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Large magnetoresistance of the ferromagnetic intermetallics URhSi and URhGe
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URhASi and URhGe have been studied by means of magnetization and magnetoresistance measurements.
These compounds undergo a magnetic phase transition into the ferromagnetic state at 9.5 and 9.0 K, respec-
tively. A large magnetoresistance near their Curie temperature is observBa: &tT, the maximum magne-
toresistance is-36% at 10.3 K for URhSi and-40% at 9.5 K for URhGe. We propose that this large
magnetoresistance is a consequence of two kinds of scattering: the spin-disorder scattering and scattering from
magnetic polarong.S0163-18208)03718-1

[. INTRODUCTION crystal structure, transport properties, and magnetic structure
. . . of the URMM compounds. Therefore, we have undertaken a
The eqwatomp_ternary uranium compound§M (T neutron powder diffraction studyand performed more de-
=d-electron transition metaM = Si or G@ crystallize in (5564 magnetization and magnetoresistance measurements
either the CeCyrtype structure(space grougmma ?r3't5 on URhSi and URhGe at low temperatures. The neutron dif-
ordered version of the TiNiSi typepace grounma.="In  faction results have indicated that these intermetallic com-
these compounds a hybridization between tfieefectrons  pounds crystallize in the orthorhombic structure of the
andd electrons derived from the transition meflaiplays a  TiNiSi type with the space groupPnma Below T both
very important role in their magnetic properties. Hence, thehese compounds undergo a magnetic phase transition into
members of this series exhibit a variety of properties dependhe itinerant ferromagnetic state with the same magnetic
ing on an involvedT atom. It was observed that the com- space groupRn’m’a). The present work focuses mainly on
pounds with transition metals having more filledstates the transport properties of the URhSi and URhGe com-
(UNiM, UPaM, UPtM) order antiferromagneticalﬁ/‘.6 On pounds and has revealed properties unknown so far that these
the other hand, the compounds with a smaller numbet of materials exhibit a huge value of magnetoresistance near
electrong UFeM, UCoM, URUM, UIrSi) are commonly spin  their Curie temperatures.
fluctuators or paramagnets to the lowest temperatures
measured-® Thus, the special place in theTW series is Il. EXPERIMENTAL DETAILS
occupied by URhSi and URhGe for which we have already ] ) o
reported the magnetic and electrical  resistivity The materials were prepared by arc melting stoichio-

measurements* From the magnetization measurements jtmetric constituents under a high-purity argon atmosphere.

follows that these two materials undergo a ferromagnetic/€19Nt Io?ses Weégocpgc;(ed to be W:(thi” hl% mass. Aflter
phase transition witlT=9.5 and 9.0 K, respectively. The an annealing at or two weexs, the x-ray analy-

electrical resistivityp of URhSi and URhGe shows a smooth sis revealed that the samples were single phase with an

: orthorhombic structure. The prepared samples by us
dependence. with tem_pe_ra}ture abd'\@_and aknee dlc. A were subjected to magnetization and magnetoresistance
strong drop in the resistivity below is well known due to

; o . measurements.
the ferromagnetic ordering in the samples. Specific heat mea- 1o magnetization measurements were performed on the

