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Zero-field and magnetic-field low-temperature specific-heat measurements have been carried out on
single crystals of CuV,S,. The electronic-specific-heat coefficient (in zero field) is found to be 62
mJ/mol K? and the Debye temperature to be 205 K. A superconducting transition at 4.0 K has been re-
ported in powder samples contaminated by an estimated 5 to 10 % sulvanite Cu;VS,. Present experi-
ments of the electrical resistivity and the specific heat, however, verify that high-quality single crystals
do not exhibit a superconducting transition above 60 mK. Below 0.2 K, nuclear specific heat is ob-
served. Applied magnetic fields increase the magnitude of the specific heat due to the nuclear Zeeman
effect of V and Cu nuclei and the electric quadrupole interaction of Cu nuclei. The electric-field gradient
at Cu nuclei is estimated to be eq=1.74 X 10?2 V/m?. Detailed analysis of the nuclear specific heat below
1.0 K is presented. A comparison of the theoretical analysis with the experimental result is given and

are in excellent agreement.

I. INTRODUCTION

The ternary thiospinel CuV,S, has the cubic spinel
structure at room temperature which has a lattice con-
stant of @ =9.808 A, as shown in Fig. 1. CuV,S, has the
normal spinel structure where Cu ions occupy the A4
(tetrahedral) sites and V ions occupy the B (octahedral)
sites. This compound exhibits phase transitions associat-
ed with charge-density waves (CDW’s) at 55, 75, and 90
K. These CDW transitions are rare in three-dimensional
cubic structures, which is why intensive studies have been
made.!™* We will not focus in this paper on the subject
of the CDW.

On the other hand, it has been reported that CuV,S,
reveals superconductivity with a transition temperature
in the range 4.45-3.95 K measured on powder samples
contaminated with sulvanite Cu,VS,.> In this paper, we
will make clear whether a pure CuV,S, single crystal ex-
hibits superconductivity around 4.0 K or not. Conse-
quently, contrary to the earlier results, we confirm that
the high-quality single crystals do not show any super-
conducting transition in a temperature region above 60
mK. Thermal properties in single crystals of CuV,S,
have been studied with special emphasis on the low-
temperature range. The electric-field gradient at Cu nu-
clei is discussed in connection with a Jahn-Teller distor-
tion (local distortion at A sites in the crystal). The contri-
bution to the specific heat due to the nuclear Zeeman
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effect of Cu and V in magnetic fields is observed clearly.
These magnitudes of the specific heat in the Schottky-
type anomaly are calculated theoretically and comparison
with experimental results leads to excellent agreement. A
brief report has been given earlier;® here, more detailed
results will be presented.

FIG. 1. Unit cell of spinel structure. The position of the ions
in only two octants is shown. Large circles indicate sulfur ions,
small hatched circles are copper ions at tetrahedral A4 sites, and
small solid circles are vanadium ions at octahedral B sites.
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FIG. 2. X-ray-diffraction pattern of CuV,S, at 300 K.

II. EXPERIMENTAL METHODS
A. Sample preparation

The single crystals were synthesized in a quartz am-
poule by TeCl, vapor transport at growth temperatures
from 830 to 720°C in a two-zone furnace.” The crystals
grow as octahedrons with a maximum size of about
3X3X3 mm’. The x-ray-diffraction pattern in powder
specimens is shown in Fig. 2. The pure spinel phase is
obtained. Back-reflected x-ray Laue diffraction reveals
(Fig. 3) that the eight equivalent (111) directions are
aligned normal to the crystal faces. X-ray diffraction also
confirms the pure spinel phase in powder specimens.

B. Electrical resistivity measurements

The resistivity was measured by a standard four-probe
method. Silver paste was used to fabricate the electrodes.
The temperature dependence of the resistivity was mea-
sured over the region 1.5-290 K for the single crystal.

