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Low-temperature specific heat in a dichalcogenide superconductor 2H-NbSes is measured in various magnetic

fields. It is found that the specific heat can be described very well by a simple model concerning two components

corresponding to vortex normal core and ambient superconducting region, separately. For calculating the specific heat

outside the vortex core region, we use the Bardeen—Cooper—Schrieffer (BCS) formalism under the assumption of a

narrow distribution of the superconducting gaps. The field-dependent vortex core size in the mixed state of 2 H-NbSez,

determined by using this model, can explain the nonlinear field dependence of specific heat coefficient v(H), which is

in good agreement with the previous experimental results and more formal calculations. With the high-temperature

specific heat data, we can find that, in the multi-band superconductor 2H-NbSe2, the recovered density of states (or

Fermi surface) below T. under a magnetic field seems not to be gapped again by the charge density wave (CDW) gap,

which suggests that the superconducting gap and the CDW gap may open on different Fermi surface sheets.
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1. Introduction

2H-NbSes, of transition metal

dichalcogenides, is an interesting superconductor be-

a member

cause the electron-phonon coupling leads to the coex-
istence of the superconductivity (SC) and the charge
density wave (CDW). The relationship between SC
and CDW is still an issue of long standing. By chang-
ing some parameters, for example, by intercalating
alkaline elements™2?! into the parent materials or by
changing pressure,l®l it was found that the CDW and
the SC could compete each other and a phase diagram
looked similar to that of cuprates.l! Recently experi-
ments by using angle-resolved photo-emission spectro-
scope (ARPES) showed that the superconducting gap
in 2H-NbSe, was Fermi surface sheet-dependent.!®-
Meanwhile, the superconducting state of this system

2H-NbSes, charge density wave, superconductivity, specific heat

has been studied extensively by specific heat measure-
ment. One of the most interesting issues based on
these experiments is the nonlinear field dependence of
the electronic specific heat coefficient y(H). It was
first suggested that this coefficient was due to the
shrinking of the vortex cores.[] Similarly, Hanaguri
et al pointed out that the v(H) anomaly was caused
by quasiparticle density of states (DOS) outside the
vortex cores.8] The close relationship of the nonlin-
ear y(H) with the delocalized quasiparticles and the
vortex core size has been well established from other

9—11]

studies, which confirms the microscopic theory

for interacting vortices in single-band and two-band
systems.['2=14 However, it remains unclear whether
the SC and the CDW phases can compete each other,
and how the possible competition influences the low

energy excitation in this interesting system.

*Project supported by the National Natural Science Foundation of China(Grant Nos 10221002/A0402 and 10774170/A0402),
the State Key Development for Basic Research of China (Grant Nos 2006CB601000, 2006CB921802 and 2006CB921300), the
Knowledge Innovation Project of Chinese Academy of Sciences (International Team on Superconductivity and Novel Electronic
Materials, ITSNEM), and the U.S. National Science Foundation (Grant No DMR-0605748).

fCorresponding author. E-mail: hhwen@aphy.iphy.ac.cn

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



2230

Yan Jing et al

Vol. 17

In this paper, we report the measurements of the
specific heat of 2H-NbSe, single crystals in various
magnetic fields up to H.s and a large temperature re-
gion covering the CDW transition. It is found that a
two-component model in the framework of Bardeen—
Cooper—Schrieffer (BCS) theory can be used to sim-
ulate the experimental data very well and vividly
present the shrinking of vortex core in 2H-NbSey due
to quasiparticle delocalization. By comparing the data
of superconducting state and CDW state, we suggest
that the superconducting gap and the CDW gap may
open on different Fermi surface sheets.

2. Experiment

The samples used in our measurements were sin-
gle crystals with transition temperatures Tocpw=35K
and T.=7.1K. They were the selected best samples
with dimensions of 3.1 x 2.8 x 0.35 mm? and the steep-
est superconducting transition to measure the specific
heat. The specific heat from 1.8 to 50 K in magnetic
fields of zero and 8 T' was measured first. And then in
a low temperature region from 1.8 to 12 K, the specific
heat was measured in magnetic fields varying from 0
to 4T in steps of 0.5T. All the measurements were
performed with a Quantum Design physical property
measurement system (PPMS). The calorimeter puck
had been calibrated in magnetic fields to avoid the ef-
fect of the thermometer magnetoresistance. The spe-
cific heat of the addenda was subtracted automatically
by the software through two steps of measurements:
first, we measured the specific heat of only the ad-
denda with a little grease on it, and then the specific
heat of the addenda together with the sample on it.
The magnetic field was applied parallel to the c-axis of
the samples in all the measurements. All the data of
specific heat were obtained with temperature increas-
ing after the sample had been cooled in a magnetic
field from a temperature well above T, namely, in a
field cooling process.