surer;)nents on URhSiand éJRhGe were performed by de Bogjyk sample between 1.7 and 25 K in magnetic fields up to
etal” and Buschowet al,” respectively. The temperature 55 T ysing a superconducting quantum interference device
indicating a ferromagnetic phase transition determined fromagnetometefQuantum Design MPMS-5 type Between
this experiment in both cases showed good agreement witgach field sweep the sample was warmed to the temperature
the results of magnetic and electrical measurements. just slightly above 100 K and then it was zero-field cooled to
The most salient property in these URhM alloys is thatthe next measuring temperature.
they exhibit features corresponding rather to an itinerant Electrical resistivity p) measurements were performed
5f-electron magnetism, i.e., the low value of magnetic mo-using standard four probe dc technique. The temperature de-
ment and the lack of saturation in magnetizatiofhis be-  pendence op(T) from 1.5 to 300 K was measured in zero
havior is supported by the high-field magnetization measurefield and between 4.2 and 100 K in a fixed magnetic field of
ments where no full saturation is even achieved up to 40 T.8 T. In turn, the field dependence of the resistiyiB) was
Further support in this regard has been obtained from meaneasured at several temperatures in the range 4.2 — 25 K in
surements of the specific heat mentioned abid\is linear  increasing fields upot 8 T and followed decreasing fields.
term v is characterized by a large value of about 150 mJ/molThe fields always were applied along the longest sample di-
K2, which indicates the importance of the band effects inmension. The longitudinal magnetoresistaribtR) then is
these materials. defined asAp/p={p(B,T)—p(0,T)}/p(0,T). In these ex-
Up to now, however, little attention has been given to theperiments a current of 10 mA was used and uncertainty in

0163-1829/98/5(1.8)/115926)/$15.00 57 11592 © 1998 The American Physical Society



57 LARGE MAGNETORESISTANCE OF THE ... 11593

4 '\l T‘C,M J
3 et 0.05T

0.12

0.10 5 3
£
2
. 008 —
- =
= 1
“3 0.06
0
0.04 /
/ — 300
e / £
0.02r [/ / . é}’
7 / 3 200
/ (a) g
0'000 5 10 1'5 2'0
100
B/u (T/ug) . . :
0 15 30 45
0.08 T(K)
4 L T I T T ]
l TC.M
0.06 . o 0.05T
o 3 50T ]
S5 5
= L
o 0.04 =
0.02
3
(5]
0.00 %
C
B/u (T/ug) =
FIG. 1. Magnetization data plotted ag® versusB/u for (a)
URhNSi and(b) URhGe. o 15 30 45

T(K
the geometrical factor was less than 5%. The voltage mea- 0
surements were made automatically by a personal computer FIG. 2. Temperature dependence of the magnetizaid(T)
connected with a Keithley 181 nanovoltameter. The tempera@nd of the electrical resistivity, measured in various applied mag-
tures below 4.2 K were achieved by pumping over the liquid-netic fields up to 8.0 T fota) URhSi and(b) URhGe. The arrows
helium. The temperature of the sample was controlled anédicate the Curie temperature. The solid lines are fits to the experi-
measured by a Lake Shore carbon glass sensor, employingnal data.
temperature controlleiOxford ITC 503 type.
netization values are rather close to those measured by these
authors on the sample with randomly oriented grains frozen
in alcohol.

For URhSi and URhGe several isothermal magnetization The Curie temperaturé. deduced from the Arrott plot
curves were taken at temperatures below 15 K. The magneésmounts to 9.5 and 9.0 K for URhSi and URhGe, respec-
tization at 1.7 K shows only a slight tendency to saturate in dively. For URhSi, the Arrott plot revealsu? versus
maximum applied field of 5.5 T. When the temperature isB/u straight lines. On this basis we have inferred a value of
raised, the magnetic response at 5.5 T slowly decreases. THg for this compound. The dependences for URhGe are
spontaneous magnetization obtained from an Arrott it ( rather curvature and the procedure of an extrapolation in this
versusB/w) (Fig. 1) is very small, i.e., 0.27 for URhSi and case is less reasonable. Nevertheless, the determined values
0.19ug for URhGe at 1.7 K. These values are two timesTc are in agreement with our previous studies and corre-
smaller than the ordered moments determined by our neutraggpond to the minimum in the temperature derivative of the
diffraction studyff and about three times smaller than the magnetization measured in very low magnetic fields, denoted
values of magnetic moments determined by high magnetibere asT¢ y (an inflection point Upon application of a
field measurements up to 35 T carried out by de Baieal”  magnetic field of 5 T, the temperature of the inflection point
on the oriented in magnetic field powder samples. Our magT¢. \, grows almost doubléFig. 2). This behavior may indi-