C. Specific-heat measurements

The specific-heat measurements were performed in the
temperature range over 60 mK-20 K using a *He/*He
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FIG. 3. Laue photograph for CuV,S, taken by back
reflection from a face of octahedral-shaped single crystal.
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dilution refrigerator and a 3He cryostat in both the ab-
sence and presence of an applied magnetic field of 5.0 T
in continuous operation. Several single crystals with a to-
tal mass of ~1.0 g were used for the measurements.

III. RESULTS AND DISCUSSION

A. Electrical resistivity

Figure 4 shows the resistivity p as a function of tem-
perature. The temperature dependence has almost the
same shape as reported by Le Nagard et al.? With de-
creasing temperature from 290 K, p decreases and begins
increasing gradually at 130 K and then decreases again
with a maximum value at 50 K. We could not observe a
pronounced hysteresis around 55 K; i.e., a dependence on
the direction in which the sample is swept in cooling or
heating processes. An argument for the anomaly due to
CDW formation between 55 and 90 K is not given here
because the discussion has already been given.!™* The
inset in Fig. 4 shows the resistivity below 10 K. It should
be noted that no anomaly in the resistivity associated
with the superconducting transition has been found
around 4 K. On the contrary, p remains essentially con-
stant between 1.5 and 10 K.

B. Specific-heat results: C vs T curves

The temperature dependences of the specific heat of
single crystals of CuV,S, in the magnetic fields are shown
in Figs. 5 and 6. Above 1.0 K, the specific heat is un-
changed in a magnetic field of 5.0 T within our experi-
mental errors. Below 0.2 K, the specific heat exhibits
anomalous behavior and depends strongly on the external
magnetic fields, which will be discussed below.

C. Debye temperature and electronic specific heat

The ratio of the specific heat to temperature, C /7T vs
T? gives a fairly good straight line below 7.0 K. The
specific heat is well fitted by C =y T + AT>. The value of
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FIG. 4. Temperature dependence of the resistivity of single
crystal CuV,S,. The anomaly is associated with the charge-
density-wave formation between 55 and 90 K. Inset: Resistivity
of the single crystal of CuV,S, as a function of temperature. The
difference in the magnitude of p originates from errors in mea-
surement of the length of electrodes in the small crystal. The
sample is the same as specified in these figures.
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FIG. 5. The specific heat of CuV,S, in the absence of applied
magnetic field (O) over the temperature region of 0.7-20 K.
The specific heat of CuV,S, at a magnetic field of 5.0 T (O) over
the temperature region of 0.7-20 K.

y =50 mJ/K?mol is extracted from the intercept of the
straight line.

Below 1.0 K, the contribution of the lattice vibration
to the specific heat is negligibly small, then the C/T vs T
plot is given in Fig. 7, where the value of y=62
mJ/K?mol is extracted from the flat part. The magni-
tude of ¥ is rather large, which would give a high density
of states at the Fermi surface.

From the value of 4 =1.59 mJ/K*mol-f.u., we esti-
mate the Debye temperature ® using the relation

4= 127T4rN0kB
50°

Here r is the number of atoms per formula unit, N, is
Avogadro’s number, and kp is Boltzmann’s constant.
Equation (1) gives ®=205 K with r =7 as the formula
unit. The Debye temperature of CuV,S, is extremely
small in comparison with the value of an oxide spinel
compound, such as LiTi,0,,% which has the value of
A =0.043 mJ/K*mol-f.u., so that ®=685 K.

An origin of the low value in the Debye temperature of
CuV,S, might be attributed to the rattling cations with
correspondingly large spaces among the sulfur anions
having large ionic radius. In sulfides such as CuV,S,, the
cations have large room for moving in the sulfur anion
network. Consequently, the lattice vibration can easily
be excited in the crystal. The difference in Debye temper-
atures between the oxides and sulfides could come from
this rattling cation’s effect in the sulfides.

A summary of the electronic and lattice specific heats
is given in Table I for various temperature regions of the
data fitting.

(1)

FIG. 6. The specific heat of CuV,S, at three magnetic fields
over the temperature region 60 mK -1.0 K.

