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Field-induced transition in the paramagnetic state of(Smy g5Srg 35MNO 3
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The susceptibility o Smy, 555t 39MnNO; shows an unusual temperature dependence above the Curie tem-
perature which is attributed to the presence of small manganese-ion clusterS~a®hA field-induced
transition is observed in the paramagnetic state, which corresponds to a doubling of the cluster size and an
increase of the strength of the interaction between them. The continuous transition from small to large clusters
is interpreted in terms of electron phase segregation in a two-phase region. Magnetic hysteresis in the para-
magnetic state is ascribed to potential fluctuations due to Sr substitution. Magnetoresistance measurements
correlate with the magnetic measurements by showing a change of regime from quadratic to linear in field
when the magnetic transition is induced. Thermal hysteresis of about 8 K in the magnetization and resistivity
around the Curie temperatur@ {=120K) is also related to the existence of the two paramagnetic phases.
[S0163-18299)07741-3

[. INTRODUCTION the structure, with reduced Mn-O-Mn bond angles and a nar-
row ey bandwidth® Preliminary studies have previously es-
There has been great interest in mixed-valence manganetablished that this compound is at the limit of the optimally
perovskites following the observation of large negative magdoped manganites which exhibit a metal insulator transition
netoresistance in these materialEhe main mechanism con- at 63 K& and the value of the Curie temperature has been
trolling the magnetic and electronic properties is double exteported to be as low as 85%.Therefore, this compound is
change, where the magnetic coupling between neighborintikely to show the largest effects related to lattice distortion
Mn3* and Mrf* ions is mediated through the transfer of anand magnetic disorder in any of the ferromagnetic mixed-
electron with spin memory. However, the crystal lattice alsovalence manganese perovskites. The tolerance factor is al-
plays a role in this phenomenon through the Jahn-Teller disnost the same a1, Ca z)MNnO;, which shows no metal-
tortion associated with the M ion, which is static in the insulator transition in zero field.
orbitally ordered end member LaMgGand becomes dy-
namic in the ferromagnetic composition range where 20—
40 % of La is replaced by a divalent atom. Il. EXPERIMENTAL RESULTS

A whole range of intgresting physical phepomgna hf';\s The (Smy St 59MNO; sample was prepared by mixing
been observed in the mixed-valence manganites includingign_nurity oxide and carbonate powders. The mixture was
charge ordering, electronic phase separatiand the exis- repeatedly ground, pressed into a pellet, and annealed in air
tence of magnetic polarorié. More recently some of the at 1200 °C until a single phase was obtained. X-ray diffrac-
insulating mixed-valence manganites revealed very surprision showed a single phase that could be indexed on a cubic
ing properties. This is the case M, Ca3aMnOs, which  perovskite cell withay=5.428 A. The density of the ceramic
has a partly charge-ordered ground state which may bgas 65% of the full x-ray density.

“melted” to the normal metallic ferromagnetic state at low  Magnetization, ac and dc susceptibility, and transport
temperature bya) applying a magnetic field greater than 6 measurements have been performed on this sample. Magne-
T, (b) applying pressure(c) irradiating with x rays, or(d) tization was measured using a vibrating sample magnetome-
irradiating with UV light® ter (VSM) with a 12 T superconducting magnet. The abso-

The (Ry-xSr)MnO; compounds withtR=Sm are a lim-  |ute ac susceptibility in SI units was measured on a bar-
iting case in the sense that the Sm ion is the smallest singléhaped sample in a concentric coil system; the dc
rare-earth ion to form the compound wixk=0.3. The toler-  susceptibility was measured using a superconducting quan-
ance factort=(ra+ro)/v2(rg+rp), wherer, andrg are  tum interference devicéSQUID) and a high-temperature
the radii of theA- and B-site cations ando=1.40A is the VSM. The resistivity and magnetoresistance data were ob-
oxygen radius, is equal to 0.950. The small valu¢ @fsults  tained from four-point probe measurements with a dc current
in a pronounced buckling of the array of Mp@©ctaedra in  in an in-line configuration.
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2:— FIG. 2. Low-temperature dimensionless susceptibilitgea-
r sured at 1 kHz under 80 A/mThere is no frequency dependence in
3 - the rangg(10 Hz to 1 kH2.
& L
50 _ ends at a marked peak, a plateau from 40 to 80 K, and a
e gradual decrease between 80 and 140 K. The low-field dc
C magnetization exhibits similar features. There is no disconti-
- nuity, such as would be expected for a first-order magnetic
phase transition. From the inverse susceptibility pleig.
3(a)], it can be seen that {/extrapolates to zero af:

