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We studied the dilute substitution effect on magnetic and transport properties in an unstable ferromagnet
CeFe2 with a C15 cubic Laves-phase structure. In the Co substitution system Ce(Fe1⫺x Cox ) 2 with x⭐0.10,
while the Curie temperature T C decreases with increasing the Co concentration, an antiferromagnetic ordering
appears in the low temperature region for x⭌0.05, and the transition temperature T 0 from ferromagnetic to
antiferromagnetic states monotonously increases with increasing the Co concentration. On the other hand, in
the Sc substitution system (Ce1⫺y Scy )Fe2 with y⭐0.10, both the Curie temperature T C and saturation magnetization M S at 4.2 K gradually increase with increasing the Sc concentration. Despite the decrease in lattice
parameter upon substitution in both the systems, an antiferromagnetic ground state is stabilized in
Ce(Fe1⫺x Cox ) 2 , whereas a ferromagnetic ground state is stabilized in (Ce1⫺y Scy )Fe2. These results indicate
that the Fe 3d – Fe 3d ferromagnetic exchange interaction and the antiferromagnetic spin correlation arising
from the Ce 4 f – Fe 3d hybridization compete in CeFe2, and the enhancement/depression of the 4 f -3d hybridization effect might make the ferromagnetic ground state in CeFe2 unstable/stable. Furthermore,
Ce(Fe1⫺x Cox ) 2 exhibited a negative giant magnetoresistance reaching about ⌬  /  ⫽⬃60– 65 % at 4.2 K,
which is accompanied by a metamagnetic transition from antiferromagnetic to ferromagnetic states. The giant
magnetoresistance effect is originated from the reconstruction of Fermi surface due to the collapse of the
superzone gap after the metamagnetic transition.
DOI: 10.1103/PhysRevB.63.054405

PACS number共s兲: 75.30.Mb, 75.50.Cc, 75.70.Pa

I. INTRODUCTION

CeFe2 crystallizes in the MgCu2-type cubic C15 Laves
phase structure and is an itinerant ferromagnet with the Curie
temperature of T C ⫽230 K and the spontaneous magnetization of M S ⫽2.3  B /f.u. at 4.2 K.1 CeFe2 is quite unique
because of the lowest T C and smallest M S among the series
of the RFe2 (R⫽rare earth metals兲 system. In addition, it is
known that a small amount of substitution of other metals Al,
Co, Ru, Ir, Re, and Os for Fe makes the ground state
antiferromagnetic,2–13 irrespective of changing the lattice
spacing upon substitution, while the substitution of Ni, Mn,
Rb, and Pd leaves the ground state ferromagnetic like simple
dilution.3,6,7
Much attention have been also paid in the character of 4 f
electron in CeFe2, because Eriksson et al. predicted the existence of a magnetic moment on the Ce atom, the direction
of which is opposite to that on the Fe atoms, and a quenching
of the orbital 4 f moment.14 A polarized neutron diffraction
study showed that the values of Fe and Ce moments were
 Fe⫽1.174  B and  Ce⫽⫺0.14  B , respectively.15 In addition, the magnetic circular x-ray dichroism 共MCXD兲
experiments16–19 and magnetic Compton scattering study20
have been carried out for determining the value of an ordered
Ce moment, but the deduced values of Ce moments were
widely scattered from ⫺0.57  B to ⫺0.14  B . However, all
the values of the Ce moments deduced are oppositely directed to those on the Fe atoms. Furthermore, Giorgetti et al.
compared the MCXD signals for CeFe2 with those of
Ce(Fe0.8Co0.2) 2 , and concluded that the Co substitution in
CeFe2 did not affect on the Ce magnetic moment.17 There0163-1829/2001/63共5兲/054405共9兲/$15.00

