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High-frequency magnetoimpedance of double perovskite LgSr; gMn,0O5:
Secondary transitions at high temperatures
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Radio frequency magnetoimpedance measurements reveal a pronounced anomaly at 260 K besides the main
metal-insulator transition at 125 K in the double-perovskite materigh®a gMn,O;. This feature is not seen
clearly in static resistivity and magnetization measurements. We suggest that this anomaly represents short-
range magnetic correlations enhanced at radio frequencies, with the easy axis aloraxithe
[S0163-182609)08437-4

The observation of colossal magnetoresistafC®R)  and charge dynamics. In this paper we describe the tempera-
in perovskite manganites La,A,MnO; (A=Sr,Ca) (113) ture and field dependence of the radio frequency dynamic
has triggered further research into related systethfhe response of the double perovskite, L&r gMn,0;. We fo-
CMR in these materials is normally observed at temperaturesus on a pronounced anomaly around 260 K observed in
close to the ferromagnetic-to-paramagnetic transition associmany samples and suggest that this anomaly represents mag-
ated with a metal-insulato¢MI) transition. Following the netic correlations, perhaps two dimensiof2D) in nature,
double-exchange mechanism of Zehebased upon the with a single energy and temperature scale.
strong on-site(Hund’s rule coupling between the charge  Single crystals(5 cm long and 0.5 cm diamejeiof
carriers @4-like statg and the local spinstgs-like statg, La, »Sr; gMNn,0; were grown from the melt by the floating-
several modefs'® have been proposed to account for thesezone method using a mirror furnatePowder x-ray diffrac-
properties, but many of the observed features cannot be aten (XRD) analysis resulted in the lattice parameters
counted by the double-exchange interaction alone. These 3.864+0.002 A andc=20.130+0.006 A, in close agree-
well-studied 113 compounds can be considered asnthe ment with those previously reportédi.The polycrystalline
=« members of the Ruddlesden-PoppéRP) series material was synthesized by the conventional solid-state sin-
(La; —«ShK) n+1MNn,05,.1 Which can be described as inter- tering technique. No extra phases were detected by XRD and
growths between La ,Sr,MnO; perovskite blocks and rock the lattice parameters were found to be identical to those
salt-type layergLa,SnO. determined in the case of the single crystals. Three single

In order to examine further the relation between CMR,crystals labeled SC1, SC2, and SC3, and a polycyrstalline
magnetic, and MI transitions, attention has been focused osample labeled PC were studied.
other materials with reduced dimensiofd*~**In particular, The rf measurements were carried out using an ultrastable
for then=2 member of the RP series (L.aSr),+1Mn,0O; tunnel diode oscillator. The sample is placed in a coil which
(327), the material is antiferromagnetic fa=0, while inthe  forms the inductive part of theC resonant circuit. In this
region 0.2<x=<0.4 the material is ferromagnetic and exhibits technique, a change in the effective reactancef the
a Ml transition atT.. The maximumT .= 125 K obtained in  sample, caused by varying the temperatlirenagnetic field
this series is fox=0.4. Moritomoet al® have reported a H, or angled (between crystalographic axis aki), leads to
high value of the CMR inx=0.4 composition at tempera- a change in the inductance of the coil which in turn results in
tures near and far away froif,. a shift of the resonant frequency of the oscillator. The quan-

