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Low-temperature specific heat of Li„Nbs2 intercalation compounds
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%e report measurements of the low-temperature specific heat of Li„NbS2, for 0&x (1. Samples
were prepared by intercalating lithium into NbS2 in electrochemical cells. X-ray diffraction and
electrochemical measurements show that staged phases exist for some values of x. The electronic
specific heat of Li„wbSq is consistent with complete charge transfer from the intercalated lithium to
the bands of the NbS2 host. The lattice specific heat also exhibits large variations as a function of x.
A discussion of the data in terms of continuum-elasticity theory suggests that intercalation produces
large changes in the elastic constant c~.

I. INTRODUCTION

The layered transition-metal dichalcogenides (LTMD's)
and their intercalation compounds are the subject of con-
siderable current interest' because of their unusual physi-
cal properties and technological applications. Lithium in-
tercalation compounds of the LTMD's are particularly in-

teresting, because they are the basis of new high-
performance rechargeable batteries.

Intercalation of LTMD hosts with electron donors such
as lithium generally leads to changes in the host's elec-
tronic properties. In many cases these can be understood
in terms of charge transfer from the intercalant to the
lowest empty states in the bands of the host. ' In
Li„NbS2, as in many lithium-intercalated LTMD's, the
lithium concentration can be continuously varied over
much of the range between x =0 and x = 1 without phase
separation. This is not the case in most graphite inter-
calation compounds or in LTMD's intercalated with or-
ganic molecules. ' The rigid-band charge transfer model
implies that as we increase x in Li„NbS2, the Fermi level
will move up through the NbSz bands. Since the electron-
ic specific heat depends on the density of states at the Fer-
mi level, measurements of the specific heat as a function
of x should allow us to map out the NbSi electronic den-
sity of states.

In addition to the changes in electronic properties, in-
tercalation is expected to modify the phonon properties of
the host, both by the addition of new modes and by modi-
fying the interlayer forces. Measurements of the phonon
specific heat are therefore also of interest.

In this paper we report specific-heat measurements on
12 Li„NbS2 samples with 0&x &1, for temperatures be-
tween 2 and 20 K. The electronic specific heat is dis-
cussed in terms of charge transfer and compared with pre-
dictions based on a calculated band structure for NbS2. '

Lattice specific-heat results suggest a dramatic softening
of the elastic constant c~ for 0» x &0.3.

II. PREPARATION AND STRUCTURE GF Li N182

The Li„NbSz used in this work was prepared by inter-
calation of Li into NbSz in electrochemical cells. A brief

summary of the preparation procedure is given here; it
has been described in more detail elsewhere. 6 The first
step was the preparation of NbS2 by reaction of the ele-
ments in evacuated quartz ampoules. Powdered Nb and S
were used, and sufficient excess sulfur was added to en-

sure a stoichiometric product. The sealed ampoules were
slowly heated to 950'C and held there for three days,
cooled to 750'C, and annealed there for one day, then
quenched in cool water. The product was a free-fiowing
powder. X-ray powder diffraction measurements indicate
that all our NbS2 was in the 2H crystal phase. The hex-
agonal lattice parameters were a=3.324+0.005 A and
c=11.96+0.01 A. These are in agreement with previous-
ly published values.

The electrochemical cells used contained a lithium met-
al anode and a cathode consisting of NbS2 powder bonded
to a nickel substrate. They were similar to cells described
in a previous paper, except that the cathodes were larger,
typically containing 0.3 g of NbS2, and were passed be-
tween rollers to compact the layers of NbS2 powder. Rol-
ling the cathodes has been found to improve cathode utili-
zation.

Intercalation of the Li, NbS2 samples used for specific-
heat measurements was carried out by discharging cells to
a preset voltage using a PAR model 173 potentiostat.
Values of x in Li„NbS2 were determined coulometrically.
The equilibrium voltages and x values for the specific-
heat samples are shown in Fig. 1. The continuous lines in
the figure are voltage versus x curves obtained by slow
constant current discharge and charge of a test cell. The
V(x) behavior is in agreement with previous, less accurate
measurements.