fore, it seems that the strong effect of substitution in
Ce(Fe, M ) 2 (M ⫽Co, Al, Ru, and so on兲 on basic magnetism does not come from the change in the magnetic state of
the Ce sublattice, but rather come from instabilities of the
magnetic structure of the Fe sublattice itself. These results
suggest the importance of the hybridization effect between
itinerant Ce 4 f electron and Fe 3d electron in the static
ground state in CeFe2.
In 1998, Paolasini et al.21 have probed the Fe magnetic
instability in CeFe2 by neutron inelastic scattering. They observed a strong antiferromagnetic 共AF兲 spin fluctuation with
an energy of ⬃1 meV around the reciprocal lattice point
关1/2, 1/2, 1/2兴 in the Brillouin zone, which corresponds to a
static AF component of about ‘0.05  B in the ferromagnetic
ground state. It should be noted that such an unusual AF spin
fluctuation does not absolutely exist in UFe2, in which the 5 f
electrons are itinerant.22 Furthermore, the spin-wave stiffness
constant D of CeFe2 is greatly reduced compared to that
found in YFe2, while the spin-wave stiffness of UFe2 is
enhanced.21–23 In addition, UFe2 has the low Fe magnetic
moment and the significantly low Curie temperature T C compared to those in YFe2 and CeFe2. Therefore, it seems that
the U 5 f – Fe 3d hybridization results in strong enhancement
of the spin-wave stiffness constant D, while the
Ce 4 f – Fe 3d hybridization effect brings the reduction of the
spin-wave stiffness constant D as well as the development of
AF spin fluctuations in CeFe2. Hence, the AF spin fluctuations in the Fe sublattice seems to be very important in understanding the intrinsic magnetic properties of CeFe2.
In this paper, we present the experimental results of the
dilutely Co and Sc substitution effects on the magnetic and
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FIG. 1. X-ray diffraction patterns using Cu K ␣ radiation at
room temperature for Ce(Fe1⫺x Cox ) 2 with x⫽0, 0.05, and 0.10.

transport properties in CeFe2 performed to gain a deeper insight into the instability of ferromagnetic ground state in
CeFe2 and discuss on the importance of Ce 4 f – Fe 3d hybridization.
II. EXPERIMENT

Polycrystal specimens of CeFe2, Ce(Fe1⫺x Cox ) 2 with x
⫽0.05 and 0.10, and (Ce1⫺y Scy )Fe2 with y⫽0.03, 0.05, and
0.10 were prepared by arc-melting the mixture of stoichiometric amounts of Fe, Co, Sc, and a small amount of excess
Ce than the stoichiometry with the purities of 99.99% in Ar
flow atmosphere. In order to ensure homogeneity, the ingot
was turned over and remelted several times. The ingots were
wrapped by Ta foil and then were annealed at 850 °C for one
week in evacuated quartz tube. All the samples of
Ce(Fe1⫺x Cox ) 2 and (Ce1⫺y Scy )Fe2 thus obtained were examined by the powder x-ray diffraction studies at room temperature. As an example, the x-ray diffraction profiles of the
Co substitution system are shown in Fig. 1. It is indicative
that the samples are almost in a single-phase of the
MgCu2-type cubic C15 Laves-phase structure with no other
extra peaks due to impurity phase, neither ␣-Fe nor the
Ce2Fe17 phases except for a very weak Ce oxide peak around
2  ⫽30°.
Magnetization measurement in magnetic fields up to 1.6 T
was performed using a vibrating-sample magnetometer
共VSM兲 in temperature ranges from 4.2 to 300 K. High field
magnetization measurements up to 5.5 T were done by a
superconducting quantum interference device 共SQUID兲 magnetometer in temperature ranges from 5 to 300 K. Electrical
resistivity measurements were carried out by a standard DC
four-probe technique in magnetic fields up to 9.0 T in temperature ranges from 4.2 to 300 K. Magnetoresistance was
measured at 5.0 K in magnetic fields up to 9.0 T, in which
the direction of magnetic field was perpendicular to the current direction. The tunneling measurement was performed at
4.2 K using a break-junction method in which the sample