IIl. RESULTS AND ANALYSIS
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TABLE I. Electron-transport and magnetic properties of URhSi and URHGés the Curie temperature
deduced from the Arrott plotdlc y and T, are the temperatures at which the derivative of the magneti-
zationdM(T)/dT, measured at 0.05 and 5.0 T shows a minimilig,, is the temperatures corresponding to
maximum of the derivativelp(T)/dT. T, is the temperature corresponding to thg/p maximum atB
=8 T. Apl/p is the maximum value of magnetoresistancd gt

Compounds Tc (K) Tem (K) Tew (K) Te,, (K) Tm (K) Aplp (%)
URhSI 9.5 10.0 14.0 9.5 10.3 -35
URhGe 9.0 9.2 135 9.0 9.0 —40

cate the existence of magnetic interactions between uraniuerature, the effect of applied magnetic fiefd8T on the
atoms even far above the ferromagnetic phase transition. Thesistivity becomes significant. For both URhSi and URhGe,
Curie temperatures determined by magnetization measuréie accompanying resistivity change gives rise to an enor-
ments together witfT ;. \, are listed in Table I. mous magnetoresistance change.

In Fig. 2 we report the electrical resistivity data of URhSi ~ The most remarkable point is the magnitude of magne-
and URhGe as a function of temperature measured in zer@resistance which reaches its maximum at the temperature
field[p(0,T)] and in 8 T[p(8,T)]. In the paramagnetic state, Tr, (Fig. 3), where the derivativelp(8,T)/dT shows also a
the resistivity of URhSi slightly decreases with lowering maximum. AtT,, Ap/p is as large as-36% for URhSi and
temperature, while for URhGp(T) is practically indepen- —40% for URhGe. This huge change Ap/p of these ma-
dent of T. This behavior suggests the existence of an additerials is distinctly seen in the data collected in a wide tem-
tional contribution to the resistivity, since the two well- perature range, even at temperatures well higher Tan
known contributions, i.e., a constant contribution of the spin- In Fig. 4 we show the magnetization and magnetoresis-
disorder scattering and an increasing with temperaturéance of URhSi and URhGe at several temperatures below 25
contribution of the phonons, should not lead to a leveling offK and in fields up to 5.5 and 8 T, respectively. The measure-
of the temperature dependence of the resistivity abiye =~ ments were made in increasing and decreasing fields. Thus, it
Therefore, there is an additional contribution of electronis clear from this figure thatp/p, as with magnetization,
scattering one should probably take into account, such as, f@hows no hysteresis effect. Beloly., both the magnetiza-
example, magnetic polaron-type, which will be discussed betion and magnetoresistance do not reach saturation in the
low. maximum fields applied here. In the paramagnetic state, the

At low temperatures, the zero-field(0,T) function of  M(B) plots for these two compounds display a small curva-
both investigated compounds is characteristic of a ferromagiure giving rise to the nonlinearity of this dependence in the
netic material, for which the change with decreasing tem-igh field region. At the same timkp/p taken at 25K, i.e.,
perature belowl ¢ is governed by a gradual decrease of theat a temperature much higher than the releventof these
spin-order scattering. The temperature of the anomaly obstudied compounds, depends®mearly quadratically and is
served in thep(0,T) curves is well reflected by a maximum still negative. Although such a negative contribution is often
in the derivative of resistivitydp(T)/dT and corresponds
well to the respectivé - point determined from the magnetic
measurementsee Table)l The low-temperature part of the
resistivity can be analyzed by the equation

p(T)=po+AT?, (1)

wherep, is the temperature-independent residual resistivity
and AT? is the resistivity due to scattering by magnons. A
least-squares fit of the data taken between 1db7aK to Eq.

