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The intercalation phase of the transition-metal dichalcogenide NbSe2, intercalated with Ga, In, Tl, Sn,
and Pb, as well as NbS„ intercalated with In, have been prepared and studied by a variety of
techniques. For most intercalates, single-intercalation-phase samples of the formula M2/3NbX2 were

obtained, where M is the intercalate and X a chalcogen. The changes in the lattice parameters
occurring upon intercalation have been determined from x-ray powder patterns. No superconducting
transition was observed in any of the intercalated samples above 1.5 K. The microscopic properties
were studied from 1.5 to 4.2 K using nuclear-magnetic-resonance (NMR) techniques, with the prime

emphasis on the determination of the electric field gradients (EFG) at the Nb sites. For each
intercalated sample the EFG was reduced by (35-60)/c from that found in NbS, and NbSe2. For the

T12/3NbSe, sample, the Nb line shape was fit by a single EFG while for all other intercalates at least

two EFGs were needed to fit the Nb line shape, indicating two sites with inequivalent NMR
properties. This change in the EFG at the Nb sites upon intercalation is attributed to charge transfer

from the intercalated atoms into the conduction band of the layered compound. Knight-shift and
spin-lattice relaxation-time measurements on the intercalate resonance indicate conduction-band behavior

at the intercalate site but with a low density of states at the Fermi energy. The Sn Mossbauer line

shape was studied in Sn2/3NbSe2. Only a single resonance was observed indicating a lack of any large

quadrupole splitting as opposed to the two-line spectrum which has been observed for Sn in Sn,TaS,.

INTRODUCTION

Recently, the structural, optical, and electronic
properties of the transition-metal layered dichal-
cogenides have been studied extensively because of
their highly anisotropic behavior. These com-
pounds have the general formula TX2, where T is
a transition metal from the groups IVb, Vb, and
VIb of the Periodic Table and X is one of the chal-
cogens, sulfur, selenium, or tellurium. Typically
the TX2 compounds with transition metals from
groups IVb and VIb exhibit semiconducting or in-
sulating properties, while those with transition
metals from column Vb exhibit metallic and super-
conducting properties at low temperatures.

The structures of these layered compounds have
been studied extensively and their physical prop-
erties have been reviewed by Wilson and Yoffe. '
They can be described as two-dimensional X-T-X
layers, with strong bonding between atoms in the
same layer and relatively weak van der Waals type
forces between atoms in different layers. Because
of the weak interlayer bonding in these materials,
electron-donor organic molecules or metal
atoms' can penetrate between the layers to form
an intercalated complex with alternating layers of
the TX~ compound and the intercalate atoms or
molecules. Owing to their two-dimensional char-
acter, these materials have strongly anisotropic
bulk properties. For example, conductivity mea-

surements on the 2H polytype of NbSe~ indicate an
anisotropic electrical conductivity, with the con-
ductivity along the layers being at least 10-30
times larger than that perpendicular to the layers.
The critical field for superconductivity has also
been found to be strongly anisotropic, and can be
quite large when the field is applied parallel to the
layers.

There have been a number of studies of the elec-
tronic and bulk properties of the group-Vb tran-
sition-metal layered compounds undertaken in or-
der to understand the effect of intercalation on the
electronic and structural properties of these ma-
terials. The materials which have been studied in
detail are the intercalation compounds of TaS2 and
NbSe~. The intercalation compounds of TaS~ have
received the most attention because of the ease
with which a wide variety of atoms and molecules
which act as electron donors may be intercalated.
When a donor atom or molecule is intercalated
there is a substantial charge transfer to the con-
duction bands (primarily the T d band) of the lay-
ered compound. Such a charge transfer will change
the density of states at the Fermi energy. This is
indicated by the specific-heat data on TaS2 inter-
calated with pyridine' which shows an increase in
the density of states over pure TaS~. The super-
conducting transition temperature was also found
to increase from 0. 8 K for TaS2 to 3. 5 K for TaS~
intercalated with pyridine. On the other hand,
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intercalation with metal atoms has been found to
either decrease or increase the superconducting
transition temperature T„from that of the unin-
tercalated material depending on the degree of in-
tercalation. While these results suggest charge
transfer is occurring, in the case of the TaS~ inter-
calation compounds it has not been possible to de-
termine the charge transfer directly on the basis
of microscopic measurements such as nuclear
magnetic resonance (NMR). (In the Ta compounds
only, the intercalate resonance has been studied
because of the very large quadrupole splitting of
the Ta NMR. ) The advantage of investigating the
properties of the intercalated compounds of NbSe,
or NbS2, rather than those of TaS2, are that the
changes in the local electronic properties which
occur at both the Nb and intercalate sites upon in-
tercalation can be studied in favorable cases using
NMR techniques.

In this study we report the results of structural
studies and T„NMR, and Mossbauer-effect mea-
surements on NbSe~ and NbS2 which have been in-
tercalated with the group-IIIa and