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Magnetoresistance in a well-annealed sample of UCu2Ge2
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Results are presented of magnetoresistance measurements in a well-annealed sample of UCu2Ge2. Between
the as cast sample and the annealed sample, a significant difference in the low temperature behavior has been
observed. A fairly large positive magnetoresistance is observed in the temperature regime below;50 K in the
annealed sample whereas earlier study on the as cast sample had shown a metamagnetic behavior at low
temperatures. The measurements suggest the presence of antiferromagnetic interactions in this compound, even
in the well-annealed sample, which has been otherwise characterized as a ferromagnet.
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I. INTRODUCTION

In UCu2Ge2, the onset of ferromagnetism occurs at
fairly high temperature~;105 K! as compared to the othe
isostructural uranium compounds. The magnetic meas
ments on the as cast and short time annealed samples
shown that ferromagnetic~FM! ordering around 105 K is
followed at a lower temperature by the onset of antifer
magnetic~AF! ordering around 45–50 K.1–3 This conjecture
had the support of neutron scattering experiments.1,2 The FM
to AFM transition, however, seems to be taking place ove
broad temperature range,4 accompanied by various interes
ing properties in the crossover regime.5,6 Our measurement
of magnetoresistance on as cast sample were supportiv
the AF state which is on the verge of FM instability as
showed metamagnetic transition at low fields.6 There has
been some controversy over the nature and existence of
temperature AF phase. The neutron diffraction studies
ried out by some other groups reported that their sam
remain ferromagnetic down to 5 K.7–9 They attributed this to
the sample preparation procedure of other authors where
measurements were carried out on the unannealed samp
was argued that such samples might have second phase
ing rise to the low temperature AF transition. It is wor
pointing out that the Endstraet al.2 carried out their neutron
scattering studies on a well annealed and character
sample10 in which the impurity phase was below 1 vol% an
exhibited AF transition below 55 K. Whereas the impur
phase reported in Ref. 7 for their sample was higher at 2%
which the low temperature AF transition had not been
served. Our recent study of the effect of heat treatment on
magnetization of UCu2Ge2, revealed that the lower tempera
ture AF phase is quite marginal in nature and led us to c
clude that its existence depends crucially on the h
treatment.11 In the long time annealed sample, there is
small change in the unit cell volume and any signature s
gestive of AF transition has been absent in bulk magnet
tion measurements. On the other hand, the change in
Cu/Ge stoichiometry has no effect on the existence of
temperature AF state in the as cast samples.11
PRB 600163-1829/99/60~5!/3002~3!/$15.00
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In the recent neutron depolarization and neutron diffr
tion study, it has been suggested that the low tempera
magnetic phase is that of randomly canted ferromagnet.9 The
observed distinct drop in the magnetization measuremen
low temperatures on zero field cooled~ZFC! samples has
often been taken as a signature of re-entrant spin glas
canted magnetic state. Such a behavior could also be
plained in terms of the difficulty of domain wall motio
and/or domain rotation. This last picture gains much stren
especially when the field cooled magnetization~MFC! shows
Brillouin type behavior typical of a ferromagnet.11 In order
to resolve the controversy about the low temperature ph
of UCu2Ge2, we performed detailed magnetoresistance m
surements on a well annealed sample. In recent years
magnetoresistance measurements have shown that it
fairly sensitive probe in distinguishing between various kin
of magnetic orders.12,13 In the CeFe2 based pseudo-binar
compounds, the magnetoresistance studies could unamb
ously identify ferro- to antiferromagnetic transition. The
measurements have the advantage of probing the mi
scopic spin correlations occurring over the mean free p
length. Also, unlike magnetization and susceptibility, ma
netoresistance is not sensitive to small amount of impu
phases~which evades detection by standard x-ray diffracti
technique! and represents the behavior of the majority pha
primarily. The results of the magnetoresistance presen
here on the well annealed sample of UCu2Ge2 have revealed
that there exists distinct difference between the as cast
well annealed samples as far as the low temperature beha
~below 50 K! is concerned. The observation of large positi
magnetoresistance in the low temperature range indicate
presence of antiferromagnetic interaction in the compoun

