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Large magnetoresistance of the ferromagnetic intermetallics URhSi and URhGe
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URhSi 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 observed. AtB58 T, the maximum magne-
toresistance is236% at 10.3 K for URhSi and240% 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 polarons.@S0163-1829~98!03718-7#
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I. INTRODUCTION

The equiatomic ternary uranium compounds UTM (T
5d-electron transition metal,M5 Si or Ge! crystallize in
either the CeCu2-type structure~space groupImma! or its
ordered version of the TiNiSi type~space groupPnma!.1–3 In
these compounds a hybridization between the 5f electrons
andd electrons derived from the transition metalT plays a
very important role in their magnetic properties. Hence,
members of this series exhibit a variety of properties depe
ing on an involvedT atom. It was observed that the com
pounds with transition metals having more filledd states
~UNiM , UPdM , UPtM ) order antiferromagnetically.2–6 On
the other hand, the compounds with a smaller number od
electrons~UFeM , UCoM , URuM , UIrSi! are commonly spin
fluctuators or paramagnets to the lowest temperatu
measured.2–6 Thus, the special place in the UTM series is
occupied by URhSi and URhGe for which we have alrea
reported the magnetic and electrical resistiv
measurements.2,4 From the magnetization measurements
follows that these two materials undergo a ferromagn
phase transition withTC59.5 and 9.0 K, respectively. Th
electrical resistivityr of URhSi and URhGe shows a smoo
dependence with temperature aboveTC and a knee atTC . A
strong drop in the resistivity belowTC is well known due to
the ferromagnetic ordering in the samples. Specific heat m
surements on URhSi and URhGe were performed by de B
et al.5 and Buschowet al.,6 respectively. The temperatur
indicating a ferromagnetic phase transition determined fr
this experiment in both cases showed good agreement
the results of magnetic and electrical measurements.

The most salient property in these URhM alloys is th
they exhibit features corresponding rather to an itiner
5 f -electron magnetism, i.e., the low value of magnetic m
ment and the lack of saturation in magnetization.2 This be-
havior is supported by the high-field magnetization measu
ments where no full saturation is even achieved up to 407

Further support in this regard has been obtained from m
surements of the specific heat mentioned above.5,6 Its linear
termg is characterized by a large value of about 150 mJ/m
K 2, which indicates the importance of the band effects
these materials.

Up to now, however, little attention has been given to
570163-1829/98/57~18!/11592~6!/$15.00
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crystal structure, transport properties, and magnetic struc
of the URhM compounds. Therefore, we have undertake
neutron powder diffraction study,8 and performed more de
tailed magnetization and magnetoresistance measurem
on URhSi and URhGe at low temperatures. The neutron
fraction results have indicated that these intermetallic co
pounds crystallize in the orthorhombic structure of t
TiNiSi type with the space groupPnma. Below TC both
these compounds undergo a magnetic phase transition
the itinerant ferromagnetic state with the same magn
space group (Pn8m8a). The present work focuses mainly o
the transport properties of the URhSi and URhGe co
pounds and has revealed properties unknown so far that t
materials exhibit a huge value of magnetoresistance n
their Curie temperatures.

II. EXPERIMENTAL DETAILS

The materials were prepared by arc melting stoich
metric constituents under a high-purity argon atmosphe
Weight losses were checked to be within 1% mass. A
an annealing at 800 °C for two weeks, the x-ray ana
sis revealed that the samples were single phase with
orthorhombic structure. The prepared samples by
were subjected to magnetization and magnetoresista
measurements.

The magnetization measurements were performed on
bulk sample between 1.7 and 25 K in magnetic fields up
5.5 T, using a superconducting quantum interference de
magnetometer~Quantum Design MPMS-5 type!. Between
each field sweep the sample was warmed to the tempera
just slightly above 100 K and then it was zero-field cooled
the next measuring temperature.

