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Abstract. We report a study of the normal and superconducting state properties of the TixV1−x alloys for
x = 0.4, 0.6, 0.7 and 0.8 with the help of dc magnetization, electrical resistivity and heat capacity mea-
surements along with the electronic structure calculation. The superconducting transition temperature Tc

of these alloys is higher than that of elemental Ti and is also higher than elemental V for x ≤ 0.7. The
roles of electron density of states, electron-phonon coupling and spin fluctuations in the normal and super-
conducting state properties of these alloys have been investigated in detail. The experimentally observed
value of Tc is found to be considerably lower than that estimated on the basis of electron density of states
and electron-phonon coupling in the x = 0.4, 0.6 and 0.7 alloys. There is some evidence as well for the
preformed Cooper pair in all these Ti-V alloys in the temperature regime well above Tc. Similar to x = 0.6
[Md. Matin, L.S. Sharath Chandra, R.K. Meena, M.K. Chattopadhyay, A.K. Sinha, M.N. Singh, S.B. Roy,
Physica B 436, 20 (2014)], the normal state properties of the x = 0.4 alloy showed the signature of the
presence of spin fluctuations. The difference between the experimentally observed Tc and that estimated
by considering electron density of states and electron-phonon coupling in the x = 0.4, 0.6 and 0.7 alloys is
attributed to the possible influence of these spin fluctuations. We show that the non-monotonous variation
of Tc as a function of x in the TixV1−x alloys is due to the combined effects of the electron-phonon coupling
and the spin fluctuations.

1 Introduction

In the transition metal based disordered binary alloys such
as Nb-Zr, Mo-Ti, Ti-V, Mo-Re etc., the superconducting
transition temperature Tc is found to be higher than that
for the constituent elements themselves [1]. In some of
these alloys, a relatively high Tc up to 10–15 K has been re-
ported in reference [1]. All these alloys lie in the dirty limit
of superconductivity and in fact a high level of disorder is
required to change the Tc in the dirty limit superconduc-
tors [2,3]. While the mechanism behind the enhancement
of the Tc (with respect to the constituent elements) in
the alloy compositions is not clearly understood, a cor-
relation between the number of conduction electrons per
atom and the value of Tc is, however, observed in these al-
loys [1]. The highest value of Tc is observed when the num-
ber of conduction electrons per atom reaches either 4.7
or 6.5 [1], which might indicate that the mechanism be-
hind the high values of Tc is probably the same for all
these alloy systems. Apart from the high Tc, the tran-
sition metal based disordered binary alloys are also ob-
served to have strong fluctuation conductivity effects well

a e-mail: lsschandra@rrcat.gov.in

above Tc and well above Hc2 [4–6]. Moreover, these fluc-
tuations have been found to be independent of the details
of sample preparation, surface polishing, size and shape
of the sample and current density [4–6]. This could hint
towards the fact that these alloys have the potential of ex-
hibiting even higher values of Tc and Hc2(0) than what are
observed experimentally at present. Hence, superconduc-
tivity in most of these alloys is being revisited to explore
the possibility of obtaining better materials that might
replace the Nb and Nb derived systems for various tech-
nological applications. Amongst these materials the Ti-V
alloys are especially relevant as they have better mechan-
ical properties as compared to the Nb alloys and suitable
for high field applications in extreme conditions such as
in a fusion reactor [7].

Figure 1 shows the variation of Tc in the quenched
TixV1−x alloys along with the metallurgical phase infor-
mation for this system [8–11]. Here the β phase has a body
centered cubic (bcc) structure with space group Im3̄m.
The α phase has a hexagonal closed packed (hcp) structure
with space group P63/mmc. In the range 11 to 14 at.%
of V, apart from the β and α phases, a hexagonal ω phase
(space group: P6/mmm for Ti rich alloys and P3̄m1 for
concentrated alloys) is also known to form [12]. This phase
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Fig. 1. The variation of the superconducting transition tem-
perature (Tc) as a function of vanadium concentration along
with the binary phase information for the quenched Ti-V al-
loys. The open symbols are derived from literature and the
solid symbols are from the present study.

can exist even up to 32 at.% of V. In the β phase, the Tc

increases with increase in x from 5.4 K for V to reach
about 7.5 K for x = 0.2. It then remains nearly constant
up to x = 0.6 and then decreases sharply to about 2 K for
x = 0.82. Further increase in x shows an initial enhance-
ment in Tc due the formation of α phase, though the Tc

decreases when x increases within the α phase [9].
The complex structural phase diagram [8–10] of the