Most of the experiments that probe the manganites aréty that is measured is the change in the resonant frequency,
static in nature and have limited capabilities in elucidatingd f(T)=[f(T)—fo(T)]—[f(T=270)—fo(T=270)], where
the basic mechanisms involved. Recent dynamic measurdy(T) is the empty coil frequency. From the elementary con-
ments like electron paramagnetic resonah@EPR and and  sideration of ac impedance and Maxwell's equations for
ferromagnetic resonante (FMR) have provided micro- magnetic, conducting materials, it can be shown that
scopic evidence for the formation of Jahn-Teller polaronsdf=—G(dX)x—d(up)*2 Here, dX(T,H,8)=X(T,H, )
and spin-wave resonance, respectively, in the manganites. R X(T=270H=0,0=0) is the change in reactancg, the
La; ,SrMnO;, Srikanth et al!® have very recently ob- geometric factor, angd(T,H) andu(T,H) are the resistivity
served additional new features in the rf impedance measurend permeability of the magnetic material, respectively. The
ments, which are not clearly visible in the dc resistivity andchange in the reactance is calculated using the above rela-
magnetization measurements. These results show that the dyen.
namic rf measurements reveal new transitions, and in addi- The stability of the circuit is very high, typically, 1 Hz in
tion also give information on the collective response of spir4d MHz and the operating frequency is in the range 2—4 MHz
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0.004 o2 the well-known MI transitionfwhich is also observed in the
f dc M(T) andp(T) measurementsthe origin of the transi-
_0.003 tion at T* =260 K is quite intriguing and worth studying.
E In the magnetization measurements, very weak features
e are observed in the vicinity of*, but are nowhere as pro-
< 0.002 - . -
T ' o~ nounced as in Fig. 1. In the literature similar weak features
E have been reported in double perovskite but have not been
= sC3 v 22,23
- 0.001 adequately addressét??23In the present ac measurements,
;‘fr the features are striking and unavoidable. In this paper we
© 0 focus on this anomaly—a subsequent paper will discuss the
details of the field and temperature dependence of the rf re-
P sponse over the entire temperature range. It is important to
70 120 170 220 270 dwell on these unusual transitions as they may hold a key to

an understanding of the basic mechanism involved in the
CMR materials.

FIG. 1. Temperature dependence of radio frequency reactance |t was earlier demonstrated from a transmission electron
for single crystals SC1, SC2, and SC3. microscopy (TEM) analysis that intergrowths could be
present in these materigs?2 The intergrowths are missing

depending on the coil and sample used. The inductive coi®r extra layers of SrO between Mp@©ctahedra, which could
with the sample is inserted into a helium flow cryostat andform higher order (>2) phases of RP series. The unit cell
coupled through a rigid coaxial cable to enable a temperaturef 327 may be written as SrO(La,SrMnO;),, where it is
variation between 4.2 and 300 K. In all the measurements thelear that Mn@Q octahedra are separated from each other by
rf field is perpendicular to the axis of the crystal. For field- an insulating SrO layer. If the second transition is thought to
dependent measurements, a dc magnetic figidto 6 kOe  be due to the impurity 113 phase which forms due to the
was applied by placing the sample coil-cryostat assemblynissing of SrO layers, then this phase is likely to be
between the pole pieces of an electromagnet. Lag ¢Sty 4MNO;. The corresponding transition temperature of
The magnetization and CMR of the crystal have been dethis phase is well above 300 ®.Second, any phase transi-
scribed elsewher®. Briefly, a sharp ferromagnetic to para- tion in the MnQ, sytem is, generally, associated with a large
magnetic andMI) transition is observed around 125 K, in CMR at the transition. From thg(T) it can be inferred that
the temperature dependence of the magnetizaltiqi)), and  a large change in magnetoresistance is not observad at
resistivity, p(T), measurements, respectively. However, aeven though as noted previously the overall magnetoresis-
strong deviation from the Curie-Weiss law was noted attance is substantial. Hence, the transitiorT atthat we ob-
aboveT>200 K. Interestingly, in the case of sample SC1,serve is not due to lgSr ,MnO; but due to some other
while a very small change in slope is observed at around 26fhechanism. The transition at* could not be due to any
K'in the M(T), no such anomaly is observed in the @) other impurity phases since experimental XR®ef. 20 and