D. Nuclear specific heat: Jahn-Teller distortion
and electric-field gradient at Cu nuclei

Figures 7-9 show a low-temperature anomaly in the
specific heat even in the absence of the applied magnetic
field. Furthermore the magnitude of the specific heat in-
creases when the intensity of the applied magnetic field
goes up. If the anomaly originates from superconductivi-
ty, the specific heat must diminish gradually with increas-
ing intensity of the magnetic field. Therefore the origin
of this anomaly does not come from superconductivity.
In this section, we first discuss the anomalous behavior of
the specific heat in the absence of the applied magnetic
field.

The nuclear quadrupole splitting of Cu can give rise to
a zero-field anomaly in the specific heat at low tempera-
tures. The copper atom has a nuclear spin I =3, then,
even in the case of absence of applied magnetic field, a
nuclear quadrupole splitting arises when an electric-field
gradient exists at the Cu nuclei. Copper exists in two iso-
topes ®Cu (69.09%) and ®Cu (30.91%), each of which
has a nuclear spin I =3. The copper atom is located in
the A site with tetrahedral crystalline symmetry T,
which has cubic symmetry in the normal spinel structure.
In the cubic symmetry, the electric-field gradient is zero;
consequently the nuclear quadrupole splitting does not
appear and we cannot expect a specific-heat anomaly due
to the quadrupolar moment of Cu nuclei. In spinel-type
substances, the electronic orbital of Cu?* at 4 sites in T,
symmetry is triply degenerated when the crystal is undis-
torted and is split into lower symmetry when the crystal
is distorted.® This Jahn-Teller effect (local distortion at
A sites) can lead to an interaction between the electric-
field gradient and the electric quadrupole of Cu nuclei. A
nuclear-spin Hamiltonian is a sum of quadrupolar and

TABLE I. The characteristics of the electronic and lattice specific heats in CuV,S,: C=yT+ AT".
Here r is the number of atoms per formula unit used as a definition in Eq. (1) and ® is the Debye tem-

perature.

03 K<T<10K

2 K<T<7.0K

2 K<T<20K

y (mJ/K*mol)
A (mJ/K*mol)
r

0 (K)

62

107

50
1.59

205

56.7
1.98

99.4 190
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FIG. 7. The specific heat of CuV,S, plotted as C/T vs T
from 60 mK to 1.0 K at three magnetic fields.

Zeeman terms. With conventional notation, 1

2
H=T(°’2]qg—”[313—1(1+1)+(1/2)n(11 +12)]

_'}’NﬁI‘H > (2)

where Q is the nuclear electric quadrupole moment, eq
and 7 are the magnitude and anisotropy parameter of the
electric-field gradient (EFG), respectively, and y  is the
gyromagnetic ratio. We assume here an axially sym-
metric field gradient (9=0). The energy is expressed as

— 3e? 2 — —_ —
E(m) 4I(21-—1)m , 1=3/72, I,=m=%3/2,
(3)

and the energy difference A is given by
A=leqQ . @)

The present work is concerned primarily with evaluation
of EFG at the Cu nuclei.

On the other hand, a Schottky-type specific heat is ex-
pressed as!!
R A2 exp[A/(kpT)]
T (kTP {1+exp[A/(kgD)]}? ]

(5

=B/T?, B=RA?/(4k}), kzyT>>A, (6)
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FIG. 8. The specific heat of CuV,S, plotted as C/T vs 1/T3
from 60 mK to 1.0 K at three magnetic fields.
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FIG. 9. The specific heat of CuV,S, plotted as CT? vs T°
from 60 to 160 mK at three magnetic fields.

where R is the gas constant. The energy difference A is
extracted from the value of B which is the term linear in
1/T? in the specific heat for the high-temperature region
kg T >>A. The basic data in this work are summarized in
Table II. The magnitude of the electronic-field gradient
eq is obtained:

eq=1.74X10%2 [V /m?], M

which is indicated in Table III.