Ti-V alloys are thought to have influence on the super-
conducting as well as normal state properties [9]. Several
models such as the occurrence of reversible ω phase in the
β phase matrix [9,13,14], weak localization [15], Kondo
(s-d) interaction [16] and the associated localized spin fluc-
tuations [16–19] have been proposed for explaining the
observed normal state properties in the Ti-V alloys. Re-
cently, we have obtained some evidence of the possible in-
fluence of itinerant spin fluctuations on the normal state
and superconducting properties of Ti0.6V0.4 [20]. Here we
present a systematic experimental study of electrical resis-
tivity, dc magnetization and heat capacity on a set of four
TixV1−x alloys with x = 0.4, 0.6, 0.7 and 0.8. In this study,
we probe into the nature of the normal state properties in
these alloys and the influence of the same on the super-
conducting properties. We complement our experimental
study with ab-initio electronic structure calculations.

2 Details of the experimental
and computational methods

TixV1−x alloys were prepared by taking 99.99% Ti
and 99+% V in stoichiometric proportions and melting

them in an arc furnace under 99.999% Ar atmosphere.
The samples were annealed at 1573 K for 10 h and then
the temperature was lowered to 1273 K before quenching
into ice water. The X-ray diffraction (XRD) measurements
were performed in a powder XRD beam line BL-12 [21]
of INDUS-2 synchrotron radiation source at the Raja
Ramanna Center for Advanced Technology, Indore. The
major phase in all the alloys is the β phase [11,20,22,23].
The lattice parameters for the β phase are 0.307 nm,
0.319 nm, 0.321 nm and 0.3235 nm for x = 0.4, 0.6,
0.7 and 0.8, respectively. The Ti0.4V0.6 alloy has a small
amount (<2%) of α phase. The Ti0.6V0.4 alloy does not
contain any secondary structural phase [20]. The Ti0.7V0.3

alloy has about 28% of α phase along with a small amount
(2%) of ω phase [22] whereas the Ti0.8V0.2 alloy con-
tains 25% of ω phase along with 4% stress induced marten-
sitic phase [11]. The existence of the α phase is probably
due to the gradient cooling during quenching [23].

The resistivity and heat capacity measurements were
performed in a 50 kOe magnet cryostat system (American
Magnetics, USA) and a 90 kOe Physical Properties Mea-
surement System (PPMS; Quantum Design, USA), re-
spectively. The magnetization measurements were per-
formed using a 90 kOe Vibrating Sample Magnetometer
(VSM; Quantum Design, USA) and a 70 kOe SQUID mag-
netometer (MPMS-XL; Quantum Design, USA).

The ab initio electronic structure calculations were
performed using the spin polarized Korringa-Kohn-
Rostoker method1. The effect of doping was considered
under the coherent potential approximation. The ex-
change correlation functional developed by Vosko Wilk
and Nusair was used for the calculation [24]. The number
of k-points used in the irreducible part of the Brillouin
zone is 104. For the angular momentum expansion, we
have considered lmax = 2 for each atom. The potential
convergence criterion was set to 10−6.

3 Results and discussion

3.1 Superconducting properties of the Ti-V alloys

Figure 2a presents the temperature dependence of the re-
sistivity in the TixV1−x alloys focusing on the tempera-
ture regime in and around the superconducting transition.
The Tc is estimated as the temperature at which the tem-
perature derivative of the resistivity shows the maximum.
The Tc for all the alloys and the normal state resistivity
ρ0 just above the Tc are listed in Table 1. The Tc esti-
mated from the resistivity measurements is close to the
Tc estimated from the magnetization measurements (see
Tab. 1) [11,20,22,23]. Except for Ti0.8V0.2, the Tc for all
the alloys are higher than that for both Ti (0.4 K) and
V (5.4 K) [1]. Unlike in the elemental type-II supercon-
ductors such as V or Nb, the superconducting transition
is quite broad in the present alloys with a pronounced
rounding off of resistivity just above the Tc [25,26]. We
have earlier argued that this rounding off of resistivity

1 http://kkr.phys.sci.osaka-u.ac.jp/
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Fig. 2. (a) Temperature dependence of resistivity around the
superconducting transition in the TixV1−x alloys. The nor-
mal state resistivity increases with increase in x. The Tc de-
creases with increase in x. (b) The magnetic field dependence
of magneto-resistance (MR) just above the Tc in the Ti-V al-
loys. The MR is positive and observed only up to a temperature
close to 2Tc.

is due to the superconducting fluctuations, which is ob-
served up to Tc0 = 2Tc [20]. A positive magneto-resistance
(MR = (ρ(H) − ρ(0))/ρ(0) %) (Fig. 2b) in the tempera-
ture range from Tc to Tc0 also provide evidence of the
existence of the superconducting fluctuations originating
due to preformed Cooper pairs [6]. The MR is maximum
for x = 0.6, where it increases up to 0.5% in 50 kOe at 8 K.