II. EXPERIMENTAL DETAIL

The samples were prepared by argon arc melting of c
stituent elements having 99.99% purity. They were subjec
to annealing at 700 °C for 3 days followed by at 750 °C f
five days and ultimately at 900 °C for 13 days. The details
3002 ©1999 The American Physical Society



ar

e
in
s

su
o
u
5
t
o

or

f

K
f
w

ne
re
th
s

di
er

iv

ast

on-
of

he
e

ermi
de-

of

r-

era-
as
ob-

nds

ld
ld be
ig-
x-

of
ld.
ime
.
ex-

e of
-

ce
he
am
iti

PRB 60 3003BRIEF REPORTS
the sample characterization have been described in an e
publication.11

The longitudinal magnetoresistance measurements w
carried out in the temperature range of 4.5 K to 150 K
magnetic fields up to 45 kOe generated by a home-built
perconducting magnet. The magnetoresistance was mea
using a standard four probe dc technique. The electrical c
tacts to the sample were made with Indium solder using
trasonic soldering. The resistivity changes of the order of
ppm could be detected in the present set-up. The tempera
of the sample was controlled and monitored by a Lake Sh
carbon glass sensor~in magnetic field! up to 60 K and by a
silicon diode sensor above 60 K, employing a Lake Sh
DRC-82C temperature controller.

III. RESULTS AND DISCUSSION

In Figs. 1 and 2, the magnetic field~H! dependence o
magnetoresistance@Dr/r5(r(H)2r(0))/r(0)# has been
plotted at various temperatures in the range 4.5 to 130
The inset in Fig. 1 shows the temperature~T! dependence o
the electrical resistivity of the annealed sample which sho
distinct knee close to the Curie temperature~'105 K! deter-
mined earlier in the same sample from the low field mag
tization measurement.11 In the magnetoresistance measu
ments the sample was cooled in zero external field and
data have been recorded by increasing the field in step
discrete intervals up to 45 kOe.

In the temperature range 4.4 to 50 K,Dr/r is found to be
positive. It is recalled here that in the as cast sample a
tinct metamagnetic transition was observed in this temp
ture regime.6 In other words,Dr/r was very small up to the
metamagnetic transition field, above which it was negat

FIG. 1. Magnetic field~H! dependence of magnetoresistan
~Dr/r! in UCu2Ge2 in the temperature range of 4.4 and 80 K. T
inset shows the temperature dependence of resistance of the s
which shows a knee at the paramagnetic to ferromagnetic trans
temperature around 110 K.
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due to the field induced ferromagnetism in the as c
sample. The maximum value of negativeDr/r, in this tem-
perature range, was found to be around 16%. On the c
trary, Dr/r becomes positive in the annealed sample
UCu2Ge2. The magnetic field dependence ofDr/r at low
temperatures~between 4.4 and 40 K! could be described as

Dr/r;aH1bH2,

wherea andb are constant dependent on temperature. T
value of a is found to be almost two orders of magnitud
higher thanb. It implies a stronger linear dependence onH
as against a quadratic dependence expected due to F
surface effects. In manganese also, a linear term in field
pendence was seen in high fields~above 10 kOe! and attrib-
uted to be a characteristic of antiferromagnetic phase
a-Mn. The magnitude ofDr/r is fairly large at low tempera-
tures with a maximum value of 24%~in a field of 40 kOe! at
8 K. This large value ofDr/r can not be attributed to the
influence of magnetic field on the Fermi surface. It is inte
esting to note that the positiveDr/r drops relatively rapidly
with increasing temperature as one approaches the temp
ture regime of 50 K. It is to be recalled here that in the
cast sample, the ferro to antiferromagnetic transition was
served around 50 K. A similar large positive value ofDr/r
has been reported recently in antiferromagnetic compou
of RE2Ni3Si5 where RE5Sm, Tb, and Nd.14