Bectrochemical and in situ x-ray measurements indi-
cate that staging occurs in Li„NbS2, as it does in
Li„NbSe2. By applying essentially the same techniques
as in Ref. 8, we have found that for x &0.23, Li„NbS2
has a stage-1 structure; that is, there is an equal concen-
tration of Li in each interlayer gap. For x between ap-
proximately 0.11 and 0.19, there is a stage-2 phase. In
stage 2, every second interlayer gap contains Li, awhile the
intervening gaps are empty (or nearly so). That this phase
is truly stage 2 is shown by the presence of (007) and (009)

33 5214 1986 The American Physical Society



33 LO%-TEMPERATURE SPECIFIC HEAT OF Li„Nbs, . . . 5215

N

O

0
0.0

l I I I I I I I l 1

0.2 0.4 0,6 0.8 1.0
x in Li„NbS2

FIG. 1. Cell voltage as a function of x for Li/Li„NbS2 cells.
The lines show the first discharge and the subsequent first
charge of cell DD65. The charge and discharge were both at a
rate of M=1 in 60 h. Also shown (g) are the V(x) values for
each of the specific-heat samples.
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Bragg peaks. In pristine NbSz and in the stage-1 inter-
calated compound, (OOI} reflections with I odd have a
geometrical structure factor of zero. In the stage-2 com-
pound, only one of the two interlayer gaps in the unit cell
contains lithium and is expanded. The two layers in the
unit cell are no longer equally spaced along the c axis, and

(001) peaks with I odd are allowed. Only (007) and (009)
peaks have been observed, and intensity calculations
show that the other (001}peaks with I odd should be rela-
tively weak. In this material, staging is observed primari-
ly through the expansion of the host lattice due to the fact
that intercalated gaps expand, as the scattering power of
lithium is very small. The stage-2 and stage-1 phases of
Li„NbS2 both appear to have the same structure as 2H-
NbSz except for the addition of Li and the expansion of
one or both of the interlayer gaps, respectively. This is an
important point, since McEwan and Sienko' report that
Li,NbSz prepared by high-temperature reaction forms in
a 3R phase or a 2H-3R phase mixture for x between 0.01
and 0.13. Apparently, intercalating at room temperature
avoids this. McEwan and Sienko also observed a (007} re-
flection in 2H-Li„NbSz for x between 0.13 and 0.17; they
failed, however, to correctly identify it as being due to a
stage-2 structure. There is also evidence for a disordered
stage-3 phase near x=0.08, similar to that observed in
Li„NbSez. It has not yet been investigated in detail.

Our measurements of the a and c axes of the 2-layer-
high unit cell of Li„NbSz are shown in Fig. 2. McEwan
and Sienko have also measured a and c. ' When a posi-
tive systematic error in their x values" is allowed for,
their results are in approximate agreement with ours.

III. SPECIFIC-HEAT MEASUREMENT
PROCEDURE

Samples for specific-heat measurements were prepared
by forming Li, NbSz in electrochemical cells as described
above. The cells were opened in an argon-filled glove box
to recover the powder, which was then pressed into disk-
shaped pellets using a steel die. Typical samples were 6
mm in diameter, about 2 mm thick, and weighed about
100 mg.

Heat-capacity measurements were made using the
relaxation-time method. ' As is usual in such experi-
ments, the sample and its hester and thermometers were
suspended from a temperature-regulated block in a vacu-
um chamber which was immersed in liquid helium. In
our apparatus, the vacuum chamber may be plugged and
removed from the rest of the cryostat. When detached,
the chamber may be taken into the glove box for sample
mounting. When the chamber is again attached to the
cryostat, the plug is removed by means of a rod which
runs up to the top of the apparatus. The samples were
therefore never exposed to air. A microcomputer system
was used for data acquisition and control. Because of the
low thermal conductivity of our pressed pellet samples,
the thermal decays were not single exponentials, and a
data analysis procedure similar to that described in Ap-
pendix C of Ref. 12 has to be used. The absolute accura-
cy of the specific-heat measurement is estimated to be
about + 2% in most cases.