In Figure 3, we show the temperature dependence of
the upper critical field Hc2 obtained from the field depen-
dence of magnetization (not shown here for the sake of
conciseness) for all the present alloys. The Hc2 (T = 0)
are estimated by fitting the temperature dependence of
Hc2 with the help of the WHH formula [27] in the Or-
lando et al. formalism [28] and are shown in Table 1. The
results indicate that the Hc2 of the V rich alloys are or-
bital limited whereas the Hc2 of the Ti rich alloys are Pauli
paramagnetic limited [29,30].

Figure 4 shows the temperature dependence of heat
capacity in zero and 80 kOe magnetic fields for all the
TixV1−x alloys. All these samples show a clear jump at
T b

c (the superscript b stands for bulk) which is estimated

Fig. 3. The temperature dependence of upper critical field for
all the Ti-V alloys. The Hc2(0) is estimated using WHH fit to
the experimental data.

Fig. 4. Temperature dependence of heat capacity in the pres-
ence of zero and 80 kOe for the TixV1−x alloys. The heat ca-
pacity in the normal state is not effected by 80 kOe magnetic
field. The insets show the C/T as a function of T 2 and the red
solid lines are the fit to the normal state C/T .

as the temperature at which the temperature derivative
of heat capacity shows a maximum. The value of T b

c is
slightly less than that observed in resistivity or magneti-
zation. The normalized jump in heat capacity ΔC/γT b

c
is estimated by extrapolating C(T ) of the normal and
superconducting states to T b

c . The value of ΔC/γT b
c is

about 2 for x = 0.4, 0.6 and 0.7 whereas it is about 1.63
for x = 0.8. These values are higher than the BCS
(Bardeen, Cooper, and Schrieffer) limit of 1.42, which in-
dicates that the present alloys are strongly coupled super-
conductors. The insets of Figure 4 show the C/T curves
as a function T 2. The straight line fit (red solid line) to
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Table 1. Various superconducting and normal state parameters estimated from magnetization, resistivity, and heat capacity
at low temperature for the TixV1−x alloys.

Parameters Ti0.4V0.6 Ti0.6V0.4 Ti0.7V0.3 Ti0.8V0.2

ρ0 (μΩ cm) 61.55 98.98 129.78 157.3

Tc (K) 7.46 (7.2–7.4) 7.15 (6.9–7) 7.0 (6.2–6.3) 4.15 (4–4.2)

(Magnetization)

Tc (K) 7.62 7.05 6.6 4.48

(Resistivity)

T b
c (K) 6.93 6.63 5.79 4.05

(Heat Capacity)

Hc2(0) (kOe) 106.4 135 116 86.8

–dHc2/dTT=TC (kOe/K) 29 39.4 38.7 44.3

NHc2(0) (states/eV atom) 4.06 3.71 2.92 2.8

γHc2 (mJ/molK2) 9.56 8.74 6.88 6.59

The values provided in the brackets are taken from reference [8].

Fig. 5. The variation of Tc (estimated from the magnetiza-
tion), γ and θD as functions of x for the present TixV1−x alloys
along with that for elemental Ti and V taken from reference [1].
The solid lines are guide to eye.

the normal state C/T is used to estimate the Sommerfeld
coefficient of electronic heat capacity γ and the Debye
temperature θD using the relation C = γT + βT 3 where
θ3

D = 1944/β. The values of γ and θD for all the alloys
are shown in Figure 5. These values are in agreement
with those reported in reference [8]. The electronic den-
sity of states (EDOS) at the Fermi level can also be es-
timated from the temperature dependence of Hc2 as [28]
NHc2(0) = −(9.451×10−10)(M/ρ0d) dHc2/dTT=TC . Here
NHc2(0) comes out in states/eV f.u., when the molecu-
lar weight M is in grams, normal state resistivity ρ0 is in
Ω cm, density d is in g/cm−3, and the slope of the tem-
perature dependence of Hc2 near Tc, dHc2/dTT=TC is in
Oe/K. Then the corresponding γHc2 is also estimated as
γHc2 = (π2/3)k2

B NHc2(0). These values are shown in Ta-
ble 1. These values are in agreement with those obtained
from the heat capacity measurements.

