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Abstract
Co2(Nb1−xVx)Sn, Co2NbSn1−yGay and Co2NbSn1−zAlz alloy systems exhibit
itinerant ferromagnetic behaviour as observed from magnetization and
susceptibility studies. Spin fluctuation effects are observed from magnetization,
resistivity and thermopower data. The thermal expansion data gave evidence
of structural transformation effects due to the formation of a pseudogap in the
density of states near the Fermi level.

1. Introduction

Magnetic and structural behaviours of 3d-transition-metal-based itinerant systems are strongly
governed by the band structure, the density of states N(EF ) at the Fermi level EF and the
magnetic exchange integral I . The shape and position of the 3d bands and the overlap and
hybridization of the different wavefunctions (nearEF ) play a crucial role. When I is sufficiently
strong, IN(EF ) � 1, ferromagnetism (F) occurs [1]. The value of N(EF ) depends on the
conduction electron density n0. In the F state, each electron moves in the self-consistent field
generated by the other electrons. Consequently, the electron spins are directed along the average
field. However, those alloy systems which are at the threshold of non-magnetic to F behaviour
are of interest, as their magnetic behaviour is weak [2, 3] and not yet fully understood. The
magnetization (M) behaviour is quite complex. Below TC , M2 can exhibit either a T 2-law or a
T 4/3-law dependence due to different spin fluctuation (SF) processes [2]. These SF effects can
only partially explain all the magnetic and transport behaviour. The presence of a large N(EF )

could also lead to lattice transformation (LT) effects [4] arising from the interaction of band
electrons with the crystal fields. Some studies have been carried out on weak magnetic ternary
systems such as Co2TZ (where T = transition element and Z = sp element) systems [4–8].
Several aspects are still not well understood. Most important amongst them are the influence
of hybridization (of the Co and T bands) and the role of n0 (provided by the Z atoms) on the

1 Author to whom any correspondence should be addressed.

0953-8984/02/143775+19$30.00 © 2002 IOP Publishing Ltd Printed in the UK 3775

http://stacks.iop.org/cm/14/3775


3776 C S Garde and J Ray

Table 1. Lattice constants and various characteristic structural and magnetic parameters.

µs(0) µp

System a (Å) r0 TS (K) TC (K) TM (K) (µB /Co) θp (K) (µB /Co)

Co2(Nb1−xVx )Sn
x = 0.0 6.149 0.89 227 109 — 0.40 5 1.10
0.2 6.120 0.84 208 81 — 0.30 20 1.02
0.3 6.092 0.82 203 55 9 0.23 20 0.93
0.5 6.054 0.53 — 80 6 0.25 30 0.94
0.7 6.015 0.56 — 92 — 0.24 20 1.00
1.0 5.958 0.62 — 105 — 0.26 10 1.01

Co2NbSn1−yGay

y = 0.1 6.129 1.0 145 75 — 0.42 45 1.10
0.2 6.109 1.0 43 101 — 0.60 130 0.89
0.3 6.089 1.0 — 150 — 0.65 — —

Co2NbSn1−zAlz

z = 0.1 6.127 1.0 167 67 — 0.40 70 0.94
0.2 6.106 1.0 — 89 — 0.46 130 0.93
0.3 6.085 1.0 — 120 — 0.51 — —

magnetic and structural properties. Co2NbSn is the only Co-based Heusler system [9,10] which
exhibits LT effects due to which it transforms from the cubic (T > TS) to the orthorhombic
phase (T < TS). The specific shape and the fine structure in the density of states (at EF ) play
a crucial role in the onset of the LT effects. In addition, the system also exhibits F behaviour
with TC = 109 K. For this reason, we have studied the Co2(Nb1−xVx)Sn system varying the
hybridization (between the Co and the Nb–V bands) parameter, whereas the Co2NbSn1−yGay
and Co2NbSn1−zAlz systems have been studied varying the n0-parameter and keeping the
hybridization (between Co–Nb bands) parameter fixed. Both of these classes of systems have
been examined in detail to investigate their complex magnetic and structural behaviour.

2. Experimental details

All the alloys were prepared in an arc furnace under flowing argon. The buttons were flipped
and remelted 3–4 times to ensure homogeneity. The polycrystalline samples were drawn into
cylindrical rods by the cold-suction technique. They were annealed at 800 ◦C for 100 h and
then quenched in water. All the systems were found to crystallize in the cubic (Heusler)
structure. The lattice parameters a (table 1) for all the systems were found to be close to the
reported values [11]. The parameter a varied smoothly (figures 7 and 8) with variation of x, y
and z. The magnetization M and dc susceptibility (χ = M/H ) were carried out in a SQUID
magnetometer (Quantum Devices, USA). H is the applied field. The samples were cooled
in zero field as well as external magnetic fields (1 kOe) to measure zero-field-cooled (ZFC)
and field-cooled (FC) susceptibilities, respectively. The transport measurements were carried
out on the cylindrical (approximately 25 mm in length and 2 mm in diameter) samples. The
standard four-probe method was employed for resistivity (ρ) measurements. A dc current of
100 mA was passed through the sample using a constant current source (Hewlett Packard, USA)
and the voltage across the sample was measured using a nanovoltmeter (Keithley Instruments,
USA). The accuracy of the ρ-measurements is better than 0.01%. For the measurement of
the thermopower S and the thermal conductivity λ, AuFe (0.07% Fe) and Cu thermocouple
wires were spot welded at the extremities of the sample rod and the voltages were measured
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Figure 1. M versus H curves for Co2Nb1−xVxSn. The details are given in the text.

using a nanovoltmeter (Keithley Instruments, USA) for calculating the temperature gradient
�T . The accuracies of the S- and λ-measurements are about 5 and 7%, respectively. The
thermal expansion �l/l of the samples was measured by a standard parallel-plate capacitance
method using a commercial bridge (Andeen Hagerling, USA). l is the length of the sample.
The accuracy of �l/l measurements is better than 0.01%.

3. Results

3.1. Magnetization studies

For x = 0 and 0.2, the M-curves (at 2 K) exhibit (figure 1) hysteresis behaviour which is
typical of F systems. For x = 0.3, the curves (around 0.7 kOe) exhibit (for both increasing as
well as decreasingH ) hump-like features (dashed circles—figure 1). For x = 0.5, these hump-
like features become less prominent. These humps could arise if a given curve results from a
superimposition of two loops (figures 2(a) and (b)). The small loop (figure 2(a)) may arise from
ferrimagnetic effects whereas the large loop (figure 2(b)) may arise from ferromagnetic (F)
behaviour. Further, the curve (for x = 0.3) tends to saturate (figure 1) for H > 4 kOe.
The plateau in the virgin curve (around 0.7 kOe) could arise due to ferrimagnetic behaviour
whereas the saturation behaviour (for H > 4 kOe) could be related to F behaviour. At higher
temperatures (T = 10 K), the curves (for x = 0.3 and 0.5) do not exhibit (figure 3) the hump-
like feature but rather display simple hysteresis loops corresponding to F order only. The curves
(for x = 0.7 and 1), exhibit (figure 1) a sharp rise (and a tendency to saturate at higher fields)
indicating F behaviour. However, they do not develop hysteresis behaviour. The absence of
the hysteresis behaviour could indicate that the magnetic interactions are isotropic [12]. For
all y and z, the curves (at T = 2 K), exhibit (figure 4) hysteresis and saturation behaviour
suggesting the occurrence of F behaviour.

The M2 versus H/M curves (Arrott plots—figures 5 and 6) exhibit a linear behaviour (for
large H/M > 100 kOe/µB). This linear behaviour is typical of Arrott plots [13]. The extrap-
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Figure 2. M versus H curve. The details are given in the text.

Figure 3. M versus H curves for Co2Nb1−xVxSn.

olation (dashed line—figures 5 and 6) of the linear portion of the curve to H/M = 0 (at 2 K)
gives a positive value which corresponds to the spontaneous magnetization µs(0) per Co atom
(table 1). This positive value (at higher temperatures) of the spontaneous magnetizationµs (fig-
ures 5 and 6) confirms F behaviour. The temperature at which the Arrott curve (figures 5 and 6)
passes through the origin (i.e. µs = 0) is defined as the Curie temperature TC . With increase
of x, y and z (up to x � 0.3, y � 0.1 and z � 0.1), the value of TC decreases initially and then
increases (for higher values of x, y and z) exhibiting a minimum (figures 7 and 8) behaviour.
This minimum behaviour is not understood. We note that the existence of the linear part of the
Arrott plots (figures 5 and 6) is in accordance with the Stoner–Wohlfarth (SW) model [1] for
itinerant electrons. Within this model [1], the value of TC is given by T 2

C = T 2
F (IN(EF )− 1).

TF is the bandwidth. The other symbols have been defined earlier. However (at low values of
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Figure 4. M versus H curves for Co2NbSn1−yGay and Co2NbSn1−zAlz.

Figure 5. M2 versus H/M curves for Co2Nb1−xVxSn. The details are given in the text.

H/M < 100 kOe/µB), deviations (dashed curves—figures 5 and 6) from this linear behaviour
cannot be explained within this model. This could happen if SF effects (which are not taken
into consideration in the SW model) are present. They influence the low-temperature (T < TC)
M-behaviour significantly. Such SF effects have been observed earlier in the Ni3Al system [2].
We note that the low-field (H � 5 kOe) magnetization values (figure 1) correspond to the initial
portion of the Arrott plots (H/M � 100 kOe/µB—figure 5) where µs depends strongly on
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Figure 6. M2 verses H/M curves for Co2NbSn1−yGay and Co2NbSn1−zAlz. The details are
given in the text.

H , whereas in the framework of both the SW and the SF models [1,2], the µs-values can only
be correctly estimated from the curves which are roughly parallel to the T = TC graph (in the
Arrott plots). However, in our case (figures 5 and 6), such parallel curves (over the entire field
range at different temperatures) were not observed. Hence, in the first approximation, µs was
estimated by extrapolating (toH/M = 0) their high-field saturated value (figures 5 and 6). The
µ2

s versus r2 (r = T/TC) graphs are found to be linear (figure 9(a)) only over a limited tem-
perature range (r < r0). At r = r0, departures (dashed curves—figure 9) from linearity occur.
For r > r0, µ2

s varies as T 4/3 (figure 9(b)) instead of T 2. The T 2-dependence [2] arises due
to single-particle spin-flip-like fluctuations (first process), whereas the T 4/3-dependence [2]
arises due to modified fluctuations (second process) arising from many-body effects and in-
creased itineracy. In the F state (T � TC), the electron spins are directed along the average
field direction and the first process is important, whereas, as the temperature is progressively
increased (up to TC), the second process becomes important. This second process could occur
if the Co d band gets partially delocalized due to overlap with the Nb (or V) band and EF

lies in that overlapped region. This could enhance the itinerant character of the electrons. For
0 � x � 0.3, we have r0 ∼ 0.9 (table 1), whereas for 0.5 � x � 1.0, r0 ∼ 0.6. The decrease
in the r0-values (with increase in x—table 1) indicates strengthening of the second process. In
contrast, by varying y and z, we observe that the graphs are linear (figure 10) over the entire
temperature range (r0 = 1—table 1) and hence only the first process is important here.

3.2. Susceptibility studies

For Co2(Nb1−xVx)Sn (0 � x � 0.3), the χ -values (with lowering of T ) of the FC curve
increase smoothly (continuous curve—figure 11) and saturate at the lowest temperature. The
point of inflection is found to be close to the value of TC (arrows—figure 11) obtained from the
Arrott plots. For 0.5 � x � 1, the FC curves (continuous curve—figure 11) exhibit a sudden
change in slope near TC (arrow—figure 11). As the temperature is further lowered (for x = 0.3
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Figure 7. Curves for θp , TC , TS , a and µp/µs(0) for Co2Nb1−xVxSn. Various symbols associated
with different parameters are shown. The continuous curves are hand drawn to guide the eye. The
horizontal arrow denotes the appropriate y-axis for a.

Figure 8. Curves for θp , TC , TS , a and µp/µs(0) for Co2NbSn1−yGay and Co2NbSn1−zAlz.
Various symbols associated with different parameters are shown in the figure. The continuous
curves are hand drawn to guide the eye. The horizontal arrow denotes the appropriate y-axis for a.

and 0.5), the FC curves (continuous curve—figure 12) exhibit a peak (arrow—figure 12) at
the (respective) characteristic temperatures TM = 9 and 6 K (table 1). This could be related
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Figure 9. (a) µ2
s versus (T /TC)2 and (b) µ2

s versus (T /TC)4/3 curves for Co2Nb1−xVxSn.

Figure 10. µ2
s versus (T /TC)2 curves for Co2NbSn1−yGay and Co2NbSn1−zAlz.

to complex spin re-ordering effects. These effects could arise if the magnetic sublattices have
different types of spin ordering. At still lower temperatures (T < TM ), the FC curve goes
through a minimum and then increases again.

The ZFC curves (for x = 0 and 0.2 and T < TC) lie lower (dashed curve—figure 11)
than the FC curves. The ZFC curves (for x = 0.3 and 0.5) are identical (figures 11 and 12)
with the FC curves (down to T = TM ), below which the ZFC curves drop sharply. A similar
behaviour has also been observed earlier in other systems like Cu2(MnvTi1−v)Al [14]. For
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Figure 11. χ versus T curves for Co2Nb1−xVxSn. The dashed and the continuous curves
correspond to ZFC and FC curves, respectively. The arrows indicate TC .

Figure 12. χ versus T curves for Co2Nb1−xVxSn. The dashed and the continuous curves
correspond to ZFC and FC curves, respectively. The arrows indicate TM .
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Figure 13. χ versus T curves for Co2NbSn1−yGay and Co2NbSn1−zAlz. The dashed and the
continuous curves correspond to ZFC and FC curves, respectively. The thin and the thick arrows
denote TC and TS , respectively.

x = 0.7 and 1, the ZFC and FC curves are identical down to 2 K. We note that a complete
overlap of the FC and ZFC curves occurs (for x � 0.7) only when the M-curves (figure 1) do
not exhibit hysteresis.

For all y and z, the FC curve increases rapidly (continuous curves—figure 13) with
decrease ofT , indicating the onset of F order. Here also, the value ofTC (thin arrow—figure 13)
obtained from the M-data (section 3.1) lies quite close to the point of inflection (figure 13).
The FC curve tends to saturate at the lowest temperature (T = 2 K). For y = 0.2, both the FC
and ZFC curves exhibit a kink (thick arrow—figure 13) around 43 K. This kink is not due to
any magnetic transition, as our M-studies (section 3.1) did not reveal any magnetic transition
around 43 K. We show later (section 3.3) that this feature actually arises at the characteristic
temperature TS due to LT effects. For all x, y and z, the difference between FC and ZFC curves
can be understood as follows. For F systems (T < TC), two competing effects [15] come into
play. Firstly, the thermal disorder in the spin system decreases with the lowering of temperature
and thereby increases χ . Secondly, the movement of domain walls also slows down which
results in decrease in χ thereby lowering the ZFC curves (below the FC curves). Further, the
competition between the above two processes leads to a maximum (figure 13). The FC curves
are found to increase monotonically with decrease in temperature and finally saturate around
T → 0. This indicates the absence of domain wall effects. Such an absence is related with the
fact that (at TC) the minimum field required to move the domain walls tends to zero. Therefore,
even a small field causes domain wall movements leading to a single-domain feature. Hence
for the FC case, the χ -value saturates (for T � TC) and corresponds to the single-domain
value. For the F system, the domain wall formation and its movement across the sample, on
application of field, are governed by the magnetic anisotropy and the pinning centres [12].
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Figure 14. χ−1 versus T curves for Co2Nb1−xVxSn. The arrow denotes TS . The dashed line is
the extrapolation of the linear behaviour observed at high temperatures.

Figure 15. χ−1 versus T curves for Co2NbSn1−yGay and Co2NbSn1−zAlz. The arrow denotes
TS . The dashed line is the extrapolation of the linear behaviour observed at high temperatures.

The 1/χ curves exhibit a linear behaviour (figures 14 and 15) for T > 250 K. This linear
portion of the curve can be fitted to the Curie–Weiss law 1/χ = 3kB(T − θp)/Aµ

2
eff , where

A is Avogadro’s number, kB is the Boltzmann constant, µeff is the effective magnetic moment
and θp is the paramagnetic Curie temperature [16]. Paramagnetic moment µp is defined as
µeff = (µp(µp + 1))1/2. The variation of θp with x (figure 7, table 1) exhibits a maximum
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behaviour (figure 7). For 0 � x � 1, we also observed that θp < TC (table 1—figure 7). This
small value of θp also implies that SF effects are present, as discussed earlier (section 3.1).
Further, µp/µs(0) ∼ 2.7 (for x = 0) increases (figure 7) to 4.2 (for x = 1). Weak itinerant
ferromagnets [17] are characterized by a low saturation moment per transition metal atom
(µp/µs(0) � 1) compared to strong F metals like Fe or Co (µp/µs(0) ≈ 1). However, for
our systems (0 � x � 1), µp/µs(0) > 1. Hence they can be labelled as weak itinerant
systems. With increase in x, the value of µp/µs(0) increased (figure 7) indicating that the
itinerant nature became enhanced. This could happen due to an increased overlap between Co–
V 3d bands and EF occurring near the overlapped region. These conclusions are in qualitative
agreement with those obtained from our M-studies (section 3.1). In contrast, with increase
in y and z, the value of µp/µs(0) decreased (figure 8), indicating a relative weakening of the
itinerant behaviour. However, by increasing y and z, the θp-value gets enhanced (table 1).

For 0 � x � 0.3, the 1/χ curves exhibit (for T > 200 K) thermal hysteresis effects
(figure 14). This feature cannot be due to a magnetic transition such as occurs in the
paramagnetic regime. The magnetic transition occurs at a lower temperature as evidenced
from our M-data (section 3.1). Therefore, this behaviour indicates the onset of the LT effects
as also confirmed by our thermal expansion data (section 3.3). The hysteresis loop contains both
a minimum and a maximum feature. The mid-point of the loop corresponds to TS . For x = 0,
0.2 and 0.3, the TS-values (arrows—figure 14) occur around 227, 208 and 203 K, respectively
(table 1). However, for x > 0.3, no such signature for the LT effect is observed. Further,
for y = 0.1, the curve exhibits a sharp minimum–maximum behaviour around TS = 145 K
(figure 15—table 1). For y = 0.2, no such anomaly was observed (figure 15). For z = 0.1, the
anomaly occurs around TS = 167 K (figure 15, table 1). These anomalous features are clearly
associated with LT effects, as also evidenced by our thermal expansion data (section 3.3).
However, no thermal hysteresis is observed (around TS) on varying either y or z.

3.3. Thermal expansion studies

The �l/l curves exhibit a negative minimum quite close to the TC-values as determined (thin
arrows—figures 16 and 17) from our M-data. For x = 0, 0.2, 0.3, y = 0.1 and z = 0.1,
the curves also exhibit hysteresis behaviour. This is due to LT effects. The mid-point (thick
arrow—figure 16) of the hysteresis loop corresponds to TS (table 1). For x > 0.3, no such
hysteresis (or a sharp minimum–maximum) behaviour is observed (figure 16), indicating the
absence of LT effects. We note that a typical contribution [17, 18] (to �l/l), at any given
temperature (T < TC), is the sum total of the electronic, phonon and magnetic contributions.
The phonon term varies due to changes in the vibrational modes arising from changes in crystal
structure, whereas the electronic term varies due to changes in N(EF ). Our data (for T < TC)
reveal that the �l/l values are negative. The magnetic term varied smoothly and became
positive (figures 16 and 17) at higher temperatures (T > TC). We note that the magnetic
contribution did not change abruptly near TC .

We now provide a qualitative argument for the occurrence of TS . For the high-temperature
(T > TS) cubic phase, the 3d band could manifest as a single peak (figure 18(a)) in the density
of states (DOS), whereas for the low-temperature (T < TS) non-cubic orthorhombic phase, this
band could partially split and exhibit a minimum or a pseudogap (figure 18(b)). Such a feature
(in the DOS) is also predicted from band-structure calculations [10]. This minimum could
occur to the right-hand side of the peak in the DOS. If the Fermi levelEF lies near this minimum
(E1—figure 18(b)), then this could lead to a decrease in the sum of the energies of the occupied
states (below EF ) compared to the cubic phase causing LT effects. With increase in y and z,
n0 decreases and hence EF would move to lower values (E2 and E3—figure 18(b)) towards
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Figure 16. �l/l versus T curves for Co2Nb1−xVxSn. The thin arrows correspond to TC -values
determined from M-data. The thick arrows denote TS from �l/l data.

Figure 17. �l/l versus T curves for Co2NbSn1−yGay and Co2NbSn1−zAlz. The thin and the
thick arrows denote TC - and TS -values determined from data for M and �l/l respectively.

the peak. As the EF moves away from the minimum in the DOS for the orthorhombic phase,
the energy difference between the cubic and orthorhombic phase decreases. Consequently, the
LT effects get weakened. Hence TS decreases rapidly (table 1) and finally goes to zero (for
y = 0.3 and z = 0.2). On the other hand, TS varies only marginally with increasing x (table 1).
This is because n0 (and hence EF ) varies slowly (as the number of valence electrons do not
change on increasing x), as both Nb and V occur in the same group of the periodic table.
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Figure 18. The N(E) versus E curve.

3.4. Resistivity studies

For 0 � x � 0.3, the curves exhibit thermal hysteresis behaviour (figure 19) due to LT effects.
The values of TS (thick arrows—mid-points of the hysteresis loops—figure 19) are close to
those obtained from our �l/l data. However, for x > 0.3, these LT effects are not observed.
Further, the curves do not exhibit any specific signature at TC . The thin arrows (figure 19)
denote the TC-values as determined from our M-data. For x = 0, the curve exhibits an S-
shaped behaviour (figure 19) and a tendency to saturate (for T � TS). Such a behaviour
could occur due to SF effects arising from the hybridization of the d bands of Co and Nb.
Earlier studies [19] on weak ferromagnets indeed predict such behaviour. This conclusion is
also supported by our M-studies (section 3.1). For x � 0.3, the curves exhibit a minimum
(around T = 100 K), below which they exhibit negative slopes (i.e. an increase of ρ—
figure 19) displaying semiconductor-like behaviour. The residual resistivities are calculated
to be around 180–200 µ% cm. We note that Kondo effect cannot manifest here as these are
3d-based concentrated magnetic alloy systems. A similar semiconductor-like behaviour has
been observed in other systems like Fe2VAl [20].

For y = 0.1, 0.2 and z = 0.1, the curves give evidence for LT effects in the form of a
change in slope and a sharp jump (thick arrows—figure 20). These thick arrows denote TS-
values which are close to those determined from our�l/l data. However, no thermal hysteresis
effects are observed near TS . For y = 0.2, TS occurs close to the low-T minimum (around
43 K). The thin arrows (figure 20) denote the TC-values as determined from our M-data. For
y, z � 0.3 also; the curves do not exhibit any signature at TC and exhibit a tendency to saturate
at high temperatures (T > 200 K).

3.5. Thermopower studies

The S-curves (figures 21 and 22) are found to be negative over the entire temperature range
(5 < T < 300 K). The curves do not exhibit any anomaly at TC . The thin arrows (figures 21
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Figure 19. ρ versus T curves for Co2Nb1−xVxSn. The thin and the thick arrows denote TC - and
TS -values determined from data for M and �l/l respectively.

Figure 20. ρ versus T curves for Co2NbSn1−yGay and Co2NbSn1−zAlz. The thin and the thick
arrows denote TC - and TS -values determined from data for M and �l/l respectively.

and 22) denote TC-values as determined from our magnetic studies. For x = 0, 0.2, 0.3,
y = 0.1, 0.2 and z = 0.2, the curves exhibit either a hysteresis or a maximum behaviour
(thick arrows—figures 21 and 22) at roughly the same temperature TS as determined from our
�l/l data. However, on varying y or z, no such thermal hysteresis behaviour is observed in
contrast to the case for our �l/l data (figure 17). For all the systems, the curves exhibit a
linear behaviour at high temperatures (T > 250 K) and the values (obtained by extrapolating
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Figure 21. S versus T curves for Co2Nb1−xVxSn. The thin and the thick arrows denote TC - and
TS -values determined from data for M and �l/l respectively.

Figure 22. S versus T curves for Co2NbSn1−yGay and Co2NbSn1−zAlz. The thin and the thick
arrows denote TC - and TS -values determined from data for M and �l/l respectively.

the linear behaviour to T → 0) are non-zero. These non-zero S-values indicate departures
from the free-electron behaviour [21, 22], presumably due to SF effects. This conclusion is
also supported by our M-studies (section 3.1).
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Figure 23. λ versus T curves for Co2Nb1−xVxSn. The thin and the thick arrows denote TC - and
TS -values determined from data for M and �l/l respectively.

Figure 24. λ versus T curves for Co2NbSn1−yGay and Co2NbSn1−zAlz. The thin and the thick
arrows denote TC - and TS -values determined from data for M and �l/l respectively.

3.6. Thermal conductivity studies

Some of the curves exhibit a sudden change in slope or a hysteresis behaviour (thick arrows—
figures 23 and 24) indicating occurrence of LT effects. These thick arrows are close to the
TS-values as calculated from our �l/l studies. However, no anomaly is observed at TC (thin
arrows—figures 23 and 24) as determined from our magnetic studies. The λ-behaviour [22]
arises due to the combined influence of electronic (λe), phononic (λp) and magnetic (λm) terms.
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Figure 25. L/L0 versus T curves for Co2Nb1−xVxSn.

Figure 26. L/L0 versus T curves for Co2NbSn1−yGay and Co2NbSn1−zAlz.

Therefore, the totalλ at a given temperature isλ(T ) = λe(T )+λp(T ) + λm(T ). The result of the
interplay of the above three terms is reflected (figures 25 and 26) in the temperature dependence
of the Lorentz number L = ρ(T )λ(T )/T . In the free-electron picture, L arises only from the
λe-term and is temperature independent. Its value is given by L0 = 2.45 × 10−8 W% K−1.
Our data reveal that L is temperature dependent (figures 25 and 26) and greater than L0.
Therefore the free-electron picture is not valid. Such a deviation from L0 also indicates
that the contribution from λp is important. L/L0 shows a rapid decrease as the temperature
is increased beyond 100 K. This happens due to decrease in λp as the phonon anharmonic
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interaction increases around this temperature. Only at high temperatures (T > 100 K) does
L/L0 become temperature independent.

4. Conclusions

Both the F and LT effects arise due to the 3d band of Co in these systems. Co2NbSn-based
systems are found to exhibit a weak itinerant F behaviour as deduced from our χ -studies.
For all values of x, µ2

s crosses over from a T 4/3- to T 2-law behaviour as the temperature is
gradually lowered below TC , whereas, on varying both y and z, only a T 2-behaviour has been
observed. The T 2-behaviour could arise due to the fluctuation effects from the Co d band,
whereas the T 4/3-behaviour could arise due to the modified fluctuation effects arising from the
hybridization of the Co and the Nb–V bands and changes in the position of EF on varying n0.
Such SF effects are evidenced from our ρ- and S-studies also. Variation of x, y and z induces
large changes in the values of both TC and TS . With variation of x, y and z, TC goes through a
minimum whereas TS decreases monotonically. The TS-variation can be understood in terms
of variation of the EF -value (with respect to x, y and z) and formation of a pseudogap in the
DOS.
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