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Abstract. The first-order valence transition in CeNi1−xCoxSn has been investigated for single
crystalline samples withx = 0.32 andx = 0.35 as well as for polycrystalline samples with
0.316 x 6 0.38 (x varied in steps of 0.01) through the measurements of magnetic susceptibility,χ .
For the single crystal withx = 0.32,χ(T ) exhibits a strong anisotropic mixed-valence behaviour.
On the other hand,χ(T ) of the crystal withx = 0.35 exhibits a sharp first-order valence transition
at 50 K. In both crystals, the strong anisotropy,χa > χb ≈ χc, is maintained as in the host
compound CeNiSn. The arc-melted polycrystalline alloys with a narrow range of Co composition,
x = 0.33–0.37, show a sharp drop inχ(T )below 70 K and large hysteresis. This transition becomes
sharper by annealing at 1000◦C. For the optimum concentrationx = 0.35, the drop inχ(T ) at
the transition becomes as high as 72% for the single crystal and 69% for the polycrystalline alloy
for which a jump in ac heat capacity was observed at 55 K. Analysis of the above results reveals
that the phase transition involves a large change in the Kondo temperature1TK/TK = 11.2. The
small volume discontinuity1V/V = −0.003 at the transition suggests that the phase transition is
not due to a Kondo volume collapse. A possible mechanism responsible for the phase transition in
the present alloys is proposed.

1. Introduction

Many Ce- and Yb-based intermetallic compounds display intermediate valence (IV) or non-
integral valence behaviour [1–5]. This behaviour arises due to the presence of nearly degenerate
4fn and 4fn+1 configurations, wheren is the number of electrons in the 4f shell. Generally
the intermediate valence systems exhibit a gradual change in the valence of rare-earth ions
with temperature, pressure and alloying [4–7]. This behaviour of IV systems could be
well understood by invoking the presence of strong hybridization between 4f electrons and
conduction electrons. However, there exists only a handful of systems in which the valence
transition is of first order as a function of temperature or pressure and the crystal symmetry
remains the same below and above the transition. This first-order transition is characterized
by a latent heat, a finite change in unit-cell volume and hysteresis in the physical properties.

The rare-earth compounds exhibiting temperature or pressure induced first-order valence
transitions are: Ce metal which shows theα→ γ phase transition as the pressure rises to 8 kbar
at room temperature [8], CeNi [9], Sm1−xGdxS [10], a few Eu-based intermetallics [11, 12],
YbInCu4 [13] and very recently discovered alloys CeNi1−xCoxSn (x = 0.35–0.38) [14]. The
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α→ γ phase transition can also be induced as a function of temperature at ambient pressure
in an alloyed system Ce1−xThx [15]. Depending upon the Th concentration the transition can
be first order, second order or continuous [15].

Theories of first-order valence transition are not well developed as those of continuous
phase transitions. Theα→ γ phase transition has received considerable attention throughout
the years and several models have been proposed to explain the phenomenon. The most
well known are the promotional model [16], the Kondo volume-collapse model [17], the
semiempirical band model [18] and the Mott transition model [19]. On the other hand, the
first-order valence transition in EuPd2Si2 and YbInCu4 was explained using a simple valence-
fluctuation model [11, 13].

To investigate anisotropic behaviour of the first-order valence transition in the
orthorhombic CeNi1−xCoxSn alloys, we have synthesized a single crystal with starting
composition CeNi0.62Co0.38Sn, which was the best composition found in our previous
polycrystalline studies [14]. The electron-probe microanalysis (EPMA) revealed that the Co
composition varies along the length of the crystal;x = 0.32 for the top part andx = 0.35
for the bottom part. The magnetic susceptibility measurements reveal a sharp drop in the
susceptibility with large thermal hysteresis for the bottom part withx = 0.35, while no sharp
transition was observed for the top part withx = 0.32. To understand this behaviour, we have
also made systematic studies on polycrystalline CeNi1−xCoxSn alloys withx = 0.31 to 0.38
in steps of 0.01. The effect of annealing and the results of our x-ray diffraction studies and
magnetic susceptibility measurements are discussed in the present paper.