=122 K on cooling and at-=130K on heating. The Curie
temperature of this material is not well defined, but the mag-
B (Tesla) netic ordering transition falls in the range 120-130 K de-
o _ pending on the conditions of the measurement. Another fea-
FIG. 1. (8) Magnetization curves below the Curie temperature.yre to be noted is that the hysteresis of 8 K observed around
There is a crossover between the 10 and 80 K cutiesMagne- T _ patween field-cooling and zero-field-cooled—field-heating
tization curves above the Curie temperature. Note the sharp Changﬁ‘?easurements does not depend on the applied field in the
in the slope. range 250 A/m to 3 kA/m.
A. Low-tempera’[ure magnetic behavior The fa” in the Susceptlblllty belOW 30K Observed in these

o ) small applied fields is attributed here to the development of
Magnetization curves below and ne@dg are shown in coercivity.

Fig. 1(a). The data show that the magnetic order is essen-
tially ferromagnetic. The zero-temperature moment of (3.1
+0.2)ug per formula unit is to be compared with the man- B. High-temperature magnetic behavior
ganese spin-only moment of 3,6 per formula unit. The Figure 3b) shows the inverse susceptibility in the tem-
full spin-only manganese moment is rarely achieved in ferperature range 100—600 K. Above 150 K, data measured in a
romagnetic compounds of the typeR,( ,A)MnO; (R  dc field (250 A/m) and ac field80 A/m, 1 kH2 are in very
=La,Pr,Nd,Sm, which exhibit some degree of spin canting. good agreement. However, it has to be noted that the inverse
The free ion moment of St is 0.71ug, so that the contri-  susceptibility curve does not exhibit the slope expected for a
bution of the rare-earth ion is at most 025 per formula  Curie-Weiss law for free manganese momers=0.97).
unit, which is less than 8% of the total magnetization. Simi-This slope is only reached for temperatures higher than 400
larly, (S 7St 9MnO; also exhibits a slightly reduced satu- K with a value ofg,=272K. The measured inverse suscep-
ration moment, which, in addition to the marked decrease inibility slope from 140 to 200 K gives the much higher value
low-temperature magnetization measured in applied fields o =3.1+0.1 and an intercept at,=90K. The contribution
up to 1 T, has prompted speculation of antiferromagnetismpf Sn* to the susceptibility may be neglected, since it will
or spin canting in this compourldRecent x-ray circular di- pe Curie-Weiss-like withg,~0.
chroism experiments carried out on thg, edge of Sm"
andK edge of Mn in(Smy 7SIy 9MnO; (Ref. 9 lend further
support to the hypothesis that in this compound, the rare-
earth ion is very weakly coupled to the manganeseRhead Magnetization curves in the paramagnetic state are shown
Mn moments tend to be aligned antiparallel in zero field andn Fig. 1(b). These curves show a very unusual field-induced
parallel in large applied field®. These compounds have a change of slope which is not observed in the
tendency to adopt randomly canted spin structures, becomin@m ;S s)MnNO3; compound. In the low-field regime the
essentially antiferromagnetic in the limiks=0 andx=0.5. magnetization varies linearly with field, but above a critical
The real component of the ac susceptibiligig. 2) shows field, which we denote aB;, there is a more rapid increase
three features: a rapid increase from 10 to 30 K, whichin magnetization. These curves also show some hysteresis in

C. Field-induced transition
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FIG. 4. Critical fieldB, inducing the transition above the Curie
temperature, deduced from the magnetization curves the field in-
creasing(circles, B, deduced from the magnetization curve with
the field decreasin¢squares andB; deduced from the magnetore-
sistance curveflozengeg Two possible configurations of the five
manganese clusters are shown in the figure where the solid circles
represent the M ions and the open circles the Finions.
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o tions, but it is often observed tha@t,<T in the manganites.

The cooling and heating resistivity curves at high tempera-
ture (130—300 K can be very well fitted using the variable-
range hopping moddkee inset in Fig. 6
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0 | | I I | p=p., exp{ TO) _
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Temperature (K) The value of Ty deduced from the fit is 105 % upon
cooling and 120 K upon heating, which agrees with values
perature: dc SQUID measurement under 250 A/m: field heatin easured on similar compounH‘S\I_elther a pure_ly activated
(open circle field cooling (solid circles, ac susceptibility mea- 1AW P=P= exp(To/T) nor the simple hoppl_rlg lawp
surement under 80 A/m field heatingcrosses (b) High- = Pol €xPEo/KT) is able to fit the data as welf _
temperature inverse susceptibiliyiangles and theoretical Curie- Above T¢ there are two magnetoresistance regimes; at
Weiss law(straight ling corresponding to free manganese ions. Thelow fields, the resistance variation is initially quadratic with
adjusted Curie constant is 0.95, which is close to the theoreticdlne field, as expected in the paramagnetic state. However,
value of 1. The straight line fitting the low-temperature ga#0—  above a certain critical field, the magnetoresistance variation
200 K) corresponds to the value f=3.1. becomes linear, which is the behavior usually associated