in bothab-plane () andc-axis (o) directions(inset, Fig. electron diffractioR’ studies show that the sample is free
2). From the field dependence of magnetizatidH) at 5 K from impurity phases. Therefore, one can rule out the inter-
it is found that the easy axis of magnetization lies inae ~ growths or impurities playing any role in inducing this tran-
plane which is in agreement with reported restit& The  Sition. o
magnetic moment aH=5 T was found to be 3/5z/Mn In Fig. 2 we present the Aeffect of external field in thle
atom which is in close agreement with the theoretical valueplane H||ab) and along the axis (H||c). As can be seen
3.6ug/Mn atom, ensuring the almost 100% spin polarizationfrom the figure, in the case ¢f||ab the change im X at the
of the conduction electrons due to a large Hund’s-rule couMlI transition (at 125 K decreases when compared to the
pling energy?* same in the absence of field and, interestingly, the transition
Figure 1 shows the shift in the radio frequency reactancet T* is almost smeared out. However, in the caseddfc
dX as the temperature is varied between 300 and 70 K, fothe change irdX at the MI transition increases and the tran-
single crystals SC1, SC2, and SC3. As can be seen from thgition at T* disappears as in the case ldf|ab. Since the
figure all the three single crystals show a sharp main transieasy axis of the magnetization is in tad plane, the de-
tion at T.=125 K. Results for the polycrystal sample PC crease or increase X, in the case of||ab/H||c, can be
(not shown were similar but the transition 8t was broad- understood in terms of the decrease or increase in magneti-
ened. In the case of sample SC1, interestingly, a very strongation, respectively. If th&* is due to an impurity phase
jump, representative of a secondary transition, is observed &vhich ought to have an easy axis in certain diregti@s is
a temperature 260 K, which we cdll". It is worth noting  expected from the intergrowth mechanism, th¥ at this
that the shift at this temperature is almost 35% of the shift atemperature should have opposite responsesiftab and
T. and has similar characteristics as that of the transition atl||c configurations, as in the case of the MI transition. The
T.=125 K. Such a transition is not seen in the static dcpresent response, unequivocally, suggests that the transition
resistivity and is only observed as a very small change irat T* is not due to impurity phases or intergrowths. It instead
slope in the magnetization measurements. Samples SC&uggests some kind of ordering with a weak exchange inter-
SC3, and PC also show similar but weaker transitions aroundction which gets destroyed in the presence of moderate
the same temperature. While the first transition at 125 K ignagnetic fields.

Temperature (K)
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70 120 170 220 270 FIG. 3. Angular variation of rf reactanceX vs 6 (angle be-

tween the dc field and axis of the crysta| in the presence of a 0.3

T field at various temperatures for sample SC1. The variation at
small 4 is shown in the inset for clarity. The minimum at 0° is
HEsociated with the secondary transitionT&twhile the minimum

at 90° is associated with ferromagnetic ordering below
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FIG. 2. Temperature dependence of rf reactance in the presen
of a magnetic fieldH=0.6 T, for sample SC1dX at T, increases
when the field is parallel to theaxis contrary to the behavior when
the field is parallel to thab plane. The inset shows the temperature
dependence of resistivity in treb plane and along the axis, both  ferred, in the case of=0.4 double perovskite, that the spins
in the presence and absence of field. in the neighboring layers are strongly carfteand that there

exists in-plane antiferromagnetiéF) correlations abové .

Recently, Moritomoet al'® have observed a transition Which lead to insulating behaviét.In the present crystals
around 275 K inx=0.4 compositions. However, no case hasalso from the inelastic neutron scattering stifdy has been
been made to explain it. In the casexst 0.3 compositions, ©observed that there is a coexistence of antiferromagnetism
Kimura et al?* observed a striking secondary Ml transition @nd ferromagnetism abovi, . Such a competition between
in theab plane (ML) resistivity, in addition to the usual Ml ferromagnetic double exchange and antiferromagnetic super-
transition around 100 K. They did not observe such a secexchange has frequently been observed in the manganites
ondary MI transition in thec-axis resistivity measurements. which show a large negative CMR at temperatures afiqve
The result was ascribed to the 2D ferromagnetic correlationbecause of the field suppression of the AF fluctuatins.
within the MnG;, bilayers leading to a M}, transition at 275 However, a careful analysis of the present results of
K. The 3D spin ordering across the nonmagnetic insulating=0.4 compositions indicates that the transitiorT4tis not
(La,SnO layers was suggested to be taking place affihe due to antiferromagnetic correlations but, probably, due to
However, in the present crystal but for the magnitude chang@eak ferromagnetic correlations. The results show that the
in the resistivitiesp,, and pc, no further difference is ob- main transition aff, and the secondary transition &t are
served(inset, Fig. 2. In both the cases in the temperature similar in nature.
rangeT . <T<T* the sample shows insulating behavior. In Fig. 3 the change in reactanakX, in the presence of a

The CMR, defined as-[p(H)—p(0)]/p(0), is aimost g 3 T magnetic field, as a function of the angle between the
100% forT.<T<150 K and exceeds 10% in the entire tem-_. ~ . .
meld and c axis of the crystal at various temperatures, is

perature range. This CMR behavior is in sharp contrast wit .