FIG. 2. Temperature dependence of magnetization for CeFe2
under H⫽1.0 T. The reciprocal susceptibility as a function of temperature above T C is shown in the inset.

was in situ cracked at liquid helium temperature. Generally,
fabrication of the artificial tunneling barrier on Ce based
compounds has been difficult due to their chemically very
reactive surface characteristics. The break-junction method,
however, provides a very useful way to investigate this class
of materials.24,25 The differential conductance dI/dV was directly obtained by a constant ac-modulation technique with a
four-probe method.
III. RESULTS AND DISCUSSION
A. Temperature dependence of magnetism in CeFe2

Figure 2 shows the temperature dependence of magnetization for CeFe2 under H⫽1.0 T and the inset shows the
reciprocal susceptibility as a function of temperature up to
500 K. Here, it was ensured that the magnetic field of 1.0 T
was enough to saturate the magnetization by measuring the
magnetization vs magnetic field curves at various temperatures. As is evident from Fig. 2, CeFe2 shows a typical ferromagnetic behavior with the Curie temperature of T C
⫽230 K and the saturation magnetization at 4.2 K of M S
⫽2.4  B /f.u., in spite of the existence of antiferromagnetic
spin fluctuations in ferromagnetic ground state.
The temperature dependence of saturation magnetization
at low temperatures might be explained by considering the
spin wave excitation and the Stoner excitation as follows:
M 共 T 兲 /M 共 0 兲 ⫽1⫺ 共 ␣ T 3/2⫹ ␤ T 2 兲 ,

共1兲

where M (0) is the saturation magnetization at T⫽0 K, and
␣ and ␤ are the parameters indicating the degree of the contributions of the spin wave excitation and the Stoner excitation, respectively. The coefficient of T 3/2 term, ␣, and that of
T 2 term, ␤, are deduced to be 8.11⫻10⫺5 and 7.20⫻10⫺7 ,
respectively, by a least square fitting with the experimental
data. The calculated result using Eq. 共1兲 is drawn by the solid
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FIG. 3. Lattice parameters of Ce共Fe1⫺x Cox ) 2 and
(Ce1⫺y Scy )Fe2 as a function of the substituted Co and Sc concentrations.

line in Fig. 1. The M s vs T curve at low temperatures is
reproduced by the combination of the large component of
spin wave excitation and a small component of the Stoner
excitation. Here, the coefficient ␣ in T 3/2 law is connected to
a spin-wave stiffness constant D as follows:

␣ ⫽ 关 2.61g  B /M 共 0 兲兴 / 共 k B /4 D 兲 3/2,

共2兲

where g is the g-factor being equal to 2,  B is the Bohr
magneton, and k B is the Boltzmann constant. The spin-wave
stiffness constant D could be estimated using Eq. 共2兲 from
the coefficient ␣ observed, the value of which was ⬃130
meV Å⬃2. This value is good agreement with D
⫽155 meV Å ⬃2 deduced from a ferromagnetic spin-wave
dispersion curve in low q ranges measured by neutron inelastic scattering.21 Therefore, we conclude that the temperature
dependence of static saturation magnetization in CeFe2 is
understandable by the spin wave excitation and a small contribution of the Stoner excitation, even though the antiferromagnetic spin fluctuations exist in the ferromagnetic ground
state. For the Co substitution system, we could not analyze
the temperature dependence of saturation magnetization because the magnetic field of 1.0 T is too weak to ferromagnetically saturate the magnetization in antiferromagnetic
state at low temperatures.
As is shown in the inset, the inverse susceptibility of
CeFe2 follows a Curie-Weiss law above 270 K with the paramagnetic Curie temperature of  p ⫽236 K and the effective
number of Bohr magneton, p eff⫽3.96  B per Fe atom. This
value is comparable to that reported by Dèportes et al.26 Assuming that Ce is in a nonmagnetic state, the value of magnetic moment, p c ⫽gS, in the paramagnetic state is estimated
to be 3.08  B per Fe atom. Hence, the ratio of p c to saturation moment p s at 0 K, p c /p s ⫽2.6, considerably deviates
from one, indicating that CeFe2 is characterized as a typical
itinerant ferromagnet.

