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Unconventional critical behavior of magnetic susceptibility
as a consequence of phase separation and cluster formation
in Lay7,Cag3sMnO3 thin films

H. Huhtinen, R. Laiho, E. Lahderanta, and J. Salminen
Wihuri Physical Laboratory, University of Turku, FIN-20014 Turku, Finland

K. G. Lisunov, and V. S. Zakhvalinskii
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Nonuniversal critical behavior of the dc magnetic susceptibjity'(T) — x ~ }(T¢) ~(T/Tc—1)”

=77 is observed near the paramagnéfd/) to ferromagnetiqFM) transition in Lg -Ca ;MnO3

film samples. The value of~1.4 obtained for & r<7; with 7,~0.05-0.09 corresponds to a
three-dimensional Heisenberg spin system and thato?.4 for 7, < 7<<7, with 7,~0.2—0.3 to a
two-dimensional percolation system. This behavior is attributed to phase separation by presence of
FM clusters with temperature dependent correlation length in the PM matrix of the filn20G2
American Institute of Physics[DOI: 10.1063/1.14483Q9

La, _,CaMnOs, briefly LCMO, belongs to the class of magnetometer under zero field cool@C) or field cooled
hole-doped “colossal” magnetoresistant@MR) materials, (FC) conditions in fields oB=80 G, 0.5 kG or 1 kG, tilted
exhibiting a huge drop of the resistivity in external magneticto the film surface at an angie=0°, 27° or 90°.
field around the paramagnetieM) to ferromagnetioFM) As evident from Fig. 1(upper panel#1 undergoes a
transition temperaturdc . An intrinsic property of LCMO PM-FM transition, identified by inflection o¥(T) at Tc
is phase separation or presence of FM droplets embeddeg227 K. The irreversible magnetic behavior or deviation of

into the PM host materiai* due to interplay between order- Mzrc(T) from Mec(T) below Tc in a low field (80 G),
ings of the charge, orbital, and spin degrees of freetlom. which is suppressed considerably whgris increased to 1

Critical magnetic behavior nedi. , governed by scaling kG, indicate a frustrated mixetbpin-glass or cluster-glass

exponents between those of the mean-field theogy (

=0.5,y=1) and of the three-dimensioné8D) Heisenberg

model (8=0.36=1.39° have been observed in T(K)

Lay -,SKCo0;,’ Lag 64Ba,Cay —4)03Mn0;,° 0 100 200 300
Lag gSi,Mn03,°  LaggMgg odMn0;,2° and in LCMO 1l
samples witlx<<x,~0.18 and the hole concentratiar<cy,
~0.23M However, forx>x, and c>c, the values ofy
~1.64 were fount close to 1.7 characterizing a 3D perco-
lation systemt? Furthermore, the giant fLhoise observed in
Lasss_«Pr,CasgMnO; (Ref. 13 and the critical behavior of
the variable-range hopping conductivity in LCMO with
=0-0.15," indicate the features inherent to a percolation
PM—FM transition in these compounds.

Comparing with bulk samples used in the aforecited in-
vestigations, thin films offer a natural constraint for growth
of the percolation clusters in the direction perpendicular to
the film plane. In this article we report observation of uncon-
ventional nonuniversal critical behavior of the magnetic sus-
ceptibility, x(T), in thin LayCa MnO;3 films and discuss
its connection to the phase separation effect.

The experiments were made on square-shaped LCMO
films, prepared by pulsed laser deposition on a Mgo0
substratg#1) and on a SrTiQ (100 substratg#2aN), with
the area 05S=11.7 mnt and 6.7 mm, the rms roughness of
50 nm and 3 nm, respectively, and thickneks 200 nm.
Sample #2aN was annealed in oxygen at 800 °CNer0, FIG. 1. Upper panel: values & (T) for #1 at differentd andB. The arrows )
39, and 99 h to varylc. X-ray analysis showed that the ;g:;Zt';gw?”g(izcbsrzr’\‘ﬂc?jsl':i’gf?”A‘:f]’E'Z:geAt&eg:‘g;’(elsoiaz‘rjng arr:_Sh'ﬂEd
films had the same cubic structure as ceramic LCMDhe spectively. Lower panel: critical behavior ¢f(T) for the curves in the
magnetization,M(T), was measured with an rf-SQUID upper panel. The arrows show the direction of the temperature change.
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T (K) for #1 and~0.09 for #2aN, andy,;=2.41*+0.05 and 2.40

0 100 200 300 +0.05 whenr<7<t, with 7,~0.2 for #1 and~0.3 for
y ' ! ! #2aN. The values ofy,, are close toy=1.39-1.43 in
4:99h,27°, 500 G La, _SK,Co0;,” y=1.39+0.05 in La Mg oMnO,° and

-
[\%)

y=1.45 in LCMO single crystal withy=0.21" correspond-
ing to the 3D Heisenberg spin system. On the other hapd,
is in a good agreement with predictions for a two-
dimensional(2D) percolation systemy=2.38+0.03 and
2.43+0.03'®