3. Results and discussion

The specific heat data in a wide temperature
range which covers the temperatures of both the CDW
and superconducting transitions are shown in Fig.1.
The inset gives an enlarged view around the super-
conducting anomaly. The two transitions take place
at Tcpw = 35K and T, = 7.1K respectively, both

judged by the starting point of the transitions. The
anomaly corresponding to the CDW transition is a lit-
tle wide but clear enough to see. On the contrary, the
superconducting transition which occurs against the
background of the CDW state is very sharp. At a high
field of 8 T, the anomaly corresponding to the CDW
transition does not change at all compared with that
in a zero field, while the superconducting anomaly
is suppressed completely, showing a strong field in-
duced pair breaking effect. A high magnetic field sup-
presses the superconductivity and recovers a normal
state which is exactly the same as the state just above
T.. This would not happen if the field induced extra
DOS or the newly emergent Fermi surface segments af-
ter using a magnetic field in the superconducting state
were gapped again by the CDW phase. In other words,
the SC comes from the residual electronic states af-
ter the formation of CDW phase, and such residual
states will not be further gapped away by the CDW
phase with the increase of field below T,.. This sug-
gests that the SC and the CDW gaps may open on
different Fermi surface sheets.
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Fig.1. Temperature dependences of specific heat from 1.8
to 50K at uoH=0 and 8 T. The inset is an enlarged view
around the superconducting anomaly.

Figure 2 shows the specific heat data as C/T
versus T2 from 1.8 to 10K with magnetic field in-
creasing from 0 to 4T in steps of 0.5T. The criti-
cal temperature is suppressed gradually by the mag-
netic field from 7.1K to a temperature below 1.8 K.
Above 4T, the sample turns into the normal state
entirely. The results are consistent with that given
by Sanchez et all'®) From the data at 4T we find
that the normal-state specific heat can be described
by Cn/T = v, + BT?. The first term on the right-
hand side is the electronic specific heat in the normal
state, and the second term is due to the phonon con-
tribution. Fitting to the formula mentioned above,
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the coefficients 7, = 17.67mJ-mol~*-K~=2 and 3 =

0.51 mJ-mol_l-Ii_]‘\l[ akreZdetermined. From the rela-
12

tion: § = — “ATBZ — 6.02 x 10

5 05

is the Avogadro constant, and Z = 3 the number of

, where Na

atoms in one unit cell, we obtain the Debye tempera-
ture ©Op = 225.3 K.
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Fig.2. Specific heat in C/T versus T2 in various fields
parallel to the c-axis of the sample.

By subtracting the phonon contribution the elec-
tronic specific heat C, is obtained. In the supercon-
ducting state, C, = 4T, where + is the electronic spe-
cific heat coefficient that is dependent on temperature
and field. In Fig.3 the value of v in a zero field, sub-
tracted by the value o 7, is plotted, and the solid line
denotes a theoretical fit that will be described in de-
tail in the following section. From this figure we find

AC/ T
weak-coupling limit BCS value 1.43, which may indi-

cate that this system belongs to the moderate coupling

case.
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Fig.3. Temperature dependence of the electronic specific
heat coefficient in a superconducting state under a zero
field. The solid line represents a theoretical fit to expres-
sion (2).

The upper critical field determined by the mid-
points of superconducting anomaly of the specific heat

is shown in Fig.4. The solid line denotes a fit by using
the slightly modified formula based on the Ginzburg—
Landau theory

Hez = Hea(0)(1 — £%)/(1 + at?), (1)

where t = T/T,, and a = 0.4. Tt fits the experimen-
tal data fairly well, leading to the determination of
the zero-temperature upper critical field poHeo(0) =
3.68+0.1T.
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Fig.4. The upper critical fields determined by the mid-
points of the jump of the specific heat, with the solid line
denoting a fit by using expression (1).

Next we show the quantitative analysis on the
specific heat data both in a zero field and in a mixed
state. We use the formula which is derived from ther-
modynamic relations based on the BCS theory!!6! for
calculating the specific heat. The electronic specific

heat in the zero field can be written as

27 oC/kBT
es - kBTQ / / ]_ +eC/kBT)
T dA2
2 2 _ - Y=
X (5 +A 5 qT > de db, (2)

where ¢ = V2 + A2 and A = A(T)f(0), with A(T)
being the temperature dependent BCS gap function.
Neither the isotropic gap (f(#)=1) nor the gap with
nodes (e.g. f(0) =
tal data. On the contrary, an anisotropic gap or two

|cos36|) could fit the experimen-

isotropic gaps can fit the data very well, which is
shown in Fig.5 as solid lines for H = 0 according to
an anisotropic gap (a) and two isotropic gaps (b). For
the anisotropic gap, f(#) = 0.4 + 0.6]cos36|, and the
gap value at a zero temperature is Ag = 1.62meV [i.e.
A(T = 0)]. Here we have chosen |cos36| because 2H-
NbSes has a triangular lattice structure, which may
lead to 3- or 6-fold symmetry as suggested in Ref.[4].
We have also tried to use other form of gap with a
similar level of anisotropy mentioned in other more
formal calculations,!*®! to do the same job. It is found