FIG. 4. Temperature dependence of the magnetization for
Ce共Fe1⫺x Cox ) 2 under H⫽1 T.
B. Substitution effect on magnetism in CeFe2

Figure 3 shows the lattice parameters a determined by the
powder x-ray diffraction pattern as a function of the Co or Sc
concentration. As is evident from Fig. 3, the lattice parameter monotonously decreases with increasing the substitution
concentration in both the systems, indicating that a negative
chemical pressure acts in CeFe2 by both the substitutions.
1. The Co substituted system Ce„Fe 1Àx Co x … 2

Figure 4 shows the temperature dependence of magnetization under H⫽1.0 T for the dilutely Co substituted system
Ce(Fe1⫺x Cox ) 2 . In the range of x⭐0.10, the Curie temperature T C monotonously decreases with increasing the Co concentration. In addition, an antiferromagnetic-like ordering
appears for x⫽0.05 below 30 K and the characteristic temperature of the ferromagnetic-antiferromagnetic transition T 0
increases with increasing the Co concentration. The behavior
observed in Ce(Fe1⫺x Cox ) 2 is consistent with the magnetic
phase diagram deduced by Rastogi and Murani,3 and
Kennedy et al.27 In this paper, we focus on only the magnetic properties in diluently Co substituted regime, in which
an antiferromagnetic correlation develops even in ferromagnetic ground state. As is seen in Fig. 4, we notice that a small
ferromagnetic component appears at low temperatures in the
M vs T curve for x⫽0.05. In this work, we tried to make the
Ce共Fe0.95Co0.05兲2 samples for two times by the same method
as used here and once by the different annealing process
proposed by Roy and Coles.6 However, the results obtained
were almost the same as described above for all three
samples. Therefore, we believe that it is intrinsic that a small
ferromagnetic component exists at low temperatures in the
system with x⫽0.05, suggesting the appearance of a canted
spin structure in which antiferromagnetic and ferromagnetic
spin components coexist at H⫽1 T. Similarly, it has been
confirmed that a canted spin phase existed below 60 K in
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FIG. 5. Isothermal magnetization curves for Ce共Fe0.95Co0.05兲2 at
various temperatures.

Ce共Fe0.98Ru0.02兲2 by neutron diffraction experiments,10 which
shows similar static magnetic properties to those obtained in
Ce共Fe0.95Co0.05兲2.
Figure 5 shows the isothermal magnetization curve for
Ce共Fe0.95Co0.05兲2 at various temperatures. At 5 K the M vs H
curve of Ce共Fe0.95Co0.05兲2 shows a small ferromagnetic component at low magnetic fields in magnetic field increasing
process. With further increasing the magnetic field, a metamagnetic transition occurs at H C ⫽2.5 T, leading to an induced ferromagnetic state. The metamagnetic transition field
H C is irreversible and accompanied with a large hysteresis.
Therefore, in magnetic field decreasing process, the step of
magnetization corresponding to the canted magnetic phase
with a small ferromagnetic component could not be observed
at low magnetic fields, only leaving a small remanent magnetization at H⫽0. On the other hand, the magnetoresistance
effect, which will be described later, indicates that the fieldinduced ferromagnetism in Ce共Fe0.95Co0.05兲2 is frozen at 5 K
at demagnetized state 共see Fig. 9兲. Therefore, we conclude
that Ce共Fe0.95Co0.05兲2 at 5 K is in a canted spin structure with

FIG. 6. Isothermal magnetization curves for Ce共Fe0.90Co0.10兲2 at
various temperatures.

