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A detailed study of magnetoresistance and magnetization is reported on the Laves-phase com-
pound Ce(Feo.92Alp.08)2 in the temperature range of 4.4 to 250 K and in magnetic fields up to
45 kOe. The measurements indicate a paramagnetic to ferromagnetic transition at 170 K and rule
out the possibility of a spin-glass transition as had been earlier reported in some studies. The
magnetoresistance measurements clearly indicate that the compound has an antiferromagnetic state
below 100 K as suggested by earlier neutron-scattering measurements. The antiferromagnetic state
is found to undergo a metamagnetic transition which could be observed in the present study above

60 K.

I. INTRODUCTION

Among the Laves-phase compounds, CeFe; has been
extensively studied and is found to show ferromagnetism
below 230 K.! The substitution of Fe by even small con-
centrations of Al, Co or Ru destabilizes the ferromag-
netism as is observed from studies on the pseudobinary
intermetallics Ce(Fe,M), (M=Al, Co, Ru).23 In these
compounds, one observes a second transition to an an-
tiferromagnetic (AF) state from a ferromagnetic (FM)
state as the temperature is lowered. In Ce(Fe,Al)2, the
instability of the FM phase is observed even with 2% Al
substitution at the Fe site. For Al concentrations be-
low 5%, ac susceptibility and magnetization results re-
semble reentrant spin glasses. However, resistivity re-
sults suggest that the low temperature phase is antifer-
romagnetic in nature.® For Al concentrations above 5%,
bulk property measurements indicate the presence of a
para- to antiferromagnetic transition.® The existence of
short-range or inhomogeneous magnetic ordering in the
so-called paramagnetic phase, however, cannot be ruled
out. Most of these studies have been carried out for Al
concentrations less than 10% where a single crystallo-
graphic pure C15 phase is found. In another study of
magnetization and resistivity on compounds up to 15%
Al substitution, the authors emphasize that the presence
of Al destroys ferromagnetic order and leads to a reen-
trant spin-glass or spin-glass phase.* However, neutron-
scattering studies on the above pseudobinary compounds
have confirmed the presence of an antiferromagnetic or-
dering at low temperatures.® In Ce(Fe,Al),, the transi-
tion from the FM to AF state is a gradual one, passing
through a region of coexistence of FM and AF moments
as has been shown from the ac susceptibility,® and mag-
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netization studies® of this system up to 20% Al concen-
tration. The possibility of a spin-canted phase in the co-
existence regime has been predicted and is also supported
by neutron diffraction,® hyperfine field,” and nonlinear ac
susceptibility measurements® on these systems.

Some of the Laves-phase compounds, such as RCo,
(R=Y, Lu, etc.) show a metamagnetic transition at
very high fields of the order of a few 100 kOe.® They
undergo a field-induced transition from a paramagnetic
state to a ferromagnetic state. The present study as
well as some earlier studies® show that the AF state
of the Ce(Fe,Al); compound undergoes a metamagnetic
transition to a ferromagnetic state at much lower fields
than those for RCo; compounds. There have been at-
tempts to obtain theoretical phase diagrams for an itiner-
ant electron system having competing ferromagnetic and
antiferromagnetic interactions with and without mag-
netic anisotropy.1%!! These studies predict a number of
temperature- and field-dependent magnetic states which
are relevant to our present study.

In the present paper, we report the magnetoresistance
(Ap/p) and magnetization measurements on the Laves-
phase compound Ce(Feq 92Alg.0s)2 in the temperature
range 4.4-200 K up to fields of 45 kOe. Magnetoresis-
tance measurements in this system reveal features as-
cribed to metamagnetic behavior in the low temperature
AF state.

II. EXPERIMENTAL DETAILS

The sample used for the present study has been
used earlier for ac susceptibility and resistivity
measurements.? Details of the sample preparation and
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characterization can be found in that paper. The sample
used in the present measurements was a square cross-
section rod of dimension 20 X 1 x 1 mm?®. As has been
described earlier,? a very small amount of magnetic impu-
rity (which evades detection in the conventional method,
e.g., x-ray diffraction) remained in the sample and made
its presence felt in the low-field studies. However, in our
present study, which is mostly confined in the high-field
regime, this small amount of impurity will not influence
the results in any appreciable manner.

