it does
not provide a satisfactory description of the magnetic s
close to the transition temperatureTC .3 It was already noted
in the previous authors’ work4 that certain features observe
in the critical behavior of MR disagree with the classic
concept of electron spin scattering by thermodynamic fl
tuations of localized Mn spins. A possible explanation w
proposed through coexistence of thermodynamic and s
fluctuations, the latter being due to spontaneous formatio
spin clusters by local DE in the random potential of chao
cally distributed dopants. Also it was evidenced5 that in these
materials the magnetization per manganese atomM (T) at
higher temperaturesT ~up to about three timesTC! and ap-
plied field H does not follow the classical Curie–Weiss la
MCW5CmB

2H/kB(T2TC). In particular, the apparent Curi
constant~for T2TC up to ;100 K!, obtained from the data
of Ref. 5 on La2/3Ca1/3MnO3, is C'11.4, much higher than
the simple weighted sumC̄5xC3/21(12x)C2 of Brillouin
contributions CS54/3S(S11) from Mn41(S53/2) and
Mn31(S52); for x51/3 we haveC̄57. There is a genera
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consensus about the relation of this effect to the formation
composite cluster spins,6,7 for instance, a spin-coupled pa
of Mn41 and Mn31 will contribute C7/2521 which is'1.6
times greater than the sumC3/21C2 for two uncoupled
spins, and such enhancement must be even stronge
greater clusters. The same data show that at sufficiently h
temperatures the Curie–Weiss law withC'C̄ is restored
~but with modifiedTC8 .TC!. This suggests that cluster for
mation is favored closer to the transition temperature. B
like the usual ferromagnetic transition, a strong enough
ternal field will suppress the critical spin fluctuations a
spontaneous cluster structure can be smeared. In the pr
work we study the deviations from uniform paramagne
behavior of La2/3Ca1/3MnO3 with approachingTC , at as low
applied fields as possible. Besides confirming the differe
between the Curie constants close and far fromTC at fields
ranging above some kOe, we found some essentially n
effects close toTC at fields below;50 Oe. Particularly, a
sequence of steplike features observed at well-defined t
peratures and accompanied by temperature hysteresis
gests a discontinuous dynamics of spin clustering with p
sible hierarchical structure.

II. EXPERIMENT

A bulk ceramic sample of composition La0.67Ca0.33MnO3

was prepared by standard solid-state methods from ox
and carbonates, with three intermediate grindings and fi
sintering at 1300 °C for 50 h and very slow cooling to roo
4 © 1998 American Institute of Physics
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temperature within 20 h. Powder diffraction showed a sing
phase orthorhombic structure (Pbnm), and scanning electron
microscopy revealed that the samples have very small po
ity and 10mm average grain size. High resolution electric
resistivity and magnetoresistance measurements confir
the characteristic behavior of these ferromagnetic cerami8

The low field magnetization of the sample was measu
with a Quantum Design superconducting quantum interf
ence device~SQUID! magnetometer. In order to reduce th
effect of frozen magnetic fields in the superconducting c
and ensure a better field homogeneity, prior to these m
surements the coil was heated to room temperature. Du
the measurement of these low field data, the maximum m
netic field did not exceed 30 Oe. The measurements at c
stant magnetic field were taken on cooling the sample fr
high temperatures~320–380 K!, down to 20 K and then on
heating back to the initial temperature. On the first run,
1.36 Oe, a zero-field cooled curve was also measured. H
temperature~300–1000 K! magnetic measurements wer
taken in an Oxford Instruments vibrating sample magne
meter~VSM! with a constant applied field of 8 kOe.

III. RESULTS AND DISCUSSION

Well aboveTC where the sample magnetizationM (T) is
small, we separated the paramagnetic term from the diam
netic background by means of the derivativedM/dT to
evaluate the function 1/AdM/dT. For M5MCW it should be
linear in temperature: (T2TC)/mBACH/kB, but from our
measurements up to 1000 K this function is slightly nonli
ear ~Fig. 1!. Hence, eitherC or TC ~or both! are not exactly
constants, and therefore the effective cluster spinSeff

53C/4S̄21 ~note thatC is defined per one Mn spin, and th
mean spin valueS̄5x3/21(12x)2511/6 providesCS̄'C̄!
and its coupling to neighbor spins~clusters! Jeff'4TC /C are
temperature dependent. We found the experimental valu
the Curie ‘‘function’’ C(T) to increase from'C̄ at T
.800 K to '14.8 at 300–350 K~from the two linear as-
ymptotes far and close toTC!, in agreement with known
data.6–8 The sameC(T) value at 300 K is obtained with
SQUID and VSM measurements. The hump at t
orthorhombic-trigonal structural transitionTO–T'750 K

FIG. 1. (dM/dT)21/2 from high temperature measurements at field 8 kO
The arrow indicates the orthorhombic-trigonal structural transition atTO–T