Figure 5 indicates that the enhancement in Tc can be
linked to the enhancement in γ. We observe that the Tc for
Ti is very low in spite of the large value of θD, whereas the
Tc increases when Ti is alloyed with V with a decrease in

Fig. 6. The electronic density of states in the β phase of the
TixV1−x alloys. (Inset) The expanded view of the electronic
density of states near the Fermi level.

θD. This indicates that the Tc is possibly influenced by the
density of states in these alloys. In order to explore further
into this aspect and the role of electron-phonon coupling
on the Tc, we have performed the electronic structure cal-
culation for these alloys.

3.2 Electronic structure of the Ti-V alloys

In Figure 6 we show the calculated electronic density of
states (EDOS) as a function of energy for the TixV1−x

alloys in the β phase. The experimental lattice parame-
ters were used in these calculations. The EDOS near the
Fermi level is dominated by the 3d states. The expanded
view of the EDOS near the Fermi level is shown in the
inset. The values of the EDOS at the Fermi level N b(0)
(Tab. 2) increases with increasing x up to x = 0.6 and
then decreases with further increase in x.

The Sommerfeld coefficient of electronic heat capac-
ity γ0 and the Pauli susceptibility χp [unitless] can be

http://www.epj.org
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Table 2. The parameters estimated from the band structure calculations on Ti-V alloys and the coupling constant λγ estimated
from the γ and the corresponding Tc estimated from the McMillan formula.

Parameters Ti0.4V0.6 Ti0.6V0.4 Ti0.7V0.3 Ti0.8V0.2

Nb(0) (states/eV atom) 2 2.12 2.05 1.98

γ0 (mJ/molK2) 4.71 4.99 4.83 4.66

χp [unitless] 8.91 × 10−5 8.75 × 10−5 8.05 × 10−5 7.66 × 10−5

λγ 1.19 0.91 0.88 0.59

T λγ

c (K) for μ∗ = 0.175 16 7.9 7.2 1.8

T λγ

c (K) for μ∗ = 0.12 21 11.4 10.6 4.1

estimated using the following relations:

γ0 =
(
π2/3

)
k2

BN b(0) (1)

and
χp = μ0μ

2
BN b(0). (2)

Here μ0 is the permittivity of the free space, μB is the
Bohr magneton, and kB is the Boltzmann constant. The
values of γ and χp estimated for the β phase are listed
in Table 2. The γ and χp increase with increase in x up
to 0.6 and then decrease when x is increased further. The
Coulomb interaction parameter μ∗ that appears in the
McMillan formula [31] for the superconducting transition
temperature Tc can be estimated from the N b(0) as [32]
μ∗ = 0.26/(1 + 1

Nb(0)
), where Nb(0) is expressed in units

of states/eV f.u. The value of μ∗ for all the alloys turns
out to be about 0.175(2). By knowing the value of γ0 from
EDOS and γ from low temperature heat capacity, one can
estimate the effective coupling constant λγ as [33]

γ = γ0(1 + λγ). (3)

The value of λγ (Tab. 2) decreases continuously as x in-
creases. Hence, the decrease in Tc with the increase in x for
x > 0.4 can be attributed to the decrease in the coupling
constant. However, in the V rich alloys (x < 0.4), the Tc

decreases in spite of increase in the coupling constant. The
λγ obtained here may be used along with the θD to esti-
mate the Tc with the help of the McMillan formula [31] as

Tc =
θD

1.45
exp

(
1.04(1 + λγ)

μ∗ + 0.62μ∗λγ − λγ

)
. (4)

In estimating the Tc, we have used μ∗ = 0.175 obtained
from the EDOS. The estimated value of Tc (Tab. 2) is
found to be higher than that measured experimentally
for the x = 0.4, 0.6 and 0.7 alloys, whereas it is lower
than the experimentally measured one for x = 0.8 alloy.
This indicates that the value of μ∗ is not correct. Hence,
we estimate μ∗ from the experimental Tc for x = 0.8.
Then the value of μ∗ is about 0.12. This decrease in μ∗ in
comparison with that estimated from EDOS may be due
to the screening effects [34]. It is also to be noted here
that the value of μ∗ ≈ 0.12 is a standard value that is
taken for the analysis of superconductivity in the transi-
tion elements [1]. The value of Tc observed experimen-
tally for x = 0.4, 0.6 and 0.7 is also smaller as com-
pared to that estimated by considering μ∗ ≈ 0.12 (also