(1) givespg = 80.3 (0.3 and 132 (1) uQ) cm andA

= 1.84 (=0.01) and 11.1 ¢0.1) xQ cm/K? for URhSi and
URhGe, respectively. The quadratic temperature dependence
of the resistivity measured at 8 p(8,T) is also evident
below 7 K. The fits of experimental data to Ed) are shown

in Fig. 1. One can see that the values of the coeffickente
smaller [accounting to 0.9 £0.1) and 6.4 (0.1

wQ cm/K? for URhSi and URhGe, respectiveéljHowever,

due to the rather narrow range of temperatures measured the
absolute values inferred from the fits should be taken with
large care. As expected for ferromagnetic materials, the de-
rived p, values from these fits of the experimental data are F|G. 3. Temperature dependence of the magnetoresistepige
close to those found from th&(0,T) data. Thus, in the low- at B=8 T (open diamondsand derivatives of the magnetization
temperature regime, the scattering by magnons appears to B®&1/d T, measured at 0.0®pen circlesand 5 T(solid squaresfor
responsible for the resistivity behavior. With increasing tem-(a) URhSi and(b) URhGe.

Ap(T)lp (%)
dM(T)/dT (arb. units)
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p(B,T)=p(0,T){[1+a tanh(gugB/2kgT)M(B,T)]
—c?M?2(B,T)/[1+a tanh

n(ug)

wherea and c are both constants, all connected with the
spin-independent scattering potentM| the effective ex-

change interactiod, and the spirB of a magnetic scatterer.
We have applied this equation to fit the observed data aith
andc as adjustable parameters. The results of fitting as solid
lines are shown in Fig. 4. As one can expect, the observed
deviations at low fields and low temperatures result in the
fact that the EEI model is more applied for isotropic systems.
In general, due to thef5electrons the magnetization of al-
most all known intermetallic uranium compounds is more or
less anisotropic. Hence, the derived here theoretical curves
can fairly well describe only part of the experimental data,
especially taken at high fields and at temperatures more
closed toT. Nevertheless, on the basis of the obtained re-
sults, it is quite indicative that the magnetoresistance may be
a unique function of magnetization, confirming a strong cou-
02f =T | pling of the charge carries with the uranium magnetic mo-
- . ments.

Aplp (%)

w(ig)

IV. DISCUSSION

From a classical point of view, the behavior of URhSi and
URhGe, showing a negative minimum &yp/p nearT¢, is
expected for normal metallic ferromagnets, for which the
spin-disorder scattering can be suppressed by an applied
magnetic field>*? However, there are two important facts
which clearly do not offer strong evidence for this type of
scattering in our compounds. First, the spin-disorder scatter-
ing in metallic ferromagnets is usually weak to give a
marked effect im\p/p (2% for a typical ferromagnet Niln
our compounds, the observed magnetoresistance is rather
significant Ap/p >—35%), and therefore, at least of an

B(T) order of magnitude higher than what one expects in any me-
o o tallic ferromagnet. Second, we have found that the change in

FIG. 4. T_he effect of a magnetic field on the magnetization andA /p does not disappear even in a wide temperature region
magnetoresistance measured at ?ev.eral temperatures be'OW. 25K oveT. The latter behavior cannot be explained in terms
(a) URhSi and(b) URhGe. The solid lines are fits to the experimen- of spin-disorder scattering, since the resistivity of such a
tal data. - . : .