At 60 K, Dr/r is negative and shows an almost linear fie
dependence. This small negative magnetoresistance cou
due to the suppression of spin fluctuation which may be s
nificant due to competing antiferro and ferromagnetic e
change interactions. The field dependence ofDr/r in the
temperature range 80–90 K shows initially a decrease
Dr/r, which then takes an upturn with the increase in fie
The temperature dependence of magnetization in this reg
is found to be that of a ferromagnet and is relatively weak11

The magnetoresistance due to spin disorder scattering is
pected to be small in such a situation. As was in the cas
the as cast sample of UCu2Ge2,

6 we conjecture that the posi

ple
on

FIG. 2. Magnetic field dependence of magnetoresistance~Dr/r!
in UCu2Ge2 in the temperature range from 90 to 130 K.
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tive magnetoresistance at 80 and 90 K results from the do
nating influence of magnetic field on the Fermi surface.

In the temperature range 100 to 120 K~see Fig. 2!, Dr/r
is found to be negative having a maximum value at 110
which is close to the Curie temperatureTc'105 K, as deter-
mined from the low field magnetization measurements. T
behavior is very similar to what had been observed in the
cast sample of UCu2Ge2 in the same temperature range.6 The
increase of negativeDr/r above 90 K up toTc is presumably
due to increased influence of magnetic field in suppress
the spin disorder. This increased influence could be du
decrease~or absence! of AF interactions, which in turn re-
duces the frustration of spins, in this temperature range
inhomogeneous ferromagnets, such asAuFe just above the
percolation concentration of long range magnetic ord
similar behavior has been observed.15 Signature of short
range ferromagnetic correlations exists even atT5115 and
120 K whereDr/r does not show the typical quadratic fie
dependence expected in a paramagnet~see Fig. 2!.

In Fig. 3, the temperature dependence ofDr/r is shown at
40 kOe. One observes a rapid decrease ofDr/r up to around
50 K followed by a weakT dependence up to around 100 K
The negative magnetoresistance shows a maximum atTc , as
expected for a ferromagnet. The rapid increase ofDr/r be-
low around 50 K is qualitatively similar to what has be
observed ina-Mn below the AF transition temperature.16 It
was attributed to the modification of the Fermi surface by
new Brillouin zone planes~formed as a result of AF order
ing!.

IV. CONCLUSION

The bulk magnetization on the well annealed sample
UCu2Ge2 revealed a typical ferromagnetic response in
temperature regime 5 K to 105 K.11 The present observatio
of large positive magnetoresistance on the same samp
the temperature regime below 50 K, however, indicates
presence of distinct antiferromagnetic correlation over
m
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mean free path length. While the recent neutron diffract
study on annealed samples of UCu2Ge2 suggested a ran
domly canted spin structure in the temperature regimeT
<50 K,9 such a structure is a far cry from an antiferroma
netic structure which is inferred from the observation
large positive magnetoresistance in the present study o
well annealed sample. One should also note here that in
as cast sample, the low temperature antiferromagnetic s
~which was clearly observed both in the bulk magnetizat
and the neutron diffraction experiments! was quite sensitive
to the applied magnetic field and a field induced ferrom
netic state~metamagnetic transition! was clearly observed in
the magnetoresistance measurements in an earlier study6 So
the present observation of fairly large positive magnetore
tance in the well annealed sample of UCu2Ge2 with no indi-
cation of any low temperature AF order in the bulk magn
ization study, is certainly intriguing and demands more m
croscopic magnetic measurements.

FIG. 3. Temperature dependence of magnetoresistance~Dr/r! in
UCu2Ge2 at a field of 40 kOe. A maximum in the negative magne
oresistance is observed close to the Curie temperature at 110
J.
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