2232

Yan Jing et al

Vol. 17

that the fitting curves are sensitive only to the level
of the anisotropy but not to the selected form of gap
function. For the two-gap model, the gap values at a
zero temperature are A; = 1.50meV, Ay = 0.85meV
and the two parts with different gap values separately
occupy 64% and 36% in the whole superconducting
electronic specific heat. Both the anisotropic and the
two-gap model can fit the data very well.
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Fig.5. The calculation result by using the two-component
model according to an anisotropic gap (a) and two
isotropic gaps (b).

In the mixed state, there are two different re-
gions, namely the core region and the outside core re-
gion. Therefore we adopt an improved two-component

model(17:18]

which separates the electronic specific
heat into two components. The electronic specific heat

is thus written as

H H
C. = aiHcg ) T + (1 - aich ) > Ces-  (3)

The first term on the right-hand side is the density of
states coming from the normal vortex core regions,
and the second part originates from the supercon-
ducting regions outside the cores. Recently, Shan
et al '8 used this two-channel model to explain the
point-contact Andreev reflection spectra measured in
various magnetic fields successfully. In this model, the
parameter a was introduced to take into account the

vortex shrinking caused by any mechanism. More-

over, oH/Hc(0)y, is obviously equal to the zero-
temperature electronic specific heat coefficient v(H)
according to expressions (2) and (3).
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Fig.6. Field dependences of the gap value. The solid squares
are denote the calculations obtained by using the anisotropic
gap. The dots and triangles refer to the results obtained
from the two-gap model. The lines represent the relation
Aox /1 — H/ch[25*27] based on the figure of magnetic field
induced pair breaking varying with H/H.2 as the pair break-
ing factor.

The fitting results

component model for the mixed state are shown in

according to the two-

Fig.5. The anisotropic gap and the two-gap model
almost bring the same results both in a zero field
and the mixed state, and the determined values of
~v(H) are also identical. We could not distinguish
the gap forms by using the fitting to specific data
Accord-

ing to these results, we demonstrate the strong k-

both in a zero field and the mixed state.

dependence of the superconducting gap. The band
structure of 2H-NbSes consists of quasi-2D sheets and

19

a 3D ‘pancake-like’ pocket.['9) Several measurements

have shown the evidence for gap anisotropy in this

[9.20-22] Yokaya et al 1°!

system. measured the SC gap
at different points in k-space. Their results suggested
no gap or a very small one in the small 3D pocket if it
even exists, and gaps with different values on the two
quasi-2D sheets. Since the density of states on the 3D
sheet is too small, we think that the anisotropy of the
gaps mostly arises from the quasi-2D sheets. However,
we cannot distinguish the two possible cases from each
other: multi-gap model and a single anisotropic gap.
This is in good agreement with the recent measure-
ments of the penetration depth and specific heat.[2:23!
A recent work on the Al-doped MgB,?4 has pointed
out that the evolution of the gaps suggests that the
interband scattering increases with Al content increas-
ing. Therefore, for NbSe,, if the gaps on the two 2D

fermi surfaces are similar to each other, the interband
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scattering may smear up the two gap effect and be-
come similar to the case of single anisotropic gap. The
field dependence of the average zero-temperature gap
values is plotted in Fig.6. The solid lines show the rela-
tion A(T = 0) o< /1 — H/He21?~?7 which is derived
for the magnetic field induced pair breaking varying
with H/H.o as the average pair breaking factor.

In what follows, we will testify the validity of the
above analysis by comparing the physical quantities
derived here with those determined by other groups or
by using other experimental methods. Figure 7 shows
the field dependence of the electronic specific heat co-
efficient y(H) at a zero temperature, determined from
our general fit. As one can see, the determined ~(H)
in our work is in good agreement with those obtained
by other groups,!”1%28 and a low field nonlinearity is
very clear. There are two possible reasons for inter-
preting this nonlinearity: multigap effect and delocal-
ization of quasiparticles.[”-?/ In MgB, a strong non-
linear effect of v(H ) has been observed due to the easy
pair breaking by magnetic field from the m-band with
a much small gap compared with the o-band gap. As
we stated already, there are indeed multigaps in 2H-
NbSesq, but the total density of states arising from the
small pancake-like Fermi surface around the I" point
is very small, this little contribution is certainly not
enough to give rise to a nonlinear effect on the v(H)
relation. Furthermore, based on the fitting results,
we have shown that, even though there are two sets
of cylinder-like Fermi surfaces, the gaps on them are
quite close to each other, which would be also difficult
to bring about the nonlinear effect on (H). In this
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Fig.7. The electronic specific heat coefficient v(H) nor-
malized to the normal state value vs H/Hca. The solid
triangle denotes our data determined from the theoretical
calculations based on the two-component model. The oth-
ers are for the data given by Sonier et all”l at T = 2.3K
by changing the field, Nohara et al28] through extrapo-
lating to T'— 0, and Sanchez et all'®! through using the
two-component model