IV. RESULTS

FIG. 2. Hexagonal lattice parameters a and e for Li NbS2.
The unit cell is two layers high.

Low-temperature specific-heat measurements were
made on NbSz, and eleven Li NbSz samples. Data for
NbSz, Lio zoNbSz, and Lio 5ONbSz are shown in Fig. 3.
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FIG. 3. Specific-heat data as a ~as a function of temperature for
2(+ ), LiQ3NbS2 (C3), and LioqNbS (0). Th 1'
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The specific heat of a normal metal t ff '
y

temperature is expected to be of the form
a su iciently low

c =yT+pT, (1)

where the linear and cubic term derms are ue to conduction
eectrons and phonons„respectively. The solid lines in
Fig. are least-squares fits to this equation.
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(2)
T Tc

(c,/T)d T = f (cjv /T)d T,

Nwhere c, and c sre the specific heats in the supercon-
ducting and normal states, respectively.
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V. ELECTRONIC SPECIFIC HEAT

Fi ure4s'g shows the electronic specific-heat coeff '
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as been calculated by
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Assuming rigid-band charge transfer (as dis d
'

the Introduction in
as 1scussed 1n

'
n'„ intercalation progressively fills the dz

band, until it is completely full tu s x =1. To calculate the
e ectronic specific heat we u th ll-kse e we - nown relation

y(x)=(1+1) kttN(eF(x)),
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FIG. 6. Tight-binding fit to the layer method band structure
of NbS2. A separate fit was used to determine the dz band
density of states. (From Ref. 5.)

which allows calculation of e~(x) and hence N(e~(x) ).
In order to calculate y(x) from Fqs. (3) and (4) we need,

in principle, to know A, as a function of x. Given the lack
of sufficient information to allow an independent deter-
mination of )i,, we will make the approximation that it is
constant. To assign a numerical value to A, we use the
values of y and N(ez} (Ref. 5) at x =0. These are
19.5+1.5 mJ/mole K2 and 2.94 states/eV-formula unit,
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FIG. 7. dz band density of states for NbS2 (Ref. 5). The an-
gular nature of the curve is the result of digitization of the
graphical information in Ref. 5.

where N(e) is the molar electronic density of states (as-
sumed in the rigid-band model to be independent of x),
ez(x} is the Fermi energy of Li,NbSz and )(, is the
electron-phonon coupling constant. Rigid-band filling
implies that

e+(x)x= Ne e, (4)

respectively, giving )i, =1.8. This is in reasonable agree-
ment with the values derived by Aoki et al. ' for NbS2.

The curve obtained by use of Eq. (3) and A, =1.8 is
shown in Fig. 4, along with the data. A curve for A. =1.2
is also shown. The general features of the data and the
calculated curves agree. Even in the context of rigid-band
charge transfer, exact numerical agreement should not be
expected, because of the approximate nature of the band
calculations and the fact that variations in A, as a function
of x are possible.

Several conclusions can be drawn from the data.
(i) y tends to a value near zero at x= l. This supports

the hypothesis of complete charge transfer, that is, each
intercalated lithium atom donates one electron to the
NbS2 bands.

(ii) Use of the dz bands of the NbS2 host gives reason-
able agreement with the Li„NbSq data. There is no evi-
dence that intercalation leads to either major changes in
the dz band or to band overlap in this material.

(iii) The shoulder in the specific-heat data at x =0.4 in-
dicates that this is the value of x for which the Fermi lev-
el of Li, NbS2 crosses the saddle point in the Li,NbS2 dz
band. If we assume a completely rigid band (that is, the
Li„NbS2dz band is the same as the NbS2 dz band), this
puts the following constraint on the density of states of
NbS2.

~S
de=0. 4 states ormula unit (5)

EF

Here, ez and eq are the Fermi energy of NbSq and the en-

ergy of the saddle point, respectively. Note that this re-
sult does not depend on any assumptions concerning A, .