The longitudinal magnetoresistance (MR) measure-
ments were carried out in the temperature range 4.4
to 250 K up to fields of 45 kOe generated by a home-
built superconducting magnet. The magnetoresistance
was measured using standard four-probe dc technique.
The electrical contacts to the sample were made with in-
dium solder using ultrasonic soldering. The temperature
of the sample was controlled and monitored by a Lake
shore carbon glass sensor (in magnetic field) up to 60 K
and by a silicon diode sensor beyond 60 K employing a
Lake Shore DRC-82C temperature controller. The sam-
ple was cooled to 4.4 K in zero external magnetic field
and the data were recorded by increasing the field in steps
at discrete intervals up to 45 kOe. For subsequent tem-
peratures above 4.4 K, the sample was heated to those
temperatures in zero field and the data taken in a similar
manner as described above.

The magnetization measurements reported here were
performed using a commercial superconducting quantum
interference device (SQUID) magnetometer (MPMSS5,
Quantum Design). The sample was mounted firmly in
the sample holder with its long axis parallel to the ex-
ternal magnetic field. The sample position and configu-
ration were strictly maintained during all the measure-
ments in order to avoid any orientational effect due to
anisotropy (if any). The scan length we used was 4 cm
and measurements were averaged over three scans each
containing 32 data points. This relatively short scan
length minimizes the inhomogeneity of the magnetic field
through which the sample travels. Before each measure-
ment, special care was taken to reduce the trapped field
in the superconducting magnet of the SQUID magne-
tometer.

III. RESULTS AND DISCUSSION
A. Field dependence of the magnetoresistance

Figures 1(a) and 1(b) shows the magnetic field depen-
dence of magnetoresistance (Ap/p) at different temper-
atures. Below 60 K, (Ap/p) is negligibly small (less
than 0.1% at the maximum applied field of 45 kOe).
At 60 K, the sudden development of negative magne-
tore51stance around 37 kOe indicates that the compound
undergoes a metamagnetic transition from an antiferro-
magnetic to a ferromagnetic state. A similar transition
in magnetoresistance has earlier been observed by us in
UCu;Ge;.'? The field (H,,), at which negative magne-
toresistance develops, decreases with increasing temper-
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FIG. 1. (a),(b) Magnetic field (H) dependence of the mag-
netoresistance (Ap/p) in Ce(Feq.92Alo.08)2 at different tem-
peratures.

ature up to 100 K. Above the metamagnetic transition,
the magnetoresistance does not saturate up to the max-
imum applied fields of 45 kOe. This indicates that the
system does not acquire a collinear ferromagnetic state
but rather goes into a canted ferromagnetic state in the
range of fields studied. Between 100 K and 160 K, the
field dependence of Ap/p is similar to that observed in
inhomogeneous ferremagnets such as Aug;Fe;g,'3 amor-
phous FeNiPBAL <.c. At 200 K, Ap/p tends to-
wards a quadratic field dependence as is the case for
paramagnets.13

The field (H) dependence of magnetization (M) at a
few temperatures is shown in Fig 2. At 60 K and 80 K,
we find that the magnetization rises initially and then
saturates at a field between 2 and 3 kOe. Further at a
higher field (depending on temperature), the magnetiza-
tion starts increasing rather rapidly showing a metamag-
netic transition. This transition is accompanied by the
onset of marked hysteresis in the M vs H plots. The field
at which magnetization shows the metamagnetic transi-
tion coincides with H,,. No saturation in magnetization
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FIG. 2. Magnetic field (H) dependence of the magnetiza-
tion (M) in Ce(Feo.02Alo.08)2 at different temperatures. Ar-
rows indicate data taken in increasing and decreasing fields.

is observed up to fields of 50 kOe which is the maxi-
mum available field in the present measurement. Since
the magnetoresistance at low fields shows an antiferro-
magnetic behavior, the initial increase of magnetization
seems to occur due to presence of an impurity phase. The
magnetization behavior at 100 K shows that the meta-
magnetic transition field is very low, giving rise to a con-
tinuously increasing magnetization. The behavior at 120
and 200 K is similar to that of an inhomogeneous fer-
romagnet where the magnetization initially rises rapidly
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FIG. 3. Temperature variation of the field (H~) at which
the metamagnetic transition occurs.
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and then slowly with increasing fields.'®

This kind of field-induced transition has been ob-
served in the magnetization studies on some Al- and Ru-
substituted systems.®7>1® The temperature dependence
of H,, shows almost a linear decrease with increasing
temperature as seen in Fig 3. From their magnetization
study on Ce(Fe, 5% Al),, Nishihara et al.” showed the
temperature dependence of the transition field at which
magnetization saturates. This dependence is qualita-
tively similar to the one observed in the present study.