100

FIG. 3. (a) Inverse magnetic susceptibility above the Curie tem-

the range 130-160 K, which becomes negligible at higher  10¢
temperatures. The corresponding variation of the critical |,
field B; as a function of temperature is plotted in Fig. 4. The
variation of the critical field in the decreasing field measure-  12°f
ment varies linearly with temperature from 130 K up to 200 & o0 E
K and goes to zero near the magnetic ordering temperaturey E
However, the critical field for the increasing field measure-
ments does not reach zero at the ordering temperature.
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D. Transport properties or

The resistivity(Fig. 5 shows a metal-insulator transition or
typical of manganites with a low Curie point. Here, again, as 0 Feee L e )
in the magnetic measurements, one can observe thermal hy:
Temperature (K )

teresis 8 K between the cooling and heating curves. This

is comparable to a hysteresis of 10 K measured in FiG. 5. Resistivity as a function of temperature under zero field
(Smy 7S1h.9IMNO;. The resistivity reaches a maximum®B§  showing hysteresis nedic and fit assuming a variable-range hop-
=105K on cooling and atf ,= 120K on heating. These val- ping type conduction above the Curie temperature for the cooling
ues are below the values ®f measured in the same condi- curve (inseb.
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TABLE I. Calculated values o8, p3 and C for clusters with  the cluster are strongly coupled in the temperature interval

different sizes and with different ionic compositions. 130-160 K whereC is determined. This is supported by the
value of §,=270K extrapolated from the high-temperature

Mn ions in cluster MAT/Mn** S Par C susceptibility.

In this picture, a cluster is formed by five Kih ions
: 1/0 24 24 1.10 sharing thFr)ee electrons between them.ylnside the clusters
1 01 15 15 069 there is a large ferromagnetic coupling, whereas the interac-
4 31 15/2- 255 239 tjon between clusters is rather smafh,& 87 K). A few pos-
4 2/2 7 224 181 sible configurations for a five-manganese cluster are shown
5 312 9 360 2.90 in Fig. 4. Since small ferromagnetic regions embedded in a
5 213 17/2 322 1.72  low-density paramagnetic background of Mnare similar
6 3/3 21/2 483 259 to the spin polaron picture discussed in the recent
6 a2 11 528 3.95 literature’™ 1" a possible correlation exists between the two

concepts. While the electrons are delocalized inside the clus-
ter, the electrical transport is dominated by the process of
with the ferromagnetic state of manganites. The critical fieldelectrons hopping from cluster to cluster. Recent work by
deduced from these magnetoresistance measurements isZiese and Srinitiwarawor relates variable-range hopping
good agreement with the critical field deduced from the mag¢VRH) in polycrystalline manganite films to a defective mi-
netization curvesFig. 4). We therefore associate the changecrostructure. VRH behavior is thus attributed to nonstoichio-
in the magnetoresistance from quadratic to linear with themetric regions or tunneling processes across grain bound-
change in the magnetic state of the material in the paramagies. A possible source of clustering is local variation of the
netic region above the critical fielf; . potential experienced by electrons in the k?@pband due to
charge and structural fluctuations associated with the inho-
mogeneous Sr distribution in this compound. Thus the ob-
served VRH behavior lends support to the cited Warkro-

The (Smy 655t 39MnO; compound differs from a normal vaset al. '° have recently shown that systems described by
ferromagnetic manganite in two important aspect§) there  double exchange are unstable towards phase separation near
is a field-induced transition @, in the paramagnetic state, Tc. This was found for a doping range between 0.8 and 1,
and (i) there is thermal hysteresis arouiig. We discuss but the effect of finite fields is yet to be taken into account.
each feature in turn.