Electrical resistivity (r) measurements were performe
using standard four probe dc technique. The temperature
pendence ofr~T! from 1.5 to 300 K was measured in zer
field and between 4.2 and 100 K in a fixed magnetic field
8 T. In turn, the field dependence of the resistivityr(B) was
measured at several temperatures in the range 4.2 – 25
increasing fields up to 8 T and followed decreasing fields
The fields always were applied along the longest sample
mension. The longitudinal magnetoresistance~MR! then is
defined asDr/r5$r(B,T)2r(0,T)%/r(0,T). In these ex-
periments a current of 10 mA was used and uncertainty
11 592 © 1998 The American Physical Society



e
u
r

id
an
in

tio
n

n
i

. T

d
es
tr
he
et

a

hese
zen

ec-

of
are
this
alues
rre-
the
ted

int

ag-

eri-

57 11 593LARGE MAGNETORESISTANCE OF THE . . .
the geometrical factor was less than 5%. The voltage m
surements were made automatically by a personal comp
connected with a Keithley 181 nanovoltameter. The tempe
tures below 4.2 K were achieved by pumping over the liqu
helium. The temperature of the sample was controlled
measured by a Lake Shore carbon glass sensor, employ
temperature controller~Oxford ITC 503 type!.

III. RESULTS AND ANALYSIS

For URhSi and URhGe several isothermal magnetiza
curves were taken at temperatures below 15 K. The mag
tization at 1.7 K shows only a slight tendency to saturate i
maximum applied field of 5.5 T. When the temperature
raised, the magnetic response at 5.5 T slowly decreases
spontaneous magnetization obtained from an Arrott plot (m2

versusB/m) ~Fig. 1! is very small, i.e., 0.27 for URhSi an
0.19mB for URhGe at 1.7 K. These values are two tim
smaller than the ordered moments determined by our neu
diffraction study,8 and about three times smaller than t
values of magnetic moments determined by high magn
field measurements up to 35 T carried out by de Boeret al.7

on the oriented in magnetic field powder samples. Our m

FIG. 1. Magnetization data plotted asm2 versusB/m for ~a!
URhSi and~b! URhGe.
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netization values are rather close to those measured by t
authors on the sample with randomly oriented grains fro
in alcohol.

The Curie temperatureTC deduced from the Arrott plot
amounts to 9.5 and 9.0 K for URhSi and URhGe, resp
tively. For URhSi, the Arrott plot revealsm2 versus
B/m straight lines. On this basis we have inferred a value
TC for this compound. The dependences for URhGe
rather curvature and the procedure of an extrapolation in
case is less reasonable. Nevertheless, the determined v
TC are in agreement with our previous studies and co
spond to the minimum in the temperature derivative of
magnetization measured in very low magnetic fields, deno
here asTC,M ~an inflection point!. Upon application of a
magnetic field of 5 T, the temperature of the inflection po
TC,M8 grows almost double~Fig. 2!. This behavior may indi-

FIG. 2. Temperature dependence of the magnetizationM (T)
and of the electrical resistivity, measured in various applied m
netic fields up to 8.0 T for~a! URhSi and~b! URhGe. The arrows
indicate the Curie temperature. The solid lines are fits to the exp
mental data.
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TABLE I. Electron-transport and magnetic properties of URhSi and URhGe.TC is the Curie temperature
deduced from the Arrott plots.TC,M andTC,M8 are the temperatures at which the derivative of the magn
zationdM(T)/dT, measured at 0.05 and 5.0 T shows a minimum.TC,r is the temperatures corresponding
maximum of the derivativedr(T)/dT. Tm is the temperature corresponding to theDr/r maximum atB
58 T. Dr/r is the maximum value of magnetoresistance atTm .

Compounds TC ~K! TC,M ~K! TC,M8 ~K! TC,r ~K! Tm ~K! Dr/r ~%!

URhSi 9.5 10.0 14.0 9.5 10.3 235
URhGe 9.0 9.2 13.5 9.0 9.0 240
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cate the existence of magnetic interactions between uran
atoms even far above the ferromagnetic phase transition.
Curie temperatures determined by magnetization meas
ments together withTC,M8 are listed in Table I.