Qua@rupolar Quadrupolar
Splitting and Zeeman
(n=0) Splitting

Cu (1=3/2)

n on

= o
o =

FIG. 10. The nuclear quadrupole splitting and the Zeeman
splitting for the Cu nuclear spin =3 in the absence and the
presence of magnetic field. The axially symmetric field gradient
(n=0) is supposed when the Jahn-Teller distortion is caused.
The energy levels are calculated when the principal axis in the
electric-field gradient is inclined at an angle 6 between this sym-
metric axis and the applied magnetic field.
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TABLE II. Numerical values for Cu and V nuclei in CuV,S,, which are used for the calculations of
energy levels originating from the electric quadrupole interaction and the nuclear Zeeman effect.

63Cu GSCu SIV
Number of nuclei in 1/CuV,S, 2/CuV,S;
one molecule
Natural abundance 69.09% 30.91% 99.76%
I: Nuclear spin 372 372 7/2
Q: Nuclear electric —0.16 —0.15 +0.2
quadrupole moment [107% cm?] [107%* cm?] [107%* cm?)
Nuclear magnetic moment 2.223 [uy] 2.382 [un] 5.149 [py]
Mean moment 2.272[un]
M =gyunI =y hl 1.15X 1072 [erg/Oe] 2.60X 1072 [erg/Oe]
The Zeeman
splitting H=1.0 [T] 7.66X 107 [J] 7.43%X1077 [J]
d=gnunH
='}’NﬁH
H=2.0 [T] 1.53% 1072 [J] 1.49X 1072 [J]
E. Nuclear specific heat: When the angle between the principal axis of the EFG
Nuclear Zeeman effect on V and Cu nuclei and the direction of the applied magnetic field is 6, calcu-

lations for the energy levels can be made. The base wave

Figure 10 shows a schematic energy level diagram of  functions ¥;, for the nuclear spin /=3, I,=m are
Cu (I =3) in the presence of the applied magnetic field. W, ,, 3,5, W3, 1,2, ¥3,5 1,2 and W3, _3 5. The eigenval-
The axially symmetric field gradient (7=0) is supposed. ues of the Hamiltonian for the sum of quadrupolar and

TABLE III. Analysis of the nuclear specific heat of CuV,S,. A quantitative calculation has been
made on the basis of the coefficient for the high-temperature tail of the Schottky-type specific heat.

Experimental
Calculations values

63/65Cy 22Xy CuV,S,

Number of nuclei
in one molecule 1/CuV,S, 2/CuV,S, 1Cu+2V

Local symmetry of T, (A site) O,, (B site)
crystalline field in the Jahn-Teller
distortion

a=5.40X1073 0 a=5.40x1073
[mJ K/mol] [mJ K/mol]
H=0.0 [T] A=(1/2)e%qQ
C=a/T? =2.23X1072 [J]
=33.6 [MHz]
eq=dE/dz=V,
=1.74X10%22 [V/m?

8§=17.66X10"?" [J1] 8=17.43X1077 [J]
A=2.23X107% [J]
H=1.0 [T] 6=0
a=8.62X1073
C=a/T? [mJ K/mol] a=2.53X1072 a=3.28X1072
0=m/2 [mJ K/mol] [mJ K/mol]
a=6.70X1073
[mJ K/mol]

5=1.53X10"% [J] §=1.49X 1072 [J]
A=2.23X10"2 [J]
H=2.0 [T] 6=0
a=1.82X1072
C=a/T? [mJ K/mol] a=1.02%x10"! a=8.75X1072
0=m/2 [mJ K/mol] [mJ K/mol]
a=1.05X107?2
[mJ K/mol]
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TABLE 1V. Summary of the nuclear specific heat of CuV,S,. In the presence of a magnetic field the
contribution to the specific heat is dominated by the Zeeman effect in vanadium nuclei. In the absence
of the magnetic field the specific heat comes from the electric quadrupole interaction of the copper nu-

clei in the electric-field gradient.