(iv) Two of the specific-heat samples (x =0.13 and
0.16) were stage 2. Staging changes the symmetry of the
unit cell, and this will alter the host band structure. For
instance, the two dz subbands will no longer be degen-
erate on the top face of the Brillouin zone (the AHL
plane). Stage-related changes in band structure are well
known in graphite intercalation compounds, where the
effects of staging must be allowed for if charge transfer
models are to be used successfully. However, in stage-2
Li, NbS2, the fact that y agrees with the predictions of
simple rigid-band charge transfer suggests that staging
has little effect on N(eF). The specific heat in the stage-3
phase was not measured.

VI. PHONON SPECIFIC HEAT

The coefficient p of the T term in the low-temperature
specific heat is shown as a function of x in Fig. 5. Clear-
ly, intercalation induces significant changes in the phonon
spectrum. The Li~NbS2 samples with 0&x&0.4 had p
values greater than for NbS2, indicating a softer lattice.
For higher values of x the lattice stiffens up again, and by
x = 1 the value of p is lower than in NbSz.

There are two main ways that intercalation can affect
the vibrational properties of a NbSz sample. First, the ad-
dition of lithium atoms means the addition of new vibra-
tional modes. Second, the original phonon modes of NbS2
will be modified, because the presence of intercalated
lithium will modify the interatomic forces, especially
those between layers.

First consider the vibrational modes associated with a
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single intercalated lithium atom. These are localized
modes involving motion of the lithium atom and nearby
sulfur and niobium atoms. However, since the lithium
mass is much less than the mass of sulfur or niobium, we
can make the approximation that the atoms surrounding
the lithium are fixed and consider only the vibrations of
the lithium about the center of its site. Lithum in
Li„NbS2 is believed to lie in the octahedrally coordinated
sites in the gap, as it does in Li„TiS2.' We can make a
rough estimate of the restoring force constant for lithium
motion normal to the layers from the "spring and plate"
elastic model. ' In this model, intercalated lithium is
described by springs which work against the original in-
terlayer forces and push the layers apart. From the ob-
served c-axis lattice expansion and an estimate' of the
elastic constant c&l of the NbS2 host, we can estimate the
strength of these "lithium springs. " Attaching a lithium
atom to the center of the "lithium spring" gives a restor-
ing force of about 160 N/m, and a frequency co, =10'
s (=900 K). It is clear that this mode will not contri-
bute significantly to the measured low-temperature specif-
ic heat.

A similar estimate may be made for lithium motion
parallel to the layers. NMR studies of Li,TiSl (Ref. 18)
show that lithium moves between sites by thermally ac-
tivated hopping over a 0.3-eV potential barrier. The situa-
tion in Li„NbS2 is probably similar. Assuming the sites
are harmonic potential wells and using the barrier height
above gives a frequency for in-plane motion of about
2)&10' s ' (=140 K). Again this will not contribute sig-
nificantly to the low-temperature specific heat.

In the discussion above it was assumed that the lithium
atom was on a site and that the only forces on it were
those associated with localizing it on that site. When
there are enough intercalated lithium atoms, however,
they will interact with each other, and there may be lower
frequency modes involving collective motion of the lithi-
um. In principle, the situation is rather complicated, be-
cause of the staging phase transitions as well as the possi-
bility of two-dimensional lithium ordering, which may
occur in this system as it does in Li„TaS2.' These phase
transitions may lead to soft modes. Some information on
the strength of the lithium-lithium interaction is available
from studies on the related Li,TiS2 system. Lattice gas
model fits to electrochemical data' used a repulsive
nearest-neighbor interaction of 50 meV. This is much
weaker than the 0.3-eV barrier between sites and suggests
that it may be possible to ignore collective effects. In any
case, the fact that the data fit a T temperature depen-
dence at low temperatures indicates that all low-lying
modes have a linear (acoustic} dispersion relation.