In Fig. 2 we report the electrical resistivity data of URh
and URhGe as a function of temperature measured in
field @r(0,T)# and in 8 T@r(8,T)#. In the paramagnetic state
the resistivity of URhSi slightly decreases with lowerin
temperature, while for URhGer(T) is practically indepen-
dent of T. This behavior suggests the existence of an ad
tional contribution to the resistivity, since the two we
known contributions, i.e., a constant contribution of the sp
disorder scattering and an increasing with tempera
contribution of the phonons, should not lead to a leveling
of the temperature dependence of the resistivity aboveTC .
Therefore, there is an additional contribution of electr
scattering one should probably take into account, such as
example, magnetic polaron-type, which will be discussed
low.

At low temperatures, the zero-fieldr(0,T) function of
both investigated compounds is characteristic of a ferrom
netic material, for which the change with decreasing te
perature belowTC is governed by a gradual decrease of t
spin-order scattering. The temperature of the anomaly
served in ther(0,T) curves is well reflected by a maximum
in the derivative of resistivitydr(T)/dT and corresponds
well to the respectiveTC point determined from the magnet
measurements~see Table I!. The low-temperature part of th
resistivity can be analyzed by the equation

r~T!5r01AT2, ~1!

wherer0 is the temperature-independent residual resistiv
and AT2 is the resistivity due to scattering by magnons.
least-squares fit of the data taken between 1.5 and 7 K to Eq.
~1! gives r0 5 80.3 (60.3! and 132 (61! mV cm andA
5 1.84 (60.01! and 11.1 (60.1! mV cm/K2 for URhSi and
URhGe, respectively. The quadratic temperature depend
of the resistivity measured at 8 Tr(8,T) is also evident
below 7 K. The fits of experimental data to Eq.~1! are shown
in Fig. 1. One can see that the values of the coefficientA are
smaller @accounting to 0.9 (60.1! and 6.4 (60.1!
mV cm/K2 for URhSi and URhGe, respectively!. However,
due to the rather narrow range of temperatures measure
absolute values inferred from the fits should be taken w
large care. As expected for ferromagnetic materials, the
rived r0 values from these fits of the experimental data
close to those found from ther(0,T) data. Thus, in the low-
temperature regime, the scattering by magnons appears
responsible for the resistivity behavior. With increasing te
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perature, the effect of applied magnetic field of 8 T on the
resistivity becomes significant. For both URhSi and URhG
the accompanying resistivity change gives rise to an en
mous magnetoresistance change.

The most remarkable point is the magnitude of mag
toresistance which reaches its maximum at the tempera
Tm ~Fig. 3!, where the derivativedr(8,T)/dT shows also a
maximum. AtTm , Dr/r is as large as236% for URhSi and
240% for URhGe. This huge change inDr/r of these ma-
terials is distinctly seen in the data collected in a wide te
perature range, even at temperatures well higher thanTC .

In Fig. 4 we show the magnetization and magnetore
tance of URhSi and URhGe at several temperatures below
K and in fields up to 5.5 and 8 T, respectively. The measu
ments were made in increasing and decreasing fields. Thu
is clear from this figure thatDr/r, as with magnetization
shows no hysteresis effect. BelowTC , both the magnetiza-
tion and magnetoresistance do not reach saturation in
maximum fields applied here. In the paramagnetic state,
M (B) plots for these two compounds display a small curv
ture giving rise to the nonlinearity of this dependence in
high field region. At the same timeDr/r taken at 25 K, i.e.,
at a temperature much higher than the relevantTC of these
studied compounds, depends onB nearly quadratically and is
still negative. Although such a negative contribution is oft

FIG. 3. Temperature dependence of the magnetoresistanceDr/r
at B58 T ~open diamonds! and derivatives of the magnetizatio
dM/dT, measured at 0.05~open circles! and 5 T~solid squares! for
~a! URhSi and~b! URhGe.
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characteristic of a Kondo effect, here this feature proba
comes from the polarization of the local uranium momen
These experimental findings together with the data prese
in Fig. 2 lead us to a suggestion that the magnetoresista
and the magnetization are closely related to each ot
Therefore, we have tried to establish this relation using
effective exchange interaction model~EEI! given by Van
Peski-Tinbergen and Dekker.9 This model has been succes
fully applied in an analysis of the giant magnetoresista
~GMR! of the Fe-based binary systems FexM12x (M5Cu,
Ag, Au!.10 In this series relatively large MR values of up
15–30 % were obtained for eachM with x50.2, 0.13, and
0.15, respectively. As with our case, the MR of these allo
does not reach saturation even at the highest measured
of 8 T.