ferromagnetic and antiferromagnetic spin components in
zero magnetic field, and the ferromagnetism is field-induced
with increasing in magnetic field after the first order metamagnetic transition at H C ⫽2.5 T, which is frozen at 5 K.
With increasing temperature, the metamagnetic transition
field H c shifts to lower magnetic field and the canted spin
structure becomes stable even in magnetic field decreasing
process, accompanied by decreasing the hysteresis of H C .
Above 50 K, the M vs H curve shows a typical ferromagnetic
behavior as shown in Fig. 5.
With further increasing the Co concentration, the magnetization for Ce共Fe0.90Co0.10兲2 at 5 K slightly increases with
increasing magnetic field up to 5.5 T as shown in Fig. 6. This
indicates that the canted spin state with a ferromagnetic component is not induced in Ce共Fe0.90Co0.10兲2 at 5 K, which is in
a complete antiferromagnetic ordering at least up to 5.5 T. At
40 K, the metamagnetic transition is observed at H C
⫽4.7 T, the field of which decreases with further increasing
temperature and finally disappears above 90 K. In the temperature range from 90 to 190 K, a typical ferromagnetic
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FIG. 8. Temperature dependence of the magnetic permeability
at H⫽0.1 T for (Ce1⫺y Scy )Fe2. The inset shows a saturation magnetization at 4.2 K as a function of the substituted Sc concentration.

2. The Sc substituted system „Ce 1Ày Sc y …Fe 2

FIG. 7. H-T magnetic phase diagrams for 共a兲 Ce共Fe0.95Co0.05兲2
and 共b兲 Ce共Fe0.90Co0.10兲2.

behavior in the M vs H curve is observable as well.
The H-T magnetic phase diagrams deduced from magnetization measurements are shown in Figs. 7共a兲 and 7共b兲 for
Ce共Fe1⫺x Cox ) 2 with x⫽0.05 and 0.10, respectively. For the
case of Ce共Fe0.95Co0.05兲2 in Fig. 7共a兲, it is to be noted that the
canted spin phase appears in low magnetic field region at
low temperatures. This canted spin state may be induced as a
result of the competition between the antiferromagnetic correlation arising from Ce 4 f – Fe 3d hybridization and the
Fe 3d – Fe 3d ferromagnetic exchange interaction. On the
other hand, Ce共Fe0.90Co0.10兲2 shows a complete antiferromagnetic ordering below 90 K. From the above experimental
results, we conclude that the antiferromagnetic phase becomes stable with increasing the Co concentration for
Ce共Fe1⫺x Cox ) 2 with x⭐0.10.

Figure 8 shows the temperature dependence of the permeability at H⫽0.1 T for (Ce1⫺y Scy )Fe2 with y⭐0.10. In the
inset are shown the saturation magnetization at 4.2 K as a
function of the Sc concentration. With increasing the Sc concentration, the Curie temperature rises from T C ⫽230 K for
CeFe2 to T C ⫽270 K for (Ce0.90Sc0.10兲Fe2. In addition, the
saturation magnetization at 4.2 K monotonously increases
with increasing the Sc concentration. These results indicate
that the Sc substitution for Ce in CeFe2 makes ferromagnetic
ground state stable, even though the lattice parameter decreases with increasing the Sc content. This behavior is
clearly in contrast to the result in the dilutely Co substituted
system as well as the decrease in T C under the hydrostatic
pressure in CeFe2. 28 On the other hand, it has been reported
that T C for YFe2, GdFe2, HoFe2, and ErFe2 linearly increased with increasing pressure.28 The increase in T C ,
which is a common feature of RFe2 with stable 4 f electrons
and no 4 f electron, suggests that the Fe 3d – Fe 3d ferromagnetic exchange interaction strengthens by the contraction of
the lattice even in CeFe2 similarly to the other RFe2 system.