Another way to discuss the results is to treat the inter-
ca1ation compound as an anisotropic elastic continuum.
In the low-temperature T regime we are sensitive only to
long-wavelength acoustic phonons and can interpret the
results in terms of the macroscopic elastic constants of
Li„NbSz To this end, it is useful to make an approximate
calculation of p for NbSl. At low temperatures, the lat-
tice specific heat (per mole} is given by PTl, where

(lriu)
(6)

Ul(8) =(c» sin 8+c33 cos 8+c44
—

I [(c»—c44) sin 8+(c44 —C33) cos 8]i

+ (c&i+c~)r siniH] '~ )'~l/(2p)'~

Ui(8) = [(cs6 sin 8+C44 cos 8)/p]'~~,

U3(8) = (c» sin 8+c33 cos 8+c44

+ I [(cii —c44) sill 8+(c44 c33)cos 8]

+(cls+c44) sill HI ) /(2p)

(8a)

(8b)

(8c)

where p is the density and the c;J are the five independent
elastic stiffness constants.

Mode 1 is a quasishear mode. At 8=0 (propagation
along the c axis), it becomes a pure shear wave, with
atomic displacement in the plane of the layers. Since in-
tralayer bonding forces are much stronger than interlayer
forces, this acoustic wave involves essentially rigid layers
vibrating as units, and is called a rigid-layer mode. At
H=n/2, mode .1 is again a pure shear wave, now propaga-
ting in the basal plane with displacements along the c
axis. In the limit of long wavelength, this is also a rigid-
layer shear wave. The velocity of mode 1 at both 8=0
and lr/2 is (C44/p)' . C44 is the elastic constant associat-
ed with the rigid-layer shear. Mode 2 is a pure shear wave
for all 8. At 8=0 it is a rigid-layer mode degenerate with
mode 1, and at 8=lr/2, its sound velocity is (c66/p)'
Mode 3 is a quasilongitudinal mode.

Equations (8) can be used to evaluate U and hence P,
provided the elastic constants are known. To our
knowledge, the elastic constants of NbS2 have not been
measured. The NbSl Raman results of McMullen and
Irwin are not sufficient for the calculation of a complete
set of elastic constants, although they do support the as-
sumption that the elastic constants of NbSl are roughly
the same as those of other related LTMD's. However,
since the purpose of the calculation is primarily to identi-
fy which elastic constants are most important in deter-
mining the specific heat, approximate values will suffice.
We will assume that the elastic constants of NbS2 are
close to those for NbSe2. A reasonable set of values for
these is, in units of 10' N/m; c» ——10.8, c33 —46,
c~——1.9, c66 ——4.6, and c~3-1. The choice of NbSe2 is
not critical. Other related LTMD's with the 2H struc-
ture, such as TaS2 and MoS2, have elastic constants
reasonably close to these.

When P is evaluated using these elastic constants,
p=4.6 g/cm for NbSl and Eqs. (6), (7), and (8), we get
P=0.22 mJ/mole K. The experimental value is 0.31
mJ/mole K . This is reasonably good agreement, consid-

V is the molar volume, and 1/u is the average over mode
and direction of propagation of the inverse cubed sound
velocity, that is,

1 (~f dQ 1
(7)

4n „(k)l
where U, is the velocity of sound for mode s (s =1, 2, or
3) and direction of propagation along the unit vector k.

The sound velocities in a hexagonal crystal are func-
tions only of the angle 8 from the c axis, and are '
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ering the calculations were made using the elastic con-
stants of a different material. More important than the
value of p is the fact that the rigid-layer shear modes
make by far the largest contribution to p. Sixty percent
of the calculated phonon specific heat is due to mode 1.
This suggests that p in this system is controlled most
strongly by c44. Another way to see this is to calculate the
derivatives ap/ac;J. These are, in units of 10 ' m J/N
mole K~,

ap = —0.42,
acii

ap = —1.5,
ac66

ap = —1.5,
acti

=+1.0 .
acii

ap = —7.9,
ac44

VII. CONCLUSION

X-ray diffraction measurements of the structure of
electrochemically prepared I i„NbS2 mere made, and
stage-2 and -3 phases have been identified. The low-
temperature specific heat of NbS2 and 11 Li„NbSz sam-

Since p depends most strongly on c44 and since c44 de-
pends primarily on interlayer forces and should therefore
be strongly affected by intercalation, we believe our
Li, NbSz data reflect the way c44 changes as a function of
x. The only other elastic constant which depends mainly
on interlayer forces is cii,' this, however, has relatively lit-
tle influence on p. In this interpretation, the high p
values for the samples with 0 & x ~0.4 indicate low values
of c44, relative to NbS2.