2. Experimental details

The single crystal with a starting composition CeNi0.62Co0.38Sn was grown by a Czochralski
method using a radio-frequency induction furnace with a hot tungsten crucible. The details of
the growth condition are similar to those used for CeNiSn [20]. The purity of staring materials
was 99.999% for Ce and Sn (Ce was obtained from Ames Laboratory), 99.99% for Ni and
Co. Polycrystalline alloys CeNi1−xCoxSn (x = 0.31–0.38) were synthesized by arc melting
the constituent elements with purity 99.99% for Ce, Ni and Co and 99.999% for Sn under
a high-purity argon atmosphere. To investigate the effect of annealing on the valence phase
transition, samples were annealed at 1000◦C for two weeks. Powder x-ray diffraction and
magnetic studies were carried out on both as-cast and annealed samples. The compositions of
the single crystal and polycrystalline samples were determined by electron-probe microanalysis
(EPMA). The single crystal sample has been checked by Laue x-ray diffraction, confirmed
to be single crystalline with the growth direction along theb-axis. The single phase natures
of the polycrystalline samples were checked using the x-ray powder diffraction method. The
magnetic susceptibility measurements were carried out using a SQUID magnetometer in an
applied field of 0.2 T. The samples mounted inside a plastic capsule were cooled down to 4 K in
zero applied field. Then the data were collected during warming up and cooling down cycles.
The ac heat capacity measurements were carried out on a small plate-like sample 0.11 mm in
thickness and 4.3 mg in weight using an optical ac calorimeter, which was operated at 3.2 Hz
for a chopping frequency of light with a digital lock-in amplifier.

3. Results and discussion

EPMA of the single crystal was carried out on both the top part (the part just below the seed) and
the bottom part. EPMA of the top part revealed the composition very close to CeNi0.68Co0.32Sn,
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Figure 1. Powder x-ray diffraction patterns recorded with Cu Kα radiation for selected annealed
alloys of CeNi1−xCoxSn at room temperature. The solid line at the bottom represents a simulated
powder x-ray diffraction pattern using atomic position parameters determined forx = 0.38 [14].
Note that a valence transition takes place only for 0.336 x 6 0.36 at low temperatures.

while CeNi0.65Co0.35Sn composition is observed for the bottom part. Both parts were used for
the magnetic susceptibility measurements. EPMA on a polycrystalline CeNi0.65Co0.35Sn alloy
showed that the sample was very homogeneous with composition almost same as the starting
composition. X-ray powder diffraction studies of polycrystalline as-cast (unannealed) as well
as annealed samples showed that all samples were single phase materials and crystallized
in the orthorhombic TiNiSi-type structure. Figure 1 shows the x-ray diffraction pattern for
x = 0.31, 0.35, 0.38 (annealed) alloys along with the simulated powder diffraction pattern
obtained using the RIETAN94 program. It can be seen from figure 1 that all the observed
reflections could be ascribed to the TiNiSi-type structure, space groupPnma. It is to be
noted that the XRD patterns for the as-cast and annealed samples were almost the same for
x = 0.31, 0.32, 0.37 and 0.38. However, forx = 0.33–0.35 alloys noticeable increases in the
intensity of a few reflections were observed in the annealed samples compared with as-cast
samples: reflection (303) inx = 0.33, (015) inx = 0.33 and 0.34 and (512), (215), (610)
in x = 0.35. At present we do not have a clear explanation for this, but we attribute to the
preferred orientation. It is highly possible that with annealing the crystallographic ordering
takes place between Ni and Co atoms. The orthorhombic space groupsPnm21 andP21ma

are compatible with preferential occupancy of different Ni and Co sites. However, at present
we do not have any clear evidence for this. The room-temperature lattice parameters estimated
using the CELL program and taking into account the positions of lines are given in figure 2.
We noted forx = 0.31–0.35 alloys the value ofa is slightly larger than that ofc for all alloys,
which is in contrast to the pure CeNiSn in which lattice parameterc (= 7.617 Å) is larger
thana (= 7.542 Å). This suggests that the lattice parametersa andc cross each other at some
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Figure 2. Lattice parameters versus Co concentrationx for CeNi1−xCoxSn alloys. Solid symbols
represent lattice parameters estimated from neutron diffraction studies [14, 21].