Ill. DISCUSSION

B. Hysteretic behavior

A. Field-induced transition The field-induced transition in the paramagnetic state at
) _ _ B, exhibits hysteresis when the temperature is Agaand is
The high value of the Curie constant just abole (C continuous; therefore, it cannot correspond to an abrupt
=3.1) means that the effective moment is larger than tha{:hange in the nature of the clusters. We supposeRhatust
expecte(_tl from the paramggnetic susceptibility of free manpe the onset of a two-phase region where the five-Mn clus-
ganese ions¢=0.97). This suggests the presence of Magyers coexist with larger ones; the five-Mn clusters aredhe
netic clusters. As the temperature increases, the size of thﬁhase, the larger are tiphase, and, for a region of field for
clusters decreases, and by 500 K, where the Curie constagt. B, a and 3 coexist. In order to characterize tphase,
has reached a value of 1iBig. 3b)], the clusters have dis- e need to look at its behavior in high fields where the
appeared. , _ magnetization curve is reversible. Figur@6shows that the
The effective Bohr magneton numbggy is defined for  \;(g) gata at different temperatures can be scaled by plotting
3d ions asper=gyVS(S+1), whereg is the Landdactor and  them againsB/(T— 6,) whered,=112K. The properties of
Sis the spin angular momentum quantum number. The Curighe 5 phase are deduced by fitting a Langevin function to the
constant is given b =NpuougPer/3K, whereN is the total  high-field plot. The best fit is obtained fon=33ug. For
number of paramagnetic entities per cubic meter. Incomparison, the low-field part is fitted by a Langevin func-
(S 65S10.39MN0O;, there are three different magnetic ions tion with m= 1545, which agrees quite well with the result
Mn®*, Mn*", and Smi". For Mr** and Mr*, spin-only  thatS=9 deduced from the Curie law. The clusters in fe
moments are given by=2 andS=2 or S=3/2. Values of phase are about twice as large as in thehase, and the
pZs are equal to 24.0 and 15.0, respectively. For thé”'Sm interaction between them representeddyy- 112K is a bit
ion, p2=0.71; its contribution represents at most 2% of thelarger than that in the: phase 0p=287K). Inincreasing the
total Curie constant and can be neglected. The average valtfield up toB;, the interaction between the clusters is given
of pes for free paramagnetic Mn ions is equal t§ pe2ﬁ> by J, $§:-S,, S; and$§, being the spin of the clusters, is
=4.57, which gives an average Curie constant of 0.97 and aéqual to 0.05 K. At the critical field there is a sudden in-

expected slope of 1.03 in theylis T dependence. crease in the size and strength of the coupling between the
Some possible clusters of Mhand Mrf* together with  clusters. The new interaction is given By S;-S, with J,
values of C are shown in Table I. A five-cluster equal to 0.1 K. Since the interaction in play as well as the

(Mn3*Mn3") with p2=360 comes closer to the observed interacting entities are different above and belBy it is
value of C, but we expect there will be some distribution of natural to observe hysterisis.

cluster size and composition to satisfy the electron stoichi- Hysteresis is already present in the paramagnetic state,
ometry. We are assuming that the five manganese spins jost aboveT, and persists up to about 150 K. It suggests
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1 therefore consider the field hysteresis in the paramagnetic
state and the thermal hysteresis arodndto be closely re-
lated.

However, the thermal hysteresis of magnetization and re-
- sistivity are somewhat different; the point of inflection in the
0.6 £ . resistivity measurement corresponds approximately to the

3 7 magnetic transition. This is further evidence against a first-
order magnetic phase transition. In manganites a small
change in the magnetization can have a drastic effect on the
resistivity—this is the so-called colossal magnetoresistance.

It has been shown that grain boundaries have a great in-
fluence on magnetoresistarf®eHere it may be that the in-

0.8

MM

0.4

02

Y terfaces between the and 8 phases behave like magnetic
0 ! ' ' ' ' ' grain boundaries. The resistivity is greatest about 20 K be-
0 005 01 015 02 025 03 035 low T where fluctuations in magnetization direction are
By /k (T-0) most effective at inhibiting intercluster hopping.

FIG. 6.. ScaledV vs B curves fitted with the Langevin function IV. CONCLUSION
both for high- and low-field parts.

We have discovered a field-induced transition in the para-
that there is some difficulty in nucleating thephase near magnetic state of a ferromagnetic mixed-valence manganite,
Tc, and thea-g interfaces tend to be pinned. where the size of the basic magnetic entities increases from

The hysteresis af would normally suggest a first-order 5-Mn clusters with a moment of-13uB to larger clusters
magnetic phase transition, but we have found no evidencwith m~33uB. This clustering corresponds to electronic
for any discontinuity of magnetization @ in M(T) curves.  phase segregation, and the hysteresis observed as a function
We note, however, that the onset of g3 transition occurs ~ Of temperature or applied field is related to the presence of an
above a critical value of the magnetization, which is approxi-electronic two-phase region.
mately 15% of the saturation magnetization. When ap-
proached fromr'>T. the ferromagnetic phase forms by in-
teraction and alignment of the moments of five-Mn clusters
of the @ phase. However, when approached fréri T the This study forms part of the work of the OXSEN network,
manganite reaches the paramagnetic state through disorder-program for Training and Mobility of Researchers sup-
ing the clusters of the3 phase, which are more strongly ported by the European Union. It was partly supported by the
coupled and therefore lead to a higher valueTef. We  U.S. Navy; NO0014-97-1-0166.
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