We attribute the nonuniversal critical behavior to the
phase separation effect being responsible for creation of

My (107 Am2)
H [e4)
L L]

OF small FM patrticles in the PM host matrix atwell above
5 20T # 2aN Tc.2*WhenT is decreased both the radiuand the volume
15 fraction n(r) of these particles are increased, joining them
s 15F 5 into strongly correlated FM cluste?$. The cluster correla-
8 v tion length can be expressed agr)=M\g7 U where \g
10} 1 ~2(4mn/3)" " is the mean distance between the FM par-
= 2 ticles andv~1 is the critical exponert The condition of
= sk 3 the onset of the 2D critical behavior i ,)~d, giving n
z ~6[m(dr,)3]~4x10% cm 2 and 7x10®cm 2 for #1
£ 0 4 ) R . R . , ) and #2aN, respectively. Down tg the clusters are 3D ob-

-6 -4 2 jects, so the volume fraction of the FM phase 7451

Int —exp(—4mnr¥3).1° Assuming that afl well aboveT. the
radius of a FM particle attains the smallest valugy,
~av3/2~0.67 nm, wherea~0.77 nm is the lattice param-

FIG. 2. Upper panel: values ofl ,-(T) for #2aN at differeniN, 6, andB. eter of cubic LCMO, we estimat@yyn= 7(f min)~5x10"°
The shifts of the curves 2, 3, and 4 atM,=2x10"7 Am?, AM;=3 and 9x 10 © for #1 and #2aN, respectively.FM droplets
x10"" Am?, andAM,=6x10"" Am?, respectively. Lower panel: critical  \ith similarr ~0.85 nm have been observed by neutron scat-
behavior ofy(T) for the curves shown in the upper panel. tering investigations in LCMO single crystals witt=0.05
and 0.08. and close value ofj~5.2x10"° was estimated
from critical behavior of the resistivity nedic in the same

+FM) phase similar to bulk LCMO samplé&25in addition, ~ film #1.2°
a large difference between the valueshdfmeasured a¥ The average moment of the FM particlgs,at 7, can be
=0° and 90° is observed, demonstrating, as typical for thirestimated from the equatidvi (T,) ~unL(uB/kT,), where
films, a strong angular dependence of the demagnetizing faé-(¢) is the Langevin function and’, is the temperature
tor D. The same features are also well observable in #2aNcorresponding tor,. Then the volume fraction at, is
As shown in Fig. 2(upper panélthe value ofT¢ depends 7(72)~nu/Ms, whereMs~860 emu/cr is the saturation
strongly on the annealing tim&.= 165, 203, and 217 K for magnetization. Finally, the value ofr,) can be found from
N=0, 39, and 99 h, respectively. The shift B to higher the relation betweem andr. We obtainu~1x10*ug and
temperatures whei is increased can be explained by in- 1X 10ug, n(7)~5x10"3and 1X 10 2 andr(7,)~3 and
crease ot.'° 7 nm for #1 and #2aN, respectively. A similar value rof

When analyzing the critical behavior of the apparent sus=5 nm has been obtained by &bauer investigations &t
ceptibility x(T)=M(T)/B, it is convenient to use the differ- just belowT in bulk LCMO with x=0.2*
encex XT)—x 1(Tc) to exclude the influence db. Be- The estimates made above are consistent with the rapid
cause the width of the films is much larger than theirincrease ofyp whenT is decreased. However, eventthe
thickness, the inhomogeneity df is unimportant at larg@  value of # is still very small in comparison with the 3D
and the dependence Bfon the true susceptibility, can be  percolation thresholdy,=0.29'° Because the clusters be-
neglected. This may not be valid for smallbut in this case have belowr, as 2D objects, in our casg. would be even
D is small anyhow. Therefore, using the conventional equahigher. The critical behavior of below 7, demonstrates that
tion 1+4my=(1+4mx;)/(1+Dy,) we obtain in all cases 7. is not reached, and neay the contribution of the FM
X XD =x Y To)~xe MM —xt Y(Te). At T—To we clusters to the net magnetization becomes smaller than that
have x; 3(T)—x: Y(Tc)~(T/Tc—1)"=17?, leading to the of the PM host phase. On the other hand, dua<+ed this
relation phase represents essentially a 3D spin system, which ex-

_ _ plains the 3D Heisenberg behavior forx@< 7.

XM =x (T~ @ To summarize, nonuniversal critical behavior of the

The plots of In[ x " X(T)—x XT¢c)] vs In7 are shown magnetic susceptibility of Lg,Ca, ;MnOs films is observed,
for #1 and #2aN in the lower panels of Fig. 1 and Fig. 2,including crossover from a 2D percolation spin system to the
respectively. They contain two linear parts with slopgs 3D Heisenberg spin system. This behavior is independent of
=1.37+0.02 and 1.38 0.02 when <7<7; with 7,~0.05 the surface quality of the films, the direction and strength of
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