case, the nonlinear field dependence of v(H) may be
naturally attributed to the delocalization of the quasi-
It is noted that C(T') may have a
T?-term in the vortex state arising from the V-shape

particle states.

DOS at the Fermi surface as pointed out by Nakai et
al.13% Our simple model cannot reflect such a T?-term.
However, if it indeed exists, the obtained v(H) will be
modified slightly due to the small slope of T2 term on
the C/T versus T plot and the constrain of entropy
conservation.

In addition, we find that the two-component
model can fit the experimental data very well, with
only a little modification required. From the data
shown in Fig.5, it is seen that the jump of the spe-
cific anomaly becomes wider and wider with magnetic
field increasing, but the calculations cannot fit that
in tail. It is thus assumed that the gap has a slight
distribution with G(A) as a distribution function. We
further assume that G(A) has a form of a Gaussian
distribution

G(A) = — 2250 (4)
wy/ /2
where Ag means Agcg(T), and w is the full width at
half-maximum (FWHM) of the gap distribution func-
tion.

A(z)/ Ao

A(x)/ Ao

x/arb. units

Fig.8. Spatial variations of the normalized order param-
eter, separately, in the presence of Abrikosov vortices,
shown by solid lines, and in two-component model, shown
by dotted lines for low field (a) and high field (b). Where
the dashed lines are for the two-component model with a
gap distribution.

The reason why the gap distribution is consid-
ered here is that the two-component model is a rigid
one while in the real case the normal core and out-
side region should not have a clear-cut boundary. A
schematic plot for the spatial distribution as a func-
tion of gap value in the mixed state is shown in Fig.8
as the solid lines. The dotted lines show the situation
for the rigid two-component model, and dashed lines
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are for the case in which the gap distribution in taken
into account. For the low field case [Fig.8(a)], the vor-
tex cores are located far from each other, and Fig.8(b)
shows the case for a higher field. The distance between
the cores decreases with the increase of magnetic field.
Since the spatial distribution of the order parameter
or the gap values is closely related to magnetic field,
we naturally modify the rigid model by treating this
effect as a gap with the Gaussian distribution. An in-
tegral of gap is carried out and expression (2) becomes

27 oC/kBT
es = kBT2 / / / 1 + e(/k:BT)
T dA?
X <£2 + A% — 2dT> G(A)dAdOde. ()

The modified two-component model with the
Gaussian gap distribution can fit the experimental
data very well, which is shown in Fig.9. Only a very
small FWHM of the distribution is needed (from 0.015
for poH = 0T t0 0.075 for pgH = 3T), indicating that
the original rigid model may have already provided a

50F W pgH=0.0T © poH=05T 4
e poH=1.0T o poH=135T

40F & poH=20T & poH=25T J
v ioH=3.0T F

(C'e/T)/mJ'mol‘1-K‘2

Fig.9. Ce¢/T versus T, where the lines represent theoreti-
cal calculations obtained from the revised two-component
model.

good basis. In addition, at a zero field there occurs
also a little broadening of the transition. This may
be attributed to the slight contribution of the de-
fects in the sample, which can also be treated by a
Gaussian gap distribution with a small FWHM. This
two-component model can reproduce the results from
other groups very well.'>29 For the data of Nb, re-
ported by Sonier et al,[?”! the two-component model
with an isotropic gap function works very well, in-
dicating a similar low energy excitation in these two
different materials. And the data of NbSes, reported

by Sanchez, encounter the same instance as ours.

4. Conclusions

Through the measurements of low temperature
specific heat of 2H-NbSes, we find that the recovered
density of states (or Fermi surface) below T, under
a magnetic field seems not to be gapped again by
the charge density wave (CDW) gap, which suggests
that the superconducting gap and the CDW gap may
open on different Fermi surface sheets. For the su-
perconducting state, we use a two-component model
based on the BCS theory to fit the experimental data.
The form of the superconducting gap cannot be de-
termined through the fitting, for both the anisotropic
gap model and two-gap model fit the data well. The
determined v(H) at a zero temperature shows its non-
linearity with H, which is consistent with the previous
work. In addition, the data can be fitted very well
by the modified two-component model with a narrow
distribution of the superconducting gaps outside the

vortex cores.
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