scattering on the disordered magnetic moments just above

the magnetic phase transition becomes independent of tem-
characteristic of a Kondo effect, here this feature probablyerature. On the basis of these experimental findings, we
comes from the polarization of the local uranium momentsthink that apart from the minor contribution originating from
These experimental findings together with the data presentdtie spin-disorder scattering, an additional strong contribution
in Fig. 2 lead us to a suggestion that the magnetoresistande Ap/p starts to show up. This contribution is negative and
and the magnetization are closely related to each othehecomes a determining factor thus in the temperature range
Therefore, we have tried to establish this relation using theboveT..
effective exchange interaction modétEl) given by Van To explain the magnetoresistance behavior of the URhM
Peski-Tinbergen and Dekk&iThis model has been success- ternaries one should take into account the following features:
fully applied in an analysis of the giant magnetoresistancdi) the observed\ p/p behavior is related to thefSelectron
(GMR) of the Fe-based binary systems,Mg_, (M=Cu, interactions,(ii) the mechanisms leading to a significant
Ag, Au).1? In this series relatively large MR values of up to Ap/p value atT¢ itself, and (iii) a large change im\p/p
15-30 % were obtained for eadh with x=0.2, 0.13, and occurs at the temperature closeTig and just above it. Un-
0.15, respectively. As with our case, the MR of these alloydortunately, a coherent theory which could explain these ob-
does not reach saturation even at the highest measured fieddrvations is not available at present.
of 8 T. Let us consider some groups of compounds which show a

According to the EEI model the measured resistivity GMR effect. One such group we should mention is that of
p(B,T) is expressed as the antiferromagnetic fselectron compounds such as

Aplp Y%
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UNIALL 2 UNiGa*!® UPdInl® UNiGe!” and UPdGE® In T, we assume that the magnetic correlations between the
these intermetallics the large values &dp/p arise mainly  uranium moments form some oriented spin clusters at tem-
from the marked change ip(B) due to the field induced peratures more or less closeTtg. The presence of magneti-
transition from the antiferromagnetic to ferromagnetic statecally inhomogeneous regions at these temperatures owing to
In addition, both the magnetization and magnetoresistance afuch spin clusters must bring about the different type of elec-
the materials mentioned above, except for UNiAl, saturatdgron scattering in the sample. One of them will be coherent if
rapidly above the critical fiel@8.,. On the contrary, here, we the magnetic scattering is just associated with the magnetic
deal with ferromagnetic compounds and despite the exhibipolarons. This scattering should be effective when the elec-
tion of the large magnetoresistance8T they do not ap- tron moves in a region of magnetic coherence length smaller
proach a saturation in this field; they are far from it. Thisthan the electronic free mean length. In our sample, this type
gives one an argument that the explanation of this behavioof scattering can happen at extended temperatures as high as
in terms of previously proposed mechanisthise., the dras- 5T and thus, the weak temperature dependence of the re-
tic changes in the Fermi surface topology as an origin of thesistivity in this temperature range is consistent with this fea-
GMR effect for the antiferromagnetic materials mentionedture. At T and at lower temperatures, the polarons are no
above, cannot be applied in our case. longer formed because the uranium magnetic moments be-

In other classes of materials, namely, in magneticcome long-range ordered. Also the applied magnetic field
multilayers?® and in granular heterogeneous Cu-Co andreduces the number of polarons owing to the increasing de-
Ag-Co magnetic alloy filmé! the GMR effect has previ- gree in the magnetic order. Therefore, the resistivity starts to
ously been observed as well. For these layers, the occurrendeop when the polaron scattering begins to be reduced
of the GMR effect is usually ascribed to the spin-dependenstrongly by the external magnetic field. Here, due to the ad-
scattering® This appears because of the resistivity being deditional spin-disorder scattering there is a rapid falloff in the
pendent on the relative magnetic orientation of neighboringesistivity belowT . Finally, if this proposed mechanism is
ferromagnetic layers. The resistivity is higher for an antipar-true for our URhM compounds, the large magnetoresistance
allel alignment of magnetic layers compared to a paralleeffect can originate from the short-range magnetic order on
alignment. Moreover, there are theoretical calculationghe scale of the mean free path the charge carries. However,
which predict a strong influence of the electronic structure orwe should note that this is one of the proposed models for
the GMR (for references, see Ref. RAn any case, the ob- explaining the transport properties of the ferromagnetic in-
served GMR effect relates to a layered structure, which isermetallics URM, but further studies need to be done to
determined by an interface roughness and some randomnessnfirm it. Very recently, such a view on GMR has been
in the lattices. There is an essential difference compared witproposed by Malliket al?® for an intermetallic ferromagnet
the compounds investigated here, where the uranium atonm@dNi.
are located on the periodic lattice sites. Hence, the spin-
dependent scattering does not occur in our materials. V. CONCLUSION