Figure 3. Magnetic susceptibility versus temperature for the as-grown single crystal
CeNi0.68Co0.32Sn forB‖a, B‖b andB‖c.

intermediate composition. The unit-cell volume increases gradually fromV = 263.219 Å3

for x = 0.31 toV = 264.706 Å3 for x = 0.35. This might suggest a slight decrease in the Ce
valence (at high temperatures) with increasingx from 0.31 to 0.35, which is in corroboration
with magnetic susceptibility measurements discussed below. Further, it is to be noted that the
unit-cell volumeV = 264.326 Å3 for x = 0.34 alloys is very close toV = 264.310 Å3 for
the host CeNiSn.

Figure 3 shows the magnetic susceptibility of the as-cast single crystal CeNi0.68Co0.32Sn
along the three principal axes. The magnetic susceptibility exhibits a highly anisotropic
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behaviour with easya-axis magnetization:χa > χb > χc. The anisotropic behaviour
observed in the susceptibility is almost similar to that observed in the host CeNiSn [22].
The susceptibility along thea-axis exhibits a peak at 100 K (figure 3). The origin of the peak
in χa(T ) in the present alloy and in host CeNiSn is different, the peak in the former arising
due to the anisotropic valence fluctuation behaviour, while in the latter it arises due to the gap
formation at the Fermi level. Further, the absolute value ofχa (100 K) for CeNi0.68Co0.32Sn
is larger than that of CeNiSn. A small hysteresis was observed in the susceptibility between
warming up and cooling down data below 100 K; however, it was not as large as observed in
our previous and present polycrystalline samples [14]. We have also measured the magnetic
susceptibility of the annealed (at 1000◦C for two weeks) single crystal, which shows almost
the same behaviour as observed for the as-cast one. However, we noticed two differences: (1)
no hysteresis was observed between warming up and cooling down data and the peak at 100 K
was broadened, and (2) a small increase in the anisotropy betweenb andc axes,χb > χc up
to room temperature and slight increase in the absolute values for all three directions.

The absence of the clear hysteresis inχ for the single crystal CeNi0.68Co0.32Sn is consistent
with our measurements on polycrystalline samples. We have observed a valence fluctuation
behaviour in the polycrystalline samples in the past and the present studies [14]. The anisotropic
behaviour of the magnetic susceptibility could be understood by considering the effect of
crystalline electric fields and anisotropic hybridization between the 4f and conduction electrons
in the orthorhombic structure. The latter gives anisotropic Kondo effect even in a valence
fluctuating system, as was observed in a hexagonal compound CeNiIn [23].

Figure 4(a) shows the magnetic susceptibility of the annealed single crystal
CeNi0.65Co0.35Sn forB‖a andB‖c down to 5 K. ForB‖a the magnetic susceptibility exhibits
a sharp drop at 50 K and large thermal hysteresis (1T = 25 K), indicating the first-order
transition. It is to be noted that after one cycle of measurements (i.e. cooling, heating and
cooling) the crystal was broken into many pieces (became almost like powder). The breaking
of the crystal is due to anisotropic thermal expansion at the valence transition (TV ): lattice
parametersa andb decrease, whilec increases atTV [14, 21]. Hence forB‖c measurements
another piece of the crystal was used. This piece was also broken in many pieces afterB‖c
measurements. Therefore the data forB‖cmight not be reliable as there may be a contribution
coming from the easy axis (i.e.,B‖a) due to partial alignment of powder along the applied
field. Nevertheless, we can see the valence transition for bothB‖a andB‖c.

Because of the breaking of the crystal it was not possible to study anisotropy belowTV .
To investigate the anisotropy aboveTV , we have measuredχ(T ) on a third piece of the single
crystal between 80 and 300 K. For this temperature range the crystal was not broken, hence we
could measureχa(T ),χb(T ) andχc(T ) on the same piece of the crystal (figure 4(b)). It is clear
from figure 4(b) that the susceptibility exhibits a strong anisotropic behaviour with easya-axis.
χa(T ) is strongly temperature dependent, whileχb(T ) andχc(T ) are almost temperature
independent between 80 and 300 K. The plot ofχ−1