B. Temperature dependence of the
magnetoresistance

Figure 4 shows the temperature dependence of the
magnitude of the magnetoresistance (|Ap/p|) in different
magnetic fields. In a given field, the magnetoresistance
is negligibly small in the AF state. In the range where
the metamagnetic transition is found to occur, |Ap/p|
increases rapidly with temperature. The maximum in
|Ap/p| occurs at 100 K which is independent of applied
field, as can be seen in the figure. Above 100 K, |Ap/p|
drops rapidly and shows a small hump particularly at
high fields, at around 170 K which is close to the temper-
ature where the ferromagnetic moment develops at the
Fe site® and a peak in ac susceptibility (xa.c) has been
observed.?

The neutron diffraction study on Ce(Fe,Al); by
Kennedy and Coles® shows that even in CeFe, there is a
tendency towards antiferromagnetic ordering. Here the
development of ordered moments is seen at both Ce and
Fe sites and the coupling between them is found to be
antiparallel. In Ce(Fe;_,Al;); (x < 0.08), no magnetic
moment on Ce is seen in the FM state though the low
temperature state of the compound is antiferromagnetic.
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FIG. 4. Temperature (T') dependence of the magnetoresis-
tance (Ap/p) in Ce(Feo.92Al0.08)2 at different fields.
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It has been suggested in an earlier theoretical work!?
that the Al atoms around Fe-Fe bonds can induce AF
coupling between the Fe moments. The effective interac-
tion in such a case is of Ruderman-Kittel-Kasuya-Yosida
(RKKY) type: cos(krR;; + ¢)/RY;, where R;; is the dis-
tance between the Fe impurities and ¢ is the phase shift
associated with the Al impurity. In case of strongly per-
turbative impurities like Al, ¢ will be large enough to
bring about a change in the sign of the interaction leading
to an antiferromagnetic coupling between Fe moments.

The temperature dependence of the ordered magnetic
moments on Fe sites shows that the AF component de-
velops at a temperature below the ferromagnetic order-
ing temperature.® This AF component begins to suppress
the ferromagnetic response to the external field which
leads to a drop in susceptibility.? In the Ce(Feq.92Alo.08)2
compound, it is found that the FM component develops
at around 170 K and the AF component appears below
150 K. Below 100 K, the FM moment drops down signif-
icantly while the AF moment is stable down to the lowest
temperature. The magnetoresistance data reported here
conform to this picture where we find that the AF phase
undergoes a field-induced metamagnetic transition below
100 K. Above 100 K, the FM moment becomes significant
while the AF moment drops. In the temperature range
between 80 and 150 K there is a coexistence of FM and
AF moments which presumably leads to a canted state.
In this temperature range, the spin-disorder scattering
responsible for the magnetoresistance behavior decreases
with increasing temperature, as the FM ordered state is
approached. This is reflected as a rapid drop in |Ap/p|
in this temperature range. The peak in |Ap/p| is inde-
pendent of the applied field though the temperature at
which negative MR develops is different for various ap-
plied fields (Figure 4). This is due to the fact that the
field for the metamagnetic transition varies with tem-
perature as shown in Fig. 3. Above 150 K, there is no
coexistence phase and one has only the FM phase.> A
small hump in |Ap/p| is observed at the FM ordering
temperature (170 K) determined from neutron-scattering
measurements.® This apparently occurs as a result of
scattering due to spin-wave excitations which increases
with temperature.