Recently, the Mn-based oxidds; ,A,MnO; (L=La,
Nd, Pr, etc., andA= Ca, Sr, Ba, et¢.have been studied Our measurements have indicated that the magnetoresis-
intensively due to the fact that they show a colossal magnetance of the itinerant ferromagnets URhSi and URhGe at 8 T
toresistance of an order of 3%.22 A common crystal struc- and atT reaches a large value and decays in a wide tem-
ture to all of these manganites is the perovskite one. Thesgerature range even up to 50 (five times aboveT¢). As
compounds are isolators in the paramagnetic state but b&as proposed in Ref. 25, we also attribute the gradual in-
come metallic in the ferromagnetic state. FbrT., the crease of negative magnetoresistance below the temperature
negative GMR has been explained as being due to a hoppiras high as 5 to magnetic scattering arising from some kind
of magnetic polaron&’ In this feature, the magnetic polarons of magnetic polaron. Apart from this mechanism, we have
are formed near the ferromagnetic phase transition and theglso discussed several other mechanisms leading to a large
are associated with some orientation of the spin clusters d¥IR effect. Nevertheless, the proper mechanisms responsible
the pairs of Mr* and Mn** ions. for the magnetoresistance effect observed in MRiave not

Bearing in mind that the mechanism causing the GMRyet been definitely identified.
may not be the same in various systems, but among the

mechanisms proposed_ here for our URhM materials, the con- ACKNOWLEDGMENT
tribution of the magnetic polaroffsas an origin of the GMR
effect seems to be possible as well. This work was supported by the State Committee for Sci-

Because of the existence of short-range order far aboventific Research in Poland within Grant No. 2 PO3B 14710.

ID.L. Lam, J.B. Darby, Jr., and M.V. Nevitt, iThe Actinides; by E.O. Wolfarth and K.H.J. Buschoiorth-Holland, Amster-
Electronic Structure and Related Propertiesdited by A.J. dam, 1988, Vol. 4, Chap. 4, p. 309.
Freeman and J.B. Darbjacademic, New York, 1974 Vol. 2, 4V/.H. Tran, R. Troc and D. Badurski, J. Magn. Magn. Mat&7,
p. 176. 291(1990.

2R. Trocand V.H. Tran, J. Magn. Magn. Mater3, 389 (1988. SE.R. de Boer, E. Brek, J.C.P. Klaasse, H. Nakotte, K.H.J. Bus-

3V. Sechovskyand L. Havela, ifFerromagnetic Materialsedited chow, L. Havela, V. Sechovsky, P. Nozar, E. Sugiura, M. Ono,



57 LARGE MAGNETORESISTANCE OF THE ... 11597
M. Date, and A. Yamagishi, J. Appl. Phy&9, 4702(199J. matsubara, J. Magn. Magn. Matéi04-107 53 (1992.

®K.H.J. Buschow, E. Biek, R.G. van Wierst, F.R. de Boer, L. 9L Havela, V. Sechovsky, K. Prokes, H. Nakotte, H. Fujii, and A.
Havela, V. Sechovsky, P. Nozar, E. Sugiura, M. Ono, M. Date, | acerda, Physica B23&224, 245 (1996.

and A. Yamagishi, J. Appl. Phy§7, 5215(1990. 20R.E. Camley and R.L. Stamps, J. Phys.: Condens. M&{ta727
"F.R. de Boer, E. Bitk, V. Sechovsky, L. Havela, and K.H.J. (1993.