The reason why c44 is low for 0 p x ~ 0.4 is not yet ful-

ly understood. As shopvn in Fig. 2, the c axis expands
rapidly as a function of x in this composition range. As
the layers separate due to intercalation, the interlayer
shear forces appear to be weakened. As x is increased
further, it apparently begins to be possible for shear to be
transmitted from one NbSz layer to the next through the
intervening layer of lithium. In addition to effects due to
layer separation, staging and possibly lithium ordering
may be involved.

Note that p, and therefore c44, do not appear to be
smoothly varying functions of x for the set of samples
studied. In particular, the samples at x=0.16 and 0.30
have higher p values than other samples with similar x
values. These two samples were both prepared from the
same batch of NbSz powder, shortly after it was made.
The other samples were prepared from NbSi powder that
had been stored in air for at least one, and usually several
months. There is also some preliminary evidence that
the electrochemical properties of freshly prepared NbSi
are slightly different from "aged" NbSz. The fact that
NbSz powder in air smells of sulfur suggests a tentative
explanation for the fact that samples made from fresh
NbSz had a higher phonon specific heat. If the NbSz has
lost sulfur, it will have excess Nb, which can intercalate
between the layers and help bind them together, thus
reducing p. Further work is underway to understand the
effects of sample freshness and stoichiometry on the
specific heat and electrochemical properties.

plea with 0& x~ 1 has been measured. For all the sain-

ples, the normal-state specific heat could be described by
c =yT+pT at sufficiently low temperatures, where the
linear and cubic terms are due to electrons and phonons,
respectively.

The electronic specific heat is consistent with complete
charge transfer from the intercalated lithium to the dz
band of the NbSz host. The dependence of y on x reflects
the structure of the dz band. In particular, a shoulder
(Van Hove singularity) predicted by earlier band-structure
calculations" can be seen in the data, and its position has
been determined. It would be interesting to see if the
rigid-band charge transfer model can correctly predict the
electronic specific heat of other lithium-intercalated layer
compounds as well. In Li„TiSz, for example, we would
expect y to increase as a function of x for small x, since
the dz band is initially empty or nearly empty. It may
also be possible to pass over the peak in the dz -band den-

sity of states.
Since the electronic specific heat is proportional to the

density of states at the Fermi level, our data show that
X(eF ) as a function of x does not have any of the detailed
structure that has been observed in the superconducting
transition temperature T, of Li, NbSz. ' If the unusual
behavior of T, as a function of x reported by McEwan
and Sienko is confirmed, it will therefore have to be ex-

plained in terms of intercalation-induced changes in the
phonon spectra and electron-phonon coupling, rather than

by the changes in X(6F) alone.
The phonon specific heat should reflect inost strongly

the elastic constant c~ of the material. The high p values
observed for samples with 0~ x g0.4 indicate low values

of c~. It appears that c44 is also affected by the prepara-
tion and storage conditions of the NbSi used, and this
point is being investigated further.

The intercalated lithium atoms may be thought of as
interacting particles placed on a two-dimensional lattice
of sites, with a fraction x of the sites full. One might ex-

pect unusual (and fundamentally interesting) vibrational
modes in such a system. The data, however, are con-
sistent with the T dependence of an ordinary three-
dimensional anisotropic solid. We believe that the vibra-
tional modes involving motion of the intercalant relative
to the layers are probably at high frequencies in this sys-

tem, because of the small mass of lithium and the depth
of the potential well in which it sits. Layer compounds
intercalated with heavier metals, for example, may behave
completely differently.
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