Fig. 7. The temperature dependence of heat capacity in the
temperature range 2–225 K for all the alloys under study. The
solid line is fit using a γT + Debye function. The curves are
shifted upwards for better clarity. (Inset) The temperature de-
pendence of heat capacity plotted as C/T versus T 2 in the
range 2–35 K. The non linearity in C/T for this T 2 range indi-
cates the presence of soft phonon modes or the paramagnons.

listed in Tab. 2). This may be due to the presence of
soft phonons [35] or paramagnons [36,37]. In the case of
the soft phonons, a peak appears in the density of states
of phonons at low energies which results in the enhance-
ment of electron-phonon coupling corresponding to those
phonons [35]. Hence, the reduction in the Tc can be due
to the renormalization of the θD. The existence of soft
phonons can be judged from the temperature dependence
of normal state heat capacity which will be discussed in
the following paragraph.

3.3 Normal state properties of the Ti-V alloys

We have shown earlier that the temperature dependence of
heat capacity in Ti0.6V0.4 cannot be explained by a single
θD [20]. In Figure 7 we show the temperature dependence
of heat capacity in the temperature range 2–225 K for all
the alloys. The curves are shifted upwards for better clar-
ity. The solid line represents the fit by considering an elec-
tronic term γT and a phononic term with a single Debye
temperature. This analysis shows that the fitting degrades

http://www.epj.org
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Fig. 8. The plot of CLT−3 as function of ln(4.928T ) (open
circles with a large density of points) and (4/5)Rπ2ω−2F (ω)
as function of ln(ω) (dotted bar graphs).

at low temperatures. However, the quality of the fit im-
proves with increasing x. This is clearly seen in the inset
of Figure 7, where the C/T is plotted as a function of T 2

in the temperature range 8–35 K. The non-linearity and
the negative curvature in these plots indicate the presence
of low energy excitations such as soft phonons [35,37,38]
or paramagnons [36,37]. In the case of soft phonons or
paramagnons, a simplified model has been used in litera-
ture in which the phonon density of states F (ω) are rep-
resented by a set of Einstein (with frequency ω) modes
having constant spacing in the logarithmic scale [35]. In
fact, (5/4)Rπ4CphT−3 (R is the universal gas constant) is
an image of the ω−2F (ω) for ω = 4.928T [37]. Then F (ω)
is given by [35]

F (ω) =
∑

k

Fkδ(ω − ωk). (5)

The corresponding lattice heat capacity CL is given by [35]

CL = 3R
∑

k

Fk
x2

kexk

(exk − 1)2
, (6)

where xk = ωk/T with
∑

k Fk = 1. Hence, we adopt this
model to understand the temperature dependence of nor-
mal state heat capacity in the present Ti-V alloys.

Figure 8 shows the CLT−3 = (C − γT )/T 3 as a func-
tion of ln(4.928T ) for all the present Ti-V alloys. The pres-
ence of soft phonon or paramagnons in these alloys are
characterized by an increase in the CLT−3 at low values
of ln(4.928T ). The temperature dependence of the CL is
fitted with the above equation by considering 10 Einstein
frequencies (k = 10). The correspondence between this fit-
ted curve and the experimental data is shown by plotting
(4/5)Rπ2ω−2F (ω) versus ω along with the CLT−3 versus

Fig. 9. Normal state dc susceptibility χ for the Ti-V alloys in
the temperature range 10–300 K. A peak in the temperature
dependence of χ is observed at about 200 K in Ti0.4V0.6. This
peak shifts to higher temperatures and the absolute value of χ
decreases with increasing Ti concentration.

ln(4.928T ). The characteristic phonon scaling frequency
ω̄log can be estimated as [36]

ω̄log = exp
(∫

F (ω) ln ω d ln ω∫
F (ω) d ln ω

)
, (7)

which can be used to estimate the Tc of superconducting
transition as [36]

Tc =
ω̄log

1.2
exp

(
1.04(1 + λ)

μ∗ + 0.62μ∗λ − λ

)
. (8)