Buschow, Physica B63 175 (1990. 21 . .
8V.H. Tran, R. Trégand G. AndfeJ. Magn. Magn. Materto be A.E. Berkowitz, J.R. Mitchell, M.J. Carey, A.P. Young, D. Rao,

published A. Starr, S. Zhang, F.E. Spada, F.T. Parker, A. Hutten, and G.
°T. Van Perski-Tinbergen and A.J. Dekker, Physiémsterdam Thomas, J. Appl. Phys'3, 5320(1993.

29, 917 (1963. P. Zahn, I. Mertig, M. Richter, and H. Eschring, Phys. Rev. Lett.
103.Q. Wang, P. Xiong, and G. Xiao, Phys. Rev4B 8341(1997). 75, 2996(1999.
11, Yamada and S. Takada, Prog. Theor. PA@s1401(1973; J. %K. Chahara, T. Ohno, M. Kasai, and Y. Kozono, Appl. Phys. Lett.

Phys. Soc. Jpr34, 51 (1973. 63, 1990(1993; R. von Helmolt, J. Wecher, B. Holzapfel, L.
12K, Ueda, Solid State Commun9, 965 (1976. Schutz, and K. Samwer, Phys. Rev. L&tL, 2331(1993; M.

'3E. Brick, H. Nakotte, F.R. de Boer, P.F. de Chatel, H.P. van der McCormack, S. Jin, T.H. Tiefel, R.M. Fleming, J.M. Phillips,

Meulen, J.J.M. Franse, A.A. Menovsky, N.H. Kim-Ngan, L. anq R. Ramesh, Appl. Phys. Lef, 3045(1994; H.Y. Hwang,
Havela, V. Sechovsky, J.A.A.J. Perenboom, N.C. Tuan, and J. S.W. Cheong, P.G. Radaelli, M. Marezio, and B. Batlogg, Phys.

14T5fk§k&,;22’; EGJV' Szugﬁjféﬁigg' A Mvdosh. and K. Bus. €V Lett.75, 914(1998; P. Schiffer, A.P. Ramirez, W. Bao,
. N o A VY ' R and S.W. Cheong, Phys. Rev. Le®5, 3336 (1999; R. Ma-

chow, J. Magn. Magn. Mateb4-57, 549 (1986. ) ) ) )
154, Fujii, T. Takabatake, T. Suzuki, T. Fujita, J. Sakurai, and V. hendiran, S.K. Tiwary, A.K. Raychaudhuri, T.V. Ramakrishnan,

Sechovsky, Physica B92, 219 (1993. R. Mahesh, N. Rangavittal, and C.N.R. Rao, Phys. Re®3B
164 Nakotte, E. Brok, F.R. de Boer, A.J. Riemersma, L. Havela, 3348(1996.

and V. Sechovsky, Physica B79, 269 (1992. 243. von Molnar and S. Methfessel, J. Appl. Phg8, 959 (1967);
7E.R. de Boer, K. Prokes, H. Nakotte, E. Bky M. Hilbers, P. H.L. Ju, C. Kwon, Q. Li, R.L. Greene, and T. Venkatesan, Appl.

Svoboda, V. Sechovsky, L. Havela, and H. Maletta, Physica B Phys. Lett.65, 2108(1994; A.J. Millis, P.B. Littlewood, and

201, 251 (1994. B.I. Shraiman, Phys. Rev. Leff4, 5144(1995; J.D. Lee and

185 Kawamata, H. Iwasaki, N. Kobayashi, T. Mitsugashira, and Y.  B.l. Min, Phys. Rev. B55, 12 454(1997).
Muto, J. Phys. Soc. Jprb8, 2654 (1989; S. Kawamata, H. 2°R. Mallik, E.V. Sampathkumaran, P.L. Paulose, and V. Nagara-
Iwasaki, N. Kobayashi, K. Ishimoto, Y. Yamaguchi, and T. Ko-  jan, Phys. Rev. B65, R8650(1997).