C. Discussion on the magnetism in substitution systems

Despite the contraction of the lattice upon substitution in
both the Co and Sc systems, an antiferromagnetic ground
state is stabilized in the Co diluted Ce共Fe1⫺x Cox ) 2 system,
whereas a ferromagnetic ground state is stabilized in the Sc
diluted (Ce1⫺y Scy )Fe2 system. We interpret this contrast behavior under the following three assumptions. 共1兲 In CeFe2,
there is a competition between the Fe 3d – Fe 3d ferromag-
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netic exchange interaction and the antiferromagnetic spin
correlation due to Ce 4 f – Fe 3d hybridizations. 共2兲 The enhancement of the Ce 4 f – Fe 3d hybridizations strongly suppresses the Curie temperature T C and the saturation magnetization M S . 共3兲 The Fe 3d – Fe 3d ferromagnetic exchange
interaction strengthens by the constriction of the lattice even
in CeFe2, similarly to the other RFe2 system.
On the basis of the above assumptions, 共1兲 in the dilutely
Sc substituted system (Ce1⫺y Scy )Fe2, the ferromagnetism is
stabilized by the suppression of the Ce 4 f – Fe 3d hybridizations due to the decrease of the Ce concentration in addition
to the enhancement of the Fe 3d – Fe 3d ferromagnetic exchange interaction due to the constriction of the lattice. On
the other hand, 共2兲 the monotonous decrease in Curie temperature T C under high pressures in CeFe2 can be explained
by the idea that the enhancement of the antiferromagnetic
spin correlation through the strengthening of Ce 4 f – Fe 3d
hybridizations under pressure exceeds to the strengthening of
the Fe 3d – Fe 3d ferromagnetic exchange interaction due to
the contraction of lattice. If there is no hybridization in this
system, T C should increase under high pressures like in the
other RFe2 systems. In the Co diluted system
Ce共Fe1⫺x Cox ) 2 , 共3兲 since the lattice parameter decreases
with increasing the Co concentration, the Fe 3d – Fe 3d ferromagnetic exchange interaction is strengthened and the
Ce 4 f – Fe 3d hybridizations are simultaneously enhanced.
As a result of the fact that the enhancement of antiferromagnetic correlation due to the hybridizations exceeds to the
strengthening of ferromagnetic exchange interaction by substituting Co for Fe, the Curie temperature T C decreases with
increasing Co content and the antiferromagnetism is stabilized as well. Similarly, this senario may explain that all the
substitutions of Al, Ru, Ir, Re, and Os for Fe site induce an
antiferromagnetic ordering at low temperatures, irrespective
of changing the lattice spacing.2–13 共4兲 To stabilize the static
antiferromagnetism, it is needed that the dynamical antiferromagnetic spin fluctuation in the ferromagnetic state is
trapped on the substituting atomic sites at low temperatures,
even if the the Ce 4 f – Fe 3d hybridizations is enhanced by
substitution. This idea is consistent with the results of recent
inelastic neutron scattering studies performed by Paolasini
et al.,29 in which the antiferromagnetic spin fluctuation still
exists around the L points in the Brillouin zone in the ferromagnetic state for Ce共Fe0.93Co0.07兲2, but it changes into a
typical antiferromagnetic spin wave dispersion with a propagating vector  ⫽ 关 1/2,1/2,1/2兴 in the antiferromagnetic state
at low temperatures. Hence, we conclude that the development of the antiferromagnetic spin correlation due to the
Ce 4 f – Fe 3d hybridizations makes the ferromagnetic ground
state in CeFe2 unstable upon dilute substitution.
On the other hand, it is known that the substitutions of Ni,
Mn, Rh, Pd for Fe in CeFe2 leads to simple dilution of ferromagnetism. In the above argument, we cannot understand
the simple dilution behavior of ferromagnetism, suggesting
that we have to take into account the change in electronic
band structure upon substitution. The band effect may be
also essential for the appearance of antiferromagnetism at
low temperatures as well as the volume effect. The change in
band structure upon substitution affected on the

FIG. 9. Temperature dependence of the normalized electrical
resistivity  (T)/  (300 K) for Ce共Fe1⫺x Cox ) 2 in H⫽0 and 9 T. The
inset shows a quadratic temperature dependence of the electrical
resistivity.