'750 K.
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~shown in Fig. 1!, can be explained by the increase of e
change at shrinking lattice parameters. To our knowled
this is the first report of theO–T transition through magnetic
measurements. Resistivity measurements showing a kin
TO–T were reported in literature.9

To understand the high-temperature behavior ofC(T),
we calculated the spectrum of spin states for the simp
cluster model of two Mn31 atoms, sharing one extra hol
with hopping amplitudet. Apart from the splitting between
bonding and antibonding states, known already from
semiclassical approach,2 the spectrum is characterized b
equal separationt/4 between levels which is not exactl
equivalent to isotropic Heisenberg exchange. With decre
ing temperature the calculated Curie function rapidly gro
from the asymptotic valueC3/21C3/21C1/2, for fully inde-
pendent components, to the limitC7/2 for the fully aligned
cluster spin.

Closer toTC , where the diamagnetic contribution can b
neglected, C(T) can be defined directly asM kB (T
2TC)/mB

2H where TC5263.5 K fits best. For magneti
fields above 50 Oe,C(T) displays even faster growth
which can be associated with a rapid continuous incre
of effective cluster spin Seff . Similar behavior for
(La12xTbx)2/3Ca1/3MnO3 was already reported.10 In addition
to this, in lowest fields (,50 Oe) some discrete steplike fe
tures appear in the magnetization data. In Fig. 2 we show
inverse magnetization as a function of temperature. It is s
that between steps a Curie-like behavior is observed~lines!.
The Curie functionC(T) is represented in Fig. 3 for severa
fields. Here these anomalies are more clear, with step
well-defined temperatures and intermediate plateaus,
lower is the field better resolved are these features. This
fect is new and it shows that intrinsic short range magne
order in the considered material develops through a serie
more or less stable intermediate states~clusters!. We plotted
the logarithms of plateau heights ofC(T) at different fixed
fields and found them to grow almost linearly with the pl
teau number (n50,1,2,...)~Fig. 4!. The casen50 is taken as
the limiting value for independent spins measured at h
temperatures: logCstep(n)' log C̄1gn, with g' log(2.1
60.1). This can be interpreted as if the typical cluster s
Seff is doubled each time as the corresponding tempera

FIG. 2. Inverse magnetization close toTC . Instead of a continuous de
crease, we find a sequence of steps and intermediate regions were a
like type of dependence seems valid~lines!.

.
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Tn is reached. The first plateau aroundT1'290 K with
C1'15 relates toSeff'5.5, which fits to a cluster ofthree
Mn31 ions sharing one extra hole, in coherence with
stoichiometric Mn31/Mn41 ratio. The consecutive plateau
aroundT2'280 K, T3'276 K, T4'269 K, andT5'266 K
~observed in fields down to 0.5 Oe! can correspond to con
densation of clusters withSeff'11, 22, 44, 88.

It is noteworthy that neither the temperature interv
between the steps nor their stability against the applied fi
are equal. For instance, the feature atT3'276 K ~supposedly
12 Mn31 ions coupled by four extra holes! looks particularly
stable. Also a considerable temperature hysteresis of ma
tization M (T), confined just to the range of steplike beha

FIG. 3. Steplike behavior of the Curie function at low magnetic fields cl
to TC . Inset: Temperature irreversibility effects.

FIG. 4. Approximate linearity of logarithms of the plateauC values vs
plateau number, indicating that these follow a geometrical progression,
the effective spinS doubled each time as a step occurs. The point for plat
0 is obtained at high temperatures.
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ior, suggests that the steps can be compared to a serie
first kind phase transitions in the spin subsystem~inset to
Fig. 3!.

The sequence of cluster states for this sample can co
of: a triplet of Mn31 ions sharing one extra hole, in line, s
Mn31 ions sharing two extra holes, possibly in a 233 rect-
angle, twelve Mn31 ions sharing three extra holes possibly
a 23233 paralelepiped~two cubes! and so on. The calcu
lation of the lowest energy level for clusters in a cubic latti
containing three Mn31 ions for each hole in the double ex
change Hamiltonian gives the following values:E/t
521.41,21.71,21.89,22.06,22.08, and22.20 for the
cases of 1, 2, 3, 4, 6, and 9 holes in a cluster. Some of th
values were recently reported by Gehring and Coombes.11 It
can be seen that the formation of clusters with more th
four holes~12 ions! does not lead to a considerable ener
reduction, while loosing in entropy. This may serve as
explanation for the above-indicated stability of the feature
T3'276 K.

For comparison, the same measurements were also
on a less doped sample of La0.75Ca0.25MnO3. Here the effect
of strong enhancement of the Curie constant and hysteres
low fields are also observed close to the transition temp
ture'232 K, however, no clear fine structure was seen e
at lowest fields.
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