C. Temperature dependence of the magnetization

The temperature dependence of the magnetization on
the same sample in fields of 50 Oe to 50 kOe is shown in
Figs. 5(a) and 5(b). At 50 Oe and 500 Oe, the data were
taken both in field- and zero-field-cooled conditions. The
data do not exhibit any deviation between field- and zero-
field-cooled conditions and hence rules out the spin-glass
behavior in the compound as reported earlier.# In low dc
fields (50 Oe), the magnetization shows a peak around
the same temperature as observed in ac susceptibility.3
This peak moves to lower temperatures with increasing
fields; e.g., it is at 150 K in a field of 50 Oe while it is at
115 K in 50 kOe. However, it is interesting to note here
that the peak in |Ap/p| is independent of external field.
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FIG. 5. Magnetization (M) as a function of temperature
(T) in Ce(Feo.02Alo.08)z in magnetic fields of (a) 50 Oe and
500 Oe and (b) 5 kOe and 50 kOe. Measurements at 50 Oe
and 500 Oe were carried out both in zero-field-cooled (ZFC)
as well as field-cooled (FC) conditions. ZFC and FC data
coincide; hence the data points under the two conditions are
indistinguishable.

IV. CONCLUSIONS

The present study of magnetoresistance and magneti-
zation shows that the Ce(Feg 92Alg 0s)2 compound un-
dergoes an inhomogeneous ferromagnetic transition at
around 170 K and has an antiferromagnetic state below
100 K. These macroscopic measurements along with the
existing neutron diffraction results® strongly suggest that
the ideas of a spin glass and reentrant spin glass* are not
relevant for the present system. Such a view gets further
support from a recent nonlinear susceptibility study on
some Ce(Fe,Al); compounds.® Our results also indicate
that among the macroscopic measurements, the magne-
toresistance study provides a better identification of var-
ious magnetic transitions occurring in the present type
of systems.



6870

! J. Deportes, D. Givord, and K. R. A. Ziebeck, J. Appl.
Phys. 52, 2074 (1981).

2S. B. Roy and B. R. Coles, Phys. Rev. B 39, 9360 (1989).

3S. B. Roy and B. R. Coles, J. Phys. Condens. Matter 1,
419 (1989).

*J. Eynon and N. Ali, J. Appl. Phys. 69, 5063 (1991); Y.
S. Yang, B. D. Gaulin, J. A. Fernadez-Baca, Naushad Ali,
and G. D. Wignall, ibid. 73, 6066 (1993).

58S. J. Kennedy and B. R. Coles, J. Phys. Condens. Matter
2, 1213 (1990).

$D. F. Franceschini and S. F. da Cunha, J. Magn. Magn.
Mater. 51, 280 (1985).

7Y. Nishihara, M. Tokumoto, Y. Yamaguchi, and G. Kido,
J. Magn. Magn. Mater. 70, 173 (1985).

8 S. Mukherjee, R. Ranganathan, and S. B. Roy, Phys. Rev.
B 50, 1084 (1994).

9 T. Goto, K. Fukamichi, and T. Sakakibara, Solid State
Commun. 72, 945 (1989); K. Murata, K. Fukamichi, and

S. RADHA, S. B. ROY, A. K. NIGAM, AND GIRISH CHANDRA 50

H. Komatsu, J. Phys. Condens. Matter 3, 2515 (1991).

10T Moriya and K. Usami, Solid State Commun. 28, 935
(1977).

11 M. Isoda, J. Phys. Soc. Jpn. 53, 3587 (1984).

12 A, K. Nigam, S. B. Roy, and Girish Chandra, Phys. Rev.
B 49, 1127 (1994).

13 A. K. Nigam, Girish Chandra, and S. Ramakrishnan, J.
Phys. F 16, 1255 (1986).

14 K. V. Rao, in Amorphous Metallic Alloys, edited by F. E.
Luborsky (Butterworths, London, 1983), p. 426.

15 H. Rakoto, H. C. Ousset, S. Senoussi, and I. A. Campbell,
J. Magn. Magn. Mater. 46, 212 (1984).

16 B. V. B. Sarkissian, A. K. Grover, R. G. Pillay, G. Bal-
akrishnan, R. Kumar, and P. N. Tandon, J. Magn. Magn.
Mater. 104-107, 1271 (1992).

17 J. Houard, P. M. Bisch, and A.A. Gomes, J. Phys. F 13,
2629 (1983).