Ce 4 f – Fe 3d hybridizations and the ferromagnetic Fe 3d-3d
exchange interaction may be completely different in the two
cases of the Al, Co, Ru, Ir, Re, Os substitution and the Mn,
Ni, Rh, Pd substitution for Fe in CeFe2. If both the ferromagnetic Fe 3d-3d exchange interaction and the Ce 4 f – Fe 3d
hybridizations are suppressed due to the band effect upon the
later substitution and the degree of the suppression of the
Ce 4 f – Fe 3d hybridizations are much larger than that of ferromagnetic Fe 3d-3d exchange interaction, it seems that the
Curie temperature T C gradually decreases upon substitution
without appearance of static antiferromagnetism, leading to
simple dilution of ferromagnetism. Further studies are
needed to clarify the origin of the above unusual substitution
behavior.

D. Transport properties in the Co substituting system

Figure 9 shows the temperature dependence of electrical
resistivity  for the Co substituted system Ce共Fe1⫺x Cox ) 2 ,
where all the electrical resistivities are normalized by the
values at 300 K. The electrical resistivity  for both
Ce共Fe0.95Co0.05兲2 and Ce共Fe0.90Co0.10兲2 shows a kink at T C
and a discontinuous increases at the transition temperature
T 0 from ferromagnetic to antiferromagnetic states with decreasing temperature. The anomalous increase of  in the
antiferromagnetic state for both the systems is suppressed by
a magnetic field of H⫽9 T. We have also investigated the
isothermal magnetic field effect on . The magnetoresistance
⌬  /  ⫽ 关  (H)⫺  (0) 兴 /  (0) at 5 K is plotted as a function of
the magnetic field H in Fig. 10, together with the M vs H
curves. For the Co 5% substituting system, a rapid decrease
of ⌬/ occurs at the metamagnetic transition field of H C
⫽2.5 T, reaching a negative giant magnetoresistance 共GMR兲
of 64%. Since the magnetization is irreversible, the magne-
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FIG. 10. Magnetoresistance at
4.2 K as a function of the magnetic field, together with the magnetization curves.

toresistance ⌬/ does not recover to the initial value, leaving almost the final value at demagnetized state. This indicates that the magnetic state after removing magnetic field is
still ferromagnetic, where the ferromagnetism above H 0 is
frozen at 5 K. In Ce共Fe0.90Co0.10兲2, the magnetoresistance
⌬/ rapidly decreases at H C ⫽7.5 T with a hysteresis of
about 2 T, reaching a negative GMR of 60% as well. A
similar negative GMR was also observed in the Al 共Ref. 30兲
and Ru- 共Ref. 31兲 substitution systems, but the GMR in the
Al- and Ru-substitution systems was somewhat smaller. As
is shown in the inset of Fig. 9, the electrical resistivity shows
a quadratic temperature dependence, i.e.,  ⫽  0 ⫹AT 2 at low
temperatures. We notice that in Ce共Fe1⫺x Cox ) 2 , the quadratic temperature coefficient in the ferromagnetic state A F is
considerably larger than that in the antiferromagnetic state