Table 3 presents the value of ω̄log and the corresponding
Tc obtained using λγ for all the alloys. The value of Tc

estimated from ω̄log from the above relation is still higher
than that observed experimentally for x = 0.4, 0.6 and 0.7.
Hence, the existence of soft phonons in these alloys cannot
explain the observed Tc. This is also justified because these
alloys are formed in bcc β phase, which is a closed packed
structure and no signature for structural transition is ob-
served in temperature dependence of the physical proper-
ties. We therefore explore the possibility of the existence
of paramagnons [34,39] in these alloys which could lower
the value of experimentally observed Tc as compared to
the estimated one. In this direction, we now present the
studies on the temperature dependence of dc susceptibility
and resistivity in the normal state of these alloys.

Figure 9 shows the temperature dependence of dc sus-
ceptibility χ = M/H in the temperature range 10–300 K
measured using the SQUID magnetometer in the pres-
ence of 10 kOe for the TixV1−x alloys. The data have

http://www.epj.org
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Table 3. Various parameters estimated from the temperature dependence of the normal state properties of the Ti-V alloys and
the corresponding Tc estimated from the McMillan formula. Estimation of the electron-phonon coupling constant λep and the
electron-spin fluctuation coupling constant λsf with the help of the low temperature γ, ω̄log and the experimental Tc.

Parameters Ti0.4V0.6 Ti0.6V0.4 Ti0.7V0.3 Ti0.8V0.2

ωlog(K) 226.3 221.3 235.8 243.5

T
ωlog

C (K) 18.9 11.8 10.7 4.2

μ∗ = 0.12

χ(0) (Wb/Am) 5.13 × 10−10 4.88 × 10−10 3.55 × 10−10 3.04 × 10−10

b (Wb/Am K2) 2.27 × 10−16 3.85 × 10−16 4.91 × 10−16 4.51 × 10−16

T ∗(Tpeak × e0.5)(K) 372 512 616 757

χexp(0) (unitless) 4.08 × 10−4 3.88 × 10−4 2.82 × 10−4 2.42 × 10−4

χp,exp(0) (unitless) 1.81 × 10−4 1.99 × 10−4 1.12 × 10−4 9.08 × 10−5

S 2.04 2.28 1.4 1.18

Tsf (K) 155 90 – –

λsf 0.11 0.046 0.046 0

λep 1.08 0.86 0.84 0.59

been corrected for the background signal. As the tem-
perature is increased from 5 K, the susceptibility of all
the alloys decreases initially, which is followed by an in-
crease at higher temperatures. A clear peak in the tem-
perature dependence of χ is observed at about 225 K for
x = 0.4. This peak shifts to higher temperatures with the
increase in x and is above 300 K for all the other alloys
used for the present study. The Curie tail that is observed
at low temperatures may be related to the paramagnetic
impurities present in the alloys. The isothermal field de-
pendence of magnetization at various temperatures (not
shown here for conciseness) do not show any indication of
saturation [20] even at 80 kOe, ruling out any apprecia-
ble contribution from the ferromagnetic impurities. The
increase in χ with increasing temperature is termed as
“temperature induced magnetism” which is unlike that
of a paramagnet where the susceptibility decreases with
increasing temperature. The temperature induced mag-
netism observed in various transition metals is argued to
be due to the temperature dependence of the Pauli param-
agnetism [40] and can be expressed within the Fermi liquid
picture as [41] χ = χp(1+π2(kBT )2/6[ 1

n
δ2n
δE2 −( 1

n
δn
δE )2]EF )

where n is EDOS at the Fermi level N b(0). The estimation
of δ2n

δE2 and δn
δE at EF from the results of band structure

calculation shows that the coefficient of the T 2 term is
negative for x = 0.4 and 0.6. This leads to a decrease in χ
with increasing temperature, which is not the case experi-
mentally. Our electronic structure studies suggest that the
EDOS at the Fermi level is very large and are dominated
by 3d electrons. In such a case the Pauli susceptibility will
be enhanced due to the spin fluctuations, and the temper-
ature dependence of susceptibility follows as [42,43]:

χ(T ) = χ(0) − bT 2 ln (T/T ∗) , (9)

where χ(0), b and T ∗ are constants. The characteristic
temperature T ∗ is related to the temperature at which a
peak in the temperature dependence of susceptibility oc-
curs as Tpeak = T ∗/e0.5. The temperature dependence of
χ for all the present alloys is observed to follow the above
equation and the corresponding values of χ(0), b and T ∗

are shown in Table 3. The χ(0) is observed to decrease
with increase in x whereas T ∗ increases with increasing x.
This indicates that the temperature dependence of sus-
ceptibility approaches T 2 behaviour as x increases. This
can be interpreted to indicate that the system approaches
the Fermi liquid state with increasing x.