a versusT (not shown here) does not follow
the Curie–Weiss (C–W) law; instead it exhibits a strong curvature. We found that the results of
χa(T ) aboveTV can be fitted well with a modified C–W law;χ(T ) = C/(T − θp) + χp,
whereC is the Curie constant,θp is the paramagnetic Curie temperature andχp is the
temperature independent Pauli susceptibility; solid lines in figures 4(a) and 4(b) represent
the fit. The fit gives the effective magnetic moment,µeff = 2.72 µB , θp = −4 K and
χp = 3.75× 10−3 emu mol−1. The observedµeff value is larger than the value 2.54 µB
expected for the free Ce3+ ions withJ = 5/2, and the value ofχp is higher than that observed
in CeNiSn and other Ce3+ compounds.

Next we discuss the annealing effects on the susceptibility for polycrystalline
CeNi1−xCoxSn alloys. It is to be noted that the results ofx = 0.31, 0.32 and 0.38 alloys do
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Figure 4. Magnetic susceptibility versus temperature for the annealed single crystal
CeNi0.65Co0.35Sn for B‖a, B‖b andB‖c: (a) temperature range between 4.2 and 300 K and
(b) temperature range between 80 and 300 K. The solid line represents a fit to modified C–W
behaviour. Dotted lines are guides to the eye.

not change much with annealing. However,χ(T ) of x = 0.33–0.37 alloys exhibits a dramatic
change in the behaviour with annealing: for comparison see figure 5 forx = 0.31 and 0.35.
The high absolute values and weak temperature dependent susceptibility for the as-cast alloys
with x = 0.33–0.37 are unusual and do not have any clear explanation. However, we believe
that three factors that might give this behaviour: (1) internal stresses, (2) disorder between Co
and Ni atoms and (3) a small amount of unreacted Ni or Co impurities; EPMA did not show any
evidence for segregation of free Co and Ni.χ(T ) of x = 0.31 and 0.32 alloys exhibits a weak
temperature dependent behaviour and a maximum between 90 and 100 K. This behaviour
indicates that the Ce ions are in a valence fluctuating state in these alloys. The values of
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Figure 5. Magnetic susceptibility versus temperature for CeNi1−xCoxSn alloys, as cast and
annealed: (a) forx = 0.31 alloy and (b) forx = 0.35 alloy. Solid lines represent the fit, see
text.

µeff andθp obtained from C–W behaviour between 150 and 300 K are:µeff = 3.1 µB and
θp = −165 K for x = 0.31 andµeff = 3.1 µB andθp = −107 K for x = 0.32. It is to be
noted that slightly higher values ofµeff and|θp| were observed in as-cast samples.

The susceptibility of annealed alloys withx = 0.33–0.36 shows a sharp drop and large
thermal hysteresis between 30 and 70 K (figures 5 and 6). This hysteresis confirms the first-
order nature of the transition in these alloys. A very similar behaviour has been observed in
YbInCu4 [13] and Ce metal [8], which also exhibit a first-order valence transition. The as-cast
x = 0.37 alloy exhibits a sharp drop inχ(T ) at 40 K, which almost disappeared in the annealed
sample. Forx = 0.38χ(T ) exhibits normal Curie–Weiss behaviour between 100 and 300 K,
with µeff = 3.0 µB andθp = −109 K, but deviates considerably from it below 100 K. The
observed values ofµeff in x = 0.31, 0.32 and 0.38 alloys are higher than 2.54µB , the value
for free Ce3+ ions. We noted that the high temperature susceptibility of the alloys exhibiting the
valence transition does not follow well defined C–W behaviour, but instead shows a modified
C–W law withµeff = 2.25µB , θp = −12 K andχp = 0.6× 10−3 emu mol−1 for x = 0.35.
It is possible that the observed deviation from the C–W law in these alloys could arise from
the crystalline electric field effect as inferred from neutron scattering experiments [14].
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Figure 6. Magnetic susceptibility of annealed polycrystalline CeNi1−xCoxSn alloys (x = 0.32 to
0.38): (a) forx = 0.32, 0.33 and 0.34 alloys, (b) forx = 0.36 and 0.38 alloys and (c) forx = 0.37
alloy. The inset shows valence transition temperature (TV ) versus Co composition (x).