According to the EEI model the measured resistiv
r(B,T) is expressed as

FIG. 4. The effect of a magnetic field on the magnetization a
magnetoresistance measured at several temperatures below 25
~a! URhSi and~b! URhGe. The solid lines are fits to the experime
tal data.
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r~B,T!5r~0,T!$@11a tanh~gmBB/2kBT!M ~B,T!#

2c2M2~B,T!/@11a tanh

3~gmBB/2kBT!M ~B,T!#%, ~2!

where a and c are both constants, all connected with t
spin-independent scattering potentialV, the effective ex-
change interactionJ, and the spinS̄ of a magnetic scatterer
We have applied this equation to fit the observed data wita
andc as adjustable parameters. The results of fitting as s
lines are shown in Fig. 4. As one can expect, the obser
deviations at low fields and low temperatures result in
fact that the EEI model is more applied for isotropic system
In general, due to the 5f electrons the magnetization of a
most all known intermetallic uranium compounds is more
less anisotropic. Hence, the derived here theoretical cu
can fairly well describe only part of the experimental da
especially taken at high fields and at temperatures m
closed toTC . Nevertheless, on the basis of the obtained
sults, it is quite indicative that the magnetoresistance may
a unique function of magnetization, confirming a strong co
pling of the charge carries with the uranium magnetic m
ments.

IV. DISCUSSION

From a classical point of view, the behavior of URhSi a
URhGe, showing a negative minimum inDr/r nearTC , is
expected for normal metallic ferromagnets, for which t
spin-disorder scattering can be suppressed by an app
magnetic field.11,12 However, there are two important fac
which clearly do not offer strong evidence for this type
scattering in our compounds. First, the spin-disorder sca
ing in metallic ferromagnets is usually weak to give
marked effect inDr/r ~2% for a typical ferromagnet Ni!. In
our compounds, the observed magnetoresistance is ra
significant (Dr/r .235%), and therefore, at least of a
order of magnitude higher than what one expects in any
tallic ferromagnet. Second, we have found that the chang
Dr/r does not disappear even in a wide temperature reg
aboveTC . The latter behavior cannot be explained in term
of spin-disorder scattering, since the resistivity of such
scattering on the disordered magnetic moments just ab
the magnetic phase transition becomes independent of
perature. On the basis of these experimental findings,
think that apart from the minor contribution originating fro
the spin-disorder scattering, an additional strong contribut
to Dr/r starts to show up. This contribution is negative a
becomes a determining factor thus in the temperature ra
aboveTC .

To explain the magnetoresistance behavior of the UR
ternaries one should take into account the following featu
~i! the observedDr/r behavior is related to the 5f -electron
interactions,~ii ! the mechanisms leading to a significa
Dr/r value atTC itself, and ~iii ! a large change inDr/r
occurs at the temperature close toTC and just above it. Un-
fortunately, a coherent theory which could explain these
servations is not available at present.

Let us consider some groups of compounds which sho
GMR effect. One such group we should mention is that
the antiferromagnetic 5f -electron compounds such a

d
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11 596 57V. H. TRAN AND R. TROĆ
UNiAl, 13 UNiGa,14,15 UPdIn,16 UNiGe,17 and UPdGe.18 In
these intermetallics the large values ofDr/r arise mainly
from the marked change inr(B) due to the field induced
transition from the antiferromagnetic to ferromagnetic sta
In addition, both the magnetization and magnetoresistanc
the materials mentioned above, except for UNiAl, satur
rapidly above the critical fieldBcr . On the contrary, here, we
deal with ferromagnetic compounds and despite the exh
tion of the large magnetoresistance at 8 T they do not ap-
proach a saturation in this field; they are far from it. Th
gives one an argument that the explanation of this beha
in terms of previously proposed mechanisms,19 i.e., the dras-
tic changes in the Fermi surface topology as an origin of
GMR effect for the antiferromagnetic materials mention
above, cannot be applied in our case.