Values of a [mJ K/mol]

Definition of a Calculations Experimental
C=a/T? 63/65Cu 2x3y Summation values
H=0.0 [T] 5.40X1073 0 5.40x 1073 5.40X107?
H=1.0 [T] ~7.7X1073 2.53%X1072 3.3%X1072 3.28X 1072
H=2.0 [T] ~1.4X1072 1.02X 107! 1.2X107! 8.75X 102
Zeeman terms are given by culated value of ay is estimated by using entries in Table
A1 B oy IL;
g =————yyAHV 4—3 cos“0 , _
1T Ty TN ay=2.53X10"2 [mJK/mol], H=1.0[T]. (12)
£, =— A + _1_7 NﬁH\/ 4—3cos?0 , Table IV summarizes the nuclear specific heat of CuV,S,.
2 2 @) It is noted that the vanadium nuclear Zeeman effect dom-
- A 3 AH cosO inates the Schottky-type specific-heat anomaly in an ap-
3T TN ’ plied magnetic field. A comparison of the calculated
A 3 values of a with the experimental value is in the excellent
8= + 27 ~TH cos@ . agreement.

Here we assumed that there is no mixing in the subspace
between the states of m =1} and m =+3.

The leading term in the specific heat for the high-
temperature expansion for the Schottky-type specific-heat
anomaly is equal to

R AMS(yyfH? 4

Coen(Cu)=2x —, 6=
Sch( u) 4 k}; XT2 , (7] 0,

=ag,(0)/T?,

_ R _ A2y yEH)?
Csch(cu)——zx_k};——‘—“x— , 0

T2
=aqc,(m)/T?.

9)

Il

T,

(10)

The numerical value of a can be obtained by using the
value of A in Eq. (4) in Sec. III E. On the other hand, the
experimental value of « is obtained from the specific heat
shown in Figs. 8 and 9. Unfortunately, it should be noted
that the experimental results of @ can give only the aver-
aged for the angle 6. A comparison of the experimental
value of a with the calculated value is given in Table III.

The vanadium atom has nuclear spin I =1, then the
nuclear Zeeman splitting appears in a presence of a mag-
netic field. The difference between each energy level is
y vAiH. The high-temperature specific heat is given by

_2R (ynAH? _
CSCh(V)-TI(I+1)—k§_XF , I1=7/2,
_21R  (vNAH) 1
2 k3 T?’
=a,/T?. (11)

Here it should be noted that the number of vanadium
atoms in one molecule is two in the formula unit. The cal-

IV. SUMMARY

In conclusion, high-quality single crystals of CuV,S, do
not reveal superconductivity in the temperature region
down to 60 mK. Furthermore, previous experimental re-
sults® are not intrinsic to this compound. Nevertheless
we cannot rule out the possibility of superconductivity
below 60 mK.

The ground state of Cu®>" ions placed in T,; symmetry
experiences a Jahn-Teller distortion (local distortion) to a
state of lower symmetry. This Jahn-Teller distortion leads
to the existence of the EFG and then the quadrupolar in-
teraction at Cu nuclei; consequently, the quadrupolar
splitting contributes to the specific heat in the zero field.
The electric-field gradient at Cu nuclei is estimated to be
eq=1.74X10% V/m>.

Detailed analysis for the nuclear specific heat below 1.0
K has been presented, and a comparison between the
theoretical analysis and the experimental result is given.
Below 0.2 K, a nuclear specific heat is observed and an
applied magnetic field increases the magnitude of the
specific heat due to the nuclear Zeeman effects of V and
Cu nuclei and also the electric quadrupole interaction of
the Cu nuclei. The high-temperature tail in the
Schottky-type specific heat gives good agreement with
theoretical calculations. The dominant contribution to
the specific-heat anomaly in an applied field comes from
the vanadium Zeeman effect at low temperatures.
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FIG. 3. Laue photograph for CuV,S, taken by back
reflection from a face of octahedral-shaped single crystal.