The observed temperature dependence of the susceptibility of thex = 0.31 alloy has been
analysed on the basis of the Coqbline–Schrieffer (C–S) model [24]. The model takes into
account impurity mediated hopping of the conduction electrons between various eigenstates
of J , whereJ is the total angular momentum of the impurity: for Ce3+ J = 5/2. On the basis
of the Betheansatzsolution of the C–S Hamiltonian, Rajan has calculated the temperature
dependent impurity susceptibility forJ = 1/2 to 7/2 [25]. The model is based on a single
parameter, a characteristic temperatureT0, which is related to the Kondo temperatureTK
through the Wilson number,TK = WT0. The details of this model and analysis presented
here are given in [25, 26]. In the present analysis we have used Rajan’s theoretical impurity
susceptibility curve forJ = 5/2. In order to account for the low temperature rise in the
susceptibility, an impurity termnC/T (wheren is the impurity concentration andC the Curie
constant of the free Ce3+ ion) was included in the analysis. The temperature independent
susceptibilityχp, arising from conduction electron Pauli paramagnetism, was also included
in the analysis. The value of parameters obtained from a least squares fit to the susceptibility
data ofx = 0.31 alloy areT0 = 270 K, n = 0.017 andχp = 0.001 (emu mol−1). The
quality of the fit may be seen from the calculated susceptibility as shown by the solid line in
figure 5(a).
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We now turn to the model to describe a first-order valence transition. The first-order
valence transition in Ce0.7Th0.3 has been analysed by introducing the volume dependence of
the Kondo coupling constantJsf and using the universal impurity susceptibility curve for
J = 5/2 [27]. As the volume changes with temperature, one can write the temperature
dependence ofTK(T ) = D exp(−1/Jsf ) = D exp(−1/(a + bV (T )/V0)), whereD is the
conduction bandwidth,a andb are variables andV0 is the reference volume. This procedure
gave good agreement between experimental and calculated susceptibility of Ce0.7Th0.3 [27].
Therefore, we tried to analyse the susceptibility data ofx = 0.35 on the basis of the above
method and using experimental data ofV (T ) for x = 0.38 alloy [14]. The present analysis
shows that 0.3% decrease in volume atTV gives a small increase inTK (1TK/TK = 2.3%) at
TV . However, this increase inTK was not enough to reproduce the observed 69% drop in the
susceptibility atTV for x = 0.35 alloy.

Thus, to estimate the characteristic energy of the high-temperature phase and the low-
temperature phase independently, we have analysed theχ(T ) data ofx = 0.35 alloy in two
temperature regimes separately by using a method similar to that used forx = 0.31 alloy
mentioned above. However, for the high-temperature phase, in which crystal-field excitations
have been observed [14], the model may not be appropriate. Nevertheless, we will use
this model to obtain some idea about the characteristic energy. First we analysed the low-
temperature data and estimated the values ofn andχp, which were kept fixed for the analysis
of high-temperature data. The value of the parameters obtained from the least-squares fit are:
T0 low = 280 K,n = 0.004,χp = 0.22×10−3 (emu mol−1) andT0high = 40 K. The solid lines
in figure 5(b) represent the fit. This indicates that the characteristic energy increases about
sixfold belowTV . A similarly large increase in the characteristic energy of the low-temperature
phase has also been reported for Ce metal and YbInCu4 [8, 28].

To examine the first-order transition, we have measured the heat capacity for the annealed
polycrystalline sample with the optimum compositionx = 0.35. Figure 7 shows the ac heat
capacity versus temperature; the inset shows the data near the transition obtained during the
heating cycle. We observed a distinct peak in the heat capacity at the same temperature where
susceptibility exhibits a large jump. A very similar behaviour has been observed in the heat
capacity of polycrystalline YbInCu4 [29, 30]. On the other hand, the heat capacity of YbInCu4

single crystals exhibits a first-order type anomaly atTV along with a jump in the entropy of
10 J mol−1 K−1 [31]. The second-order-type anomaly in our data shown in figure 7 may be
ascribed to lattice defects and small stoichiometric variation throughout the sample. For the
first-order transition the entropy should exhibit a discontinuity at the transition. However,
from the present ac heat capacity measurements it was not possible to calculate the entropy.
Detailed dc heat capacity measurements on CeNi0.65Co0.35Sn single crystal and the reference
LaNi0.65Co0.34Sn are required to evaluate the change in the entropy atTV .