In other classes of materials, namely, in magne
multilayers,20 and in granular heterogeneous Cu-Co a
Ag-Co magnetic alloy films,21 the GMR effect has previ-
ously been observed as well. For these layers, the occurr
of the GMR effect is usually ascribed to the spin-depend
scattering.20 This appears because of the resistivity being
pendent on the relative magnetic orientation of neighbor
ferromagnetic layers. The resistivity is higher for an antip
allel alignment of magnetic layers compared to a para
alignment. Moreover, there are theoretical calculatio
which predict a strong influence of the electronic structure
the GMR ~for references, see Ref. 22!. In any case, the ob
served GMR effect relates to a layered structure, which
determined by an interface roughness and some random
in the lattices. There is an essential difference compared
the compounds investigated here, where the uranium at
are located on the periodic lattice sites. Hence, the s
dependent scattering does not occur in our materials.

Recently, the Mn-based oxidesL12xAxMnO3 (L5La,
Nd, Pr, etc., andA5 Ca, Sr, Ba, etc.! have been studied
intensively due to the fact that they show a colossal mag
toresistance of an order of 105%.23 A common crystal struc-
ture to all of these manganites is the perovskite one. Th
compounds are isolators in the paramagnetic state but
come metallic in the ferromagnetic state. ForT.TC , the
negative GMR has been explained as being due to a hop
of magnetic polarons.24 In this feature, the magnetic polaron
are formed near the ferromagnetic phase transition and
are associated with some orientation of the spin cluster
the pairs of Mn31 and Mn41 ions.

Bearing in mind that the mechanism causing the GM
may not be the same in various systems, but among
mechanisms proposed here for our URhM materials, the c
tribution of the magnetic polarons24 as an origin of the GMR
effect seems to be possible as well.

Because of the existence of short-range order far ab
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TC , we assume that the magnetic correlations between
uranium moments form some oriented spin clusters at t
peratures more or less close toTC . The presence of magnet
cally inhomogeneous regions at these temperatures owin
such spin clusters must bring about the different type of e
tron scattering in the sample. One of them will be coheren
the magnetic scattering is just associated with the magn
polarons. This scattering should be effective when the e
tron moves in a region of magnetic coherence length sma
than the electronic free mean length. In our sample, this t
of scattering can happen at extended temperatures as hi
5TC and thus, the weak temperature dependence of the
sistivity in this temperature range is consistent with this fe
ture. At TC and at lower temperatures, the polarons are
longer formed because the uranium magnetic moments
come long-range ordered. Also the applied magnetic fi
reduces the number of polarons owing to the increasing
gree in the magnetic order. Therefore, the resistivity start
drop when the polaron scattering begins to be redu
strongly by the external magnetic field. Here, due to the
ditional spin-disorder scattering there is a rapid falloff in t
resistivity belowTC . Finally, if this proposed mechanism i
true for our URhM compounds, the large magnetoresista
effect can originate from the short-range magnetic order
the scale of the mean free path the charge carries. Howe
we should note that this is one of the proposed models
explaining the transport properties of the ferromagnetic
termetallics URhM , but further studies need to be done
confirm it. Very recently, such a view on GMR has be
proposed by Malliket al.25 for an intermetallic ferromagne
GdNi.

V. CONCLUSION

Our measurements have indicated that the magnetor
tance of the itinerant ferromagnets URhSi and URhGe at
and atTC reaches a large value and decays in a wide te
perature range even up to 50 K~five times aboveTC). As
was proposed in Ref. 25, we also attribute the gradual
crease of negative magnetoresistance below the temper
as high as 5TC to magnetic scattering arising from some kin
of magnetic polaron. Apart from this mechanism, we ha
also discussed several other mechanisms leading to a
MR effect. Nevertheless, the proper mechanisms respons
for the magnetoresistance effect observed in URhM have not
yet been definitely identified.
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