that of the La_,A,MnOj; perovskite, where it is present only shqwn._ The response at 10 K can be conS|_dered purely mag-
below and close td,.}~* The enhanced CMR in the present r!etlc since the field has no effect gnat this temperature
compound could be due to an anisotropic exchange interadinSet, Fig. 2. It can be seen that the overall response shows
tion. The intralayer exchange interaction can be understoo@ réduction in permeability with an increase in the angle
in terms of double exchange. BeloW the interlayer cou- from 0° to 90°. Smce_the_eagy axis of the 327 phase is in the
pling is established which contributes to the 3D magnetic@b plane, this reduction in is expected. However, at low
ordering. The very large CMR observed in the vicinity of @1gles one can see an increase in permeability which we
T., both below and above, is due to the alignment oftthe identify as the respons_e_due to the secondary phase. It is
spins in the presence of an applied magnetic field whicvorth noting that the minima are separated by exactly 90°.
reduces the scattering of the carriers by the local spins. ThEherefore, itis not improper to conclude that the easy axis of
fact that a large CMR is observed even abdyeindicates the secondary phase is along thexis. This result coupled
that some kind of spin correlation is maintained in this re-with the dX(T) provides strong evidence that the transition
gion. There could be many competing interactions and orderat T* is ferromagnetic in nature and is independent of the
ing aboveT, such as antiferromagnetic superexchange, elederromagnetic transition aft. . Above T, (T=188, 280, and
tron lattice (the Jahn-Teller effegt and charge ordering. 301 K) it can be seen that a much reduced respgasange
From an inelastic neutron scattering study it was earlier inin w) persists. The reason for this small change is the exis-
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tence of ferromagnetic fluctuations aboVeg which is evi- indicates that it is probably due to the formation of small
denced by the ferromagnetic hysteresis loop even at 245 K. magnetoelastic polarons.
The aforementioned field-dependent anisotr@ig. 3) and The present secondary transition is very important in un-
temperature-dependeffigs. 1 and 2 measurements clearly derstanding the microscopic picture of the manganites. Such
suggest two kinds of ferromagnetic correlations occurringntrinsic spin-lattice coupling can be sensitive to impurities
intrinsically. in the c_rystal, which may be the reason for not ob_serW‘ng

It is very interesting to note that the neutron diffraction ¢/€@rly in samples SC2 and SC3. It is worth mentioning that
study by Mitchell et al®2 shows a clear change in slope similar h|gh-frequer)cy studies on very-high-quality single
d(a,b axis)/dT at 260 K in thea,b-axis vs temperature plot. CTystals of perovskite YB&LU;O, high-temperature super-

However, they do not observe any change{n axis)/dT at conductors gave rise to many nov_el featcféS which are
y not observed in general. In conclusion we have presented the

260 K. Together, these two points clearly indicate that th ! : :
T* is most probably associated with spin-lattice Coup"n;[emperature and f'?ld dependence of a dynamic radio .fre-
quency permeability study of the double perovskite

and the associated ferromagnetic correlations lie inahe La, ,Sr, Mn,O,. These results indicate a secondary transi
i _ i i _=A1. 1.8 27 -
plane. Local lattice or Jahn-Teller distortions of the perov tion at 260 K similar to the main Ml transition at 125 K. This

skite unit cells could lead to spin-lattice coupling. The CoU-_ omalous secondary transition could be due to ferromad-
pling of the double exchange to the lattice degrees of free- Y 9

dom in manganites is theroreticallly studied by MikisalX° netic correlations which are independent of the ferromag-
and Roderet al*3 in terms of magnetoelastic polarons. The netic ordering af;, which affect the dynamic permeability
deviation from linearity in the temperature dependence of th(—?Ut are weakly coupled to charge transport.

lattice parameters of kgY(o/CasMnO; (Ref. 39 and We thank J.B. Sokoloff for useful comments. The work at
Lag 6:Cay 3gMN0O5 (Ref. 35 was, earlier, interpreted in terms Northeastern was supported by Grant Nos. NSF-9711910
of a transition from large to small polarons. In the presentand NSF-9623720. This joint collaboration was supported by
case, the suggested 2D nature of the secondary transitidh.S.-France NSF-CNRS Grant No. NSF-INT-9726801.
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