To understand the mechanism responsible for the phase transition in CeNi0.65Co0.35Sn,
we compare the change in the Kondo temperature (1TK/TK ) and that in the volume
(1V/V ) at transition with those for theα → γ transition in Ce metal and YbInCu4:
1TK/TK = −�1V/V , where� is the Gr̈uneisen parameter [32]. For theα → γ transition
1TK/TK = 8.6 and1V/V = −0.2, this gives� = 43, in agreement with the experimentally
observed value 25.2 [8]. This confirms that the Kondo volume collapse (KVC) model is
appropriate to theα→ γ phase transition in Ce metal. However, such an analysis for YbInCu4

gives� = 4000 (1TK/TK = 20 and1V/V = 0.005), which is two orders of magnitude larger
than the experimental value of 55 [32]. Now if we apply similar analysis to CeNi0.65Co0.35Sn
with T0 low = 280 K andT0high = 40 K,1TK/TK = 6 (11.2, from inelastic neutron scattering
linewidths forx = 0.38 [14]) and1V/V = −0.003 [14], we obtain� = 2000 (3733). This
value of� is unrealistically large. At present the experimental value of� is not available for
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Figure 7. Ac heat capacity versus temperature for an annealed polycrystalline CeNi0.65Co0.35Sn
alloy; the inset shows the behaviour near the transition.

CeNi0.65Co0.35Sn. Recalling thatTV and1V/V for CeNi0.65Co0.35Sn are almost the same as
for YbInCu4, we assume the value of� = 55 as in YbInCu4. Then, we obtain1V/V = −0.1
(−0.2) for the observed1TK/TK = 6 (11.2), which is much larger than the actually observed
value−0.003. Thus the observed small discontinuity in volume simply cannot generate the
large change inTK observed at the valence transition in CeNi1−xCoxSn alloys. This suggests
that the Kondo volume collapse model can not be applied to the valence phase transition in this
system. A possible mechanism responsible for the valence phase transition should produce a
large change inTK with a small volume change atTV . This may be possible with fine tuning
of the position of the Fermi level, which results in a large increase in the hybridization and
henceTK with small change in unit cell volume. A similar interpretation has been given to the
valence phase transition in YbInCu4 [28, 32].

4. Conclusions

We have synthesized and studied the magnetic susceptibility of single crystals CeNi0.68Co0.32Sn
and CeNi0.65Co0.35Sn. The magnetic susceptibility forx = 0.32 reveals that the Ce ions are
in a valence fluctuating state with a strongly anisotropic Kondo effect which comes from
anisotropic hybridization in thek-space of the orthorhombic structure. A sharp first-order
valence transition has been observed for the crystal withx = 0.35. For polycrystalline
samples, in the narrow range of Co composition 0.33 6 x 6 0.36, the transition becomes
sharper by annealing at 1000◦C, even though the room temperature x-ray diffraction patterns
are almost identical. The present studies show that the first-order transition is very sensitive
to the Co concentration and the highest transition temperature of 67 K has been observed for
the annealed sample withx = 0.33. Forx = 0.33, out of the six Ce–Ni/Co bond lengths two
have shorter (Ce–Ni) bond lengths than the other four. Thus it is possible that the Co atoms
preferentially occupy these sites, yielding a stoichiometric compound Ce3Ni2CoSn3. Neutron
diffraction studies on annealed samples are required to solve this structural problem. We have
presented the analysis of the magnetic susceptibility of the alloy exhibiting valence fluctuating
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behaviour. An attempt has been made to estimate the Kondo temperature for both the low-
and high-temperature phases for the alloy that shows the first-order valence transition. A large
change in the Kondo temperature (1TK/TK = 11.2) along with a small change in the volume
(1V/V = −0.003) at the transition suggests that the Kondo volume collapse model cannot
be applied to the present alloy system. We have discussed a possible mechanism responsible
for the valence phase transition in CeNi1−xCoxSn alloys.
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