The value of χexp(0) [unitless] which is χ(0)/μ0 is con-
siderably higher than χp estimated from the band struc-
ture calculations which indicates that these alloys are
enhanced Pauli paramagnets. In such cases, the Stoner en-
hancement factor S can be calculated as S = χp,exp(0)/χp

where χexp(0) = χp,exp(0) + χo,exp(0). Here, χp,exp(0)
and χo,exp(0) are the experimentally obtained Pauli spin
susceptibility and orbital susceptibility, respectively. Es-
timation of χo,exp(0) experimentally is rather difficult.
Hence, the linear interpolation approximation [44] is em-
ployed to estimate χo,exp(0) for the present alloys by tak-
ing χo,exp(0) of the end members [β − Ti(χo,exp(0) =
1.14 × 10−4) and β − V(χo,exp(0) = 3.02 × 10−4)] from
reference [32]. The estimated χp,exp(0) are listed in Table
3 for all the alloys. The value of S (≈2, see Tab. 3) for
V rich alloys suggests that the spin fluctuations are dom-
inant in these alloys. The value of S for x = 0.8 is almost
unity which indicates that the enhancement in the Pauli
paramagnetism is negligible in this alloy. In other words,
the spin fluctuations are suppressed when Ti is alloyed
with the V, and the Fermi liquid state emerges in the Ti
rich alloys.

The value of S in the V rich alloys is similar to
that observed for elemental superconductors such as V
or Nb [39]. The strong suppression of Tc of these super-
conductors [44–46] and the absence of superconductivity
in Pd and Pt [47,48] are known to be due to the exis-
tence of spin fluctuations. The influence of spin fluctu-
ations on the superconducting properties of materials is
known to be non-trivial. In fact, very high values of Tc in
the high Tc superconductors and in the recently discovered
Fe based superconductors are attributed to the novel su-
perconductivity mediated by the spin fluctuations [49,50].
Superconductivity in several nearly magnetic systems such
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Fig. 10. The normal state resistivity of Ti-V alloys in the
temperature range 10–300 K. In the normal state, Ti0.4V0.6

and Ti0.6V0.4 show positive temperature coefficient (TCR) of
resistivity in this entire temperature range. The Ti0.7V0.3 alloy
shows a positive TCR at temperatures above 230 K and a
negative TCR below 230 K with the positive TCR coming
back again below 70 K. In the case of Ti0.8V0.2, the normal
state resistivity shows negative TCR in the entire temperature
range of measurement.

as Y9Co7, UGe2, ZrZn2, MgCNi3, Ca3Ir4Sn13 etc., are
also thought to be mediated by spin fluctuations [51–55].
Now we will take a re-look at the temperature dependence
of normal state resistivity for finding the signatures of the
presence of spin fluctuations in the TixV1−x alloys.

We show in Figure 10, the temperature depen-
dence of the normal state resistivity in the temperature
range 10–300 K for all the alloys under study. The normal
state resistivity of x = 0.4 and 0.6 has a positive temper-
ature coefficient of resistivity (TCR) from 10 to 300 K,
whereas that of x = 0.7 shows positive TCR above 230 K
and a negative TCR below 230 K. However, a positive
TCR is again observed in this latter alloy below 70 K. In
the case of x = 0.8, the normal state resistivity shows a
negative TCR in the entire temperature range of measure-
ment. The negative TCR observed in alloys with x = 0.7
and 0.8 is reported to be due to the presence of ω phase
which induces additional scattering mechanisms such as
two level structural Kondo scattering and weak localiza-
tion [15,16], etc. For x = 0.4 and 0.6, the resistivity is
linear at high temperatures and becomes quadratic in tem-
perature at low temperatures. Figure 11 shows the plot of
(ρ − ρ0) as a function of temperature in log-log plot for
x = 0.4. Similar to x = 0.6 [20], resistivity of x = 0.4 is
also shows the T 2 (solid line) dependence. The quadratic
temperature dependence is also a characteristic feature of
the spin fluctuating systems. The temperature Tsf below
which a deviation from linearity at high temperatures is
observed are listed in Table 3. The value of Tsf decreases
with increase in x indicating that the spin fluctuation di-
minishes with increase in the Ti content in the Ti-V alloys.
The weak slope of the plot (ρ−ρ0)T−2 as a function of T 3

in the inset (a) to Figure 11 indicates that the coefficient
of T 5 term is indeed very small in the region where the