FIG. 11. Tunneling conductance for Ce共Fe0.95Co0.05兲2 at 4.2 K. ‘

A AF . On the basis of Fermi liquid theory, the quadratic temperature coefficient in electrical resistivity A is proportional
to the square of the density of states at Fermi level D 2 ( F ).
Hence, it seems that the density of states at Fermi level in the
ferromagnetic state is larger than that in the antiferromagnetic state, D( F ) F ⬎D( F ) AF . This is consistent with the
behavior of the electronic specific heat coefficient ␥, that is
␥ F ⬎ ␥ AF deduced by Wada et al.32 These results simply suggest that the gaplike feature is formed near the Fermi level in
the antiferromagnetic state, leading to decrease in the density
of state at  F due to small Fermi surface, and the density of
states at  F increases when ferromagnetism is recovered by
the metamagnetic transition. To clarify the formation of the
gaplike feature, we measured the tunneling spectra in this
work.
Figure 11 shows the tunneling spectra of Ce共Fe0.95Co0.05兲2
at 4.2 K in zero magnetic field.33 The result obtained clearly
indicates the existence of a gap structure with the width of
2⌬⫽⬃10 meV on the V-shape back ground near the zerobias voltage which corresponds to the Fermi level. A similar
gap structure was also observed in Ce共Fe0.90Co0.10兲2 with
2⌬⫽19 meV, the value of which is almost twice of that in
Ce共Fe0.95Co0.05兲2. We notice that the gap width is proportional to the transition temperature T 0 from ferromagnetic to
antiferromagnetic states. This suggests, in the system
Ce共Fe1⫺x Cox ) 2 with x⫽0.05 and 0.10, that a superzone gap
opens near the Fermi level in the antiferromagnetic state.
Therefore, we can understand the appearance of negative
GMR in the Co substituted system Ce共Fe1⫺x Cox ) 2 by the
following scenario. 共1兲 With decreasing the temperature, the
superzone gap is formed near the Fermi level below the
ferromagnetic-antiferromagnetic transition temperature T 0
and as a result of gap formation, the electrical resistivity
suddenly increases. 共2兲 However, the electrical resistivity
does not follow a thermal activation type behavior because
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of the formation of the anisotropic gap, reflecting the direction of a propagation vector in an antiferromagnetic structure. 共3兲 At low temperatures, since the superzone gap is
collapsed with the metamagnetic transition from antiferromagnetic to ferromagnetic state, the Fermi surface is reconstructed and the cross section of the Fermi surface becomes
large. 共4兲 Finally, as a result of recovery of the carrier numbers, the negative GMR occurs.

IV. SUMMARY

In order to gain a deeper insight to instability of ferromagnetic ground state in CeFe2, we studied the dilute Co and Sc
substitution effects on the magnetic and transport properties.
In the Co substituted system Ce共Fe1⫺x Cox ) 2 for x⬉0.10,
while the Curie temperature T C decreases with increasing the
Co concentration, an antiferromagnetic ordering appears for
x⭌0.05 at low temperatures and the transition temperature
T 0 from ferromagnetic to antiferromagnetic states monotonously increases with increasing x, leading to an instability
of the ferromagnetism in CeFe2. On the other hand, in the Sc
substituted system (Ce1⫺y Scy )Fe2, both the Curie temperature T C and the saturation magnetization M S at 4.2 K increase with increasing the Sc concentration, indicating the
stability of ferromagnetism in CeFe2. Despite the constriction of the lattice spacing upon substitution in both the systems, the substitution effect of Sc for Ce on magnetic properties is clearly in contrast to that in the Co substitution
system. In (Ce1⫺y Scy )Fe2, the suppression of the antiferromagnetic spin fluctuations due to the decrease of the Ce concentration as well as the enhancement of the ferromagnetic
exchange interaction between Fe 3d – Fe 3d spins due to the
lattice constriction makes ferromagnetic ground state stable.
On the other hand, the Curie temperature T C in
Ce共Fe1⫺x Cox ) 2 decreases with increasing the Co content because the enhancement of antiferromagnetic spin correlation
due to the constriction of lattice exceeds to the increase in
strength of Fe 3d – Fe 3d ferromagnetic exchange interaction. Furthermore, as a result of trapping a dynamical antiferromagnetic spin fluctuations on the substituting Co sites, a
long-range antiferromagnetic ordering like a spin density
wave SDW develops at low temperatures in Ce共Fe1⫺x Cox ) 2 .
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