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Anomalous low-field magnetization in La  ,3Ca;;3MnO5 near the critical point:
Stable clusters?
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The magnetic behavior of bulk LaCasMnO; (Tc=267 K) at low fields in the paramagnetic
phase was studied. Ne@g(T—T-<30 K) we find a sequence of steplike features in the effective
Curie constantC(T)=M(T—T¢c)/H at well defined temperatures and intermediate plateaus,
accompanied by temperature hysteresis. On approadhkinghe C values at each plateau follow a
geometrical progression, with the effective sfirdoubled at each step. The first plateau gi%es
=5.5, corresponding to a cluster of three ¥rions sharing one extra hole. This suggests that close

to T¢ short range magnetic order at low fields develops hierarchically through a series of most stable
cluster states. €©1998 American Institute of PhysidsS0021-897¢98)52311-(

I. INTRODUCTION consensus about the relation of this effect to the formation of
. composite cluster spirfs’ for instance, a spin-coupled pair

The doped manganites Ln,AMnO; (where Lnand A ¢ \ind+ ang M+ will contribute C,=21 which is~1.6
are trivalent lanthanide and divalent alkali-earth, respeCimes greater than the suG,+C, for two uncoupled
tively) are of great interelst now due to the colossal magneg,ins and such enhancement must be even stronger for
toresistance effeo@CMR). Although fthe basic mechanism greater clusters. The same data show that at sufficiently high
for the onset of uniform ferromagnetism, the Zener’s dOUbIe[emperatures the Curie—Weiss law wieh~C is restored
exchang&DE) interaction, was recognized long agjit,does - e / .
not provide a satisfactory description of the magnetic stat bUt. Wlth modifiedTc>Tc). This sugg.e.sts that cluster for-

P y P 9 ation is favored closer to the transition temperature. But,

i 3
e et s 2 he st eromagretc ransiion.a song enotgh o
P ternal field will suppress the critical spin fluctuations and

in the critical behavior of MR disagree with the classical spontaneous cluster structure can be smeared. In the present

concept of electron spin scattering by thermodynamic ﬂuc—Work we study the deviations from uniform paramagnetic

tuations of localized Mq spins. A possible explqnation Was b vior of La,:CayMNO; with approachingic, at as low
ﬁlrj%rt)lj’ast?gntshrt%iglztfeoreg;;engﬁecigtgermfdynam'fc and stat pplied fields as possible. Besides confirming the difference
) ’ 9 pontaneous ormatlon' etween the Curie constants close and far fibgnat fields
spin cI.ust'ers by local DE in thg ra”dOrT‘ poéentla! of ChaOtI'ranging above some kOe, we found some essentially new
cally Q'S’It”bﬁted dopan_ts. AISO itwas evidenceat in these effects close toT¢ at fields below~50 Oe. Particularly, a
?a';]erla;s the rt[lagr_;etlzat;on EertT;ngatnes% dWFL) at_ sequence of steplike features observed at well-defined tem-
igher temperature$ (up to about three time$) and ap peratures and accompanied by temperature hysteresis sug-

ﬂled:ﬂgd HZS(/)E S(-Ir](it-ltOI)IO\;\:]thzrtci(lislslrc?r:g;”e;r\évftlscsulr?;’v gests a discontinuous dynamics of spin clustering with pos-
cw ™ £ T c).-np ’ PP sible hierarchical structure.

constant(for T—T¢ up to ~100 K), obtained from the data
of Ref. 5 on Lg,;sCa,sMn0O;, is C~11.4, much higher than

the simple weighted sur@=xCjy,+ (1—x)C, of Brillouin  Il. EXPERIMENT

constilbutlons Cs=4/35(S+1) from Mn‘”(g:‘ 3/2) and A bulk ceramic sample of composition §.g&Ca sqMNOs
Mn®"(S=2); for x=1/3 we haveC=7. There is a general a5 prepared by standard solid-state methods from oxides
and carbonates, with three intermediate grindings and final
dElectronic mail: vbamaral@fc.up.pt sintering at 1300 °C for 50 h and very slow cooling to room
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FIG. 1. (dM/dT)~ Y2 from high temperature measurements at field 8 kOe. FIG- 2. Inverse magnetization close 1@ . Instead of a continuous de-
The arrow indicates the orthorhombic-trigonal structural transitiofiat, crease, we find a sequence of steps and intermediate regions were a Curie-
~750 K. like type of dependence seems valiithes).

temperature within 20 h. Powder diffraction showed a singleishown in Fig. 1, can be explained by the increase of ex-
phase orthorhombic structur®,,), and scanning electron change at shrinking lattice parameters. To our knowledge,
microscopy revealed that the samples have very small poroghis is the first report of th@—T transition through magnetic

ity and 10um average grain size. High resolution electrical measurements. Resistivity measurements showing a kink at
resistivity and magnetoresistance measurements confirmeg},_; were reported in literatur.

the characteristic behavior of these ferromagnetic ceratics.  To understand the high-temperature behavioC¢T),

The low field magnetization of the sample was measuregve calculated the spectrum of spin states for the simplest
with a Quantum Design superconducting quantum interfercluster model of two MA" atoms, sharing one extra hole
ence devicgSQUID) magnetometer. In order to reduce the with hopping amplitudet. Apart from the splitting between
effect of frozen magnetic fields in the superconducting coilbonding and antibonding states, known already from the
and ensure a better field homogeneity, prior to these meaemiclassical approachthe spectrum is characterized by
surements the coil was heated to room temperature. Duringqual separation/4 between levels which is not exactly
the measurement of these low field data, the maximum magzquivalent to isotropic Heisenberg exchange. With decreas-
netic field did not exceed 30 Oe. The measurements at coling temperature the calculated Curie function rapidly grows
stant magnetic field were taken on cooling the sample fronfrom the asymptotic valu€g,,+ Cg/,+ Cq/2, for fully inde-
high temperature6320—380 K, down to 20 K and then on pendent components, to the linG,, for the fully aligned
heating back to the initial temperature. On the first run, atluster spin.

1.36 Oe, a zero-field cooled curve was also measured. High  Closer toT., where the diamagnetic contribution can be
temperature(300-1000 K magnetic measurements were neglected, C(T) can be defined directly asd kg (T
taken in an Oxford Instruments vibrating sample magneto—T.)/ug?H where Tc=263.5K fits best. For magnetic

meter(VSM) with a constant applied field of 8 kOe. fields above 50 OeC(T) displays even faster growth,
which can be associated with a rapid continuous increase
IIl. RESULTS AND DISCUSSION of effective cluster spin Sis. Similar behavior for

o . (La; _,Th,),:Ca;,sMnO; was already reporteld.In addition
Well aboveT where the sample magnetizati(T) is o this, in lowest fields €50 Oe) some discrete steplike fea-
small, we separated the paramagnetic term from the diamaggres appear in the magnetization data. In Fig. 2 we show the

netic background by means of the derivatiud//dT to  jnverse magnetization as a function of temperature. It is seen
evaluate the function YM/dT. ForM =Mcyy it should be  that between steps a Curie-like behavior is obseflieds).

linear in temperature:T—Tc)/ugVCH/kg, but from our  The Curie functionC(T) is represented in Fig. 3 for several
measurements up to 1000 K this function is slightly nonlin-fields. Here these anomalies are more clear, with steps at
ear (Fig. 1). Hence, eitheC or T¢ (or both are not exactly well-defined temperatures and intermediate plateaus, and
constants, and therefore the effective cluster sBifx  |ower is the field better resolved are these features. This ef-
=3C/4S—1 (note thatC is defined per one Mn spin, and the fect is new and it shows that intrinsic short range magnetic
mean spin valu&=x3/2+(1—x)2=11/6 providesCg~C) order in the considered material develops through a series of
and its coupling to neighbor spirisluster$ J.~4T:-/C are  more or less stable intermediate stafgasters. We plotted
temperature dependent. We found the experimental value dfie logarithms of plateau heights 6{T) at different fixed

the Curie “function” C(T) to increase from~C at T fields and found them to grow almost linearly with the pla-
>800 K to ~14.8 at 300—350 K({from the two linear as- teau numberrf=0,1,2,...)(Fig. 4. The case1=0 is taken as
ymptotes far and close t®.), in agreement with known the limiting value for independent spins measured at high
data®® The sameC(T) value at 300 K is obtained with temperatures: l0G@giedN)~log C+yn, with y=~log(2.1
SQUID and VSM measurements. The hump at thex0.1). This can be interpreted as if the typical cluster spin
orthorhombic-trigonal structural transitionmo_t~750 K Sy is doubled each time as the corresponding temperature
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ior, suggests that the steps can be compared to a series of
first kind phase transitions in the spin subsysténset to
Fig. 3.

The sequence of cluster states for this sample can consist
of: a triplet of Mr™ ions sharing one extra hole, in line, six
Mn®* ions sharing two extra holes, possibly in X 3 rect-
angle, twelve MA" ions sharing three extra holes possibly in
a 2x2x3 paralelepipedtwo cube$ and so on. The calcu-
lation of the lowest energy level for clusters in a cubic lattice
containing three Mf" ions for each hole in the double ex-
change Hamiltonian gives the following value€/t

=-141,-1.71,-1.89,—2.06,—2.08, and— 2.20 for the
0,01 3 H“'-"\__ H=20 Oe cases of 1, 2, 3, 4, 6, and 9 holes in a cluster. Some of these
. "'-;,,._‘ values were recently reported by Gehring and Coombis.
“““-"R_ H=0.86 Oe can be seen that the formation of clusters with more than
La _Ca_ _MnO el four holes(12 iong does not lead to a considerable energy
1g3L > °%® 8 e reduction, while loosing in entropy. This may serve as an
: ! . 1 . i explanation for the above-indicated stability of the feature at
270 T(K) 280 T3~276 K.
For comparison, the same measurements were also done
- on a less doped sample of L-aCa, ,gMnO;. Here the effect
FIG. 3. Steplike behavior of the Curie function at low magnetic fields closeOf Strong enhancement of the Curie constant and hysteresis at
to Tc. Inset: Temperature irreversibility effects. low fields are also observed close to the transition tempera-
ture~232 K, however, no clear fine structure was seen even
at lowest fields.
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