Fig. 11. The log-log plot of ρ− ρ0 as function of temperature
for x = 0.4. The solid lines shows the T 2 fit to the resistivity.
The inset (a) shows the plot of (ρ − ρ0) T−2 as a function of
T 3 which highlight the magnitude of the T 5 term for this alloy.
The inset (b) shows the Kadowaki-Woods scaling for the Ti-
V alloys presented along with various heavy fermion and spin
fluctuation systems.

spin fluctuation are important [56,57]. The coefficient A of
the T 2 component in resistivity is observed to be decreas-
ing with increase in x. Even in case of x = 0.7, we have
observed a signature of a T 2 dependence of resistivity,
though it is, largely masked by the negative TCR coming
from the two level scattering. At higher values of x, the
appearance of reversible ω phase below 300 K [9,13,14]
induce additional yet strong scattering by the mechanism
such as weak localization [15], and/or structural Kondo
scattering [14], thus diminishing the effect of spin fluctu-
ations with increasing x.

It was observed by Kadowaki and Woods that the scal-
ing of the coefficient A of the T 2 term in resistivity to the
square of the γ is a hallmark of the heavy fermion and
spin fluctuation systems [58]. The plot of the coefficient A
of the T 2 term in resistivity as a function of γ in a log-log
scale for x = 0.4 and 0.6 is presented in the inset (b) to
Figure 11. It is observed that both the x = 0.4 and 0.6
alloys scale according to the Kadowaki and Woods scheme
which supports our belief that the spin fluctuations have
a significant role in the V rich samples.

3.4 Competition between electron-phonon coupling
and spin fluctuations in the Ti-V alloys

We now will return to the problem of Tc again, with
the inclusion of the effect of spin fluctuations in these
alloys. In this case, the Tc can be estimated with the
help of the same formula given in equation (4), but using
λ = λep/(1+λsf ) and μ∗ = (μ∗+λsf )/(1+λsf ) [59]. Here,
λep and λsf are, respectively, the electron-phonon and
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electron-paramagnon coupling constants. The λγ which
is estimated from equation (3) is actually λep + λsf [34].
Hence, λep and λsf can be estimated without any ambi-
guity. The values of λep and λsf thus obtained are listed
in Table 3. We observe that the values of λep and λsf de-
crease with increase in x. This implies that the decrease
in Tc with increase in x above 0.4 is due to the decrease
in electron phonon coupling. The Tc decreases as x is low-
ered below 0.4 and reaches a value of about 5.54 K for V.
This decrease in Tc when x is decreased below 0.4 in spite
of increase in λep is due to the enhancement of the spin
fluctuations.

4 Summary and conclusion

In conclusion, we have studied the superconducting as well
as normal state properties of four TixV1−x alloys. The Tc

for x = 0.4 and 0.6 is higher than that of V. The electron-
phonon coupling constant and the electron-spin fluctua-
tion coupling constant have been estimated for these al-
loys, which indicates that the enhancement of the Tc is
possibly due to the reduction in electron-spin fluctuation
coupling constant when Ti is substituted in the place of
V. The role of spin fluctuations in the normal state prop-
erties of these Ti-V alloys has been investigated in detail.
The Kadowaki-Woods scaling of the coefficient A of the
T 2 term in resistivity as a function of the square of the
electronic specific heat coefficient γ is observed to be fol-
lowed by x = 0.4 and 0.6 alloys. With the further increase
in Ti concentration the Tc is found to decrease sharply for
x = 0.7 and 0.8 alloys. This decrease in Tc is attributed to
the reduction of the electron-phonon coupling constant in
these Ti rich Ti-V alloys. There are evidences of supercon-
ducting fluctuations in the temperature regime well above
Tc in all these Ti-V alloys, which are indicative of the
existence of preformed Cooper pairs.

We thank V.K. Sharma for the resistivity and magnetization
(SQUID based) measurements, Parul Arora for the heat ca-
pacity measurements, R.K. Meena for the sample preparation,
and A.K. Sinha and M.N. Singh for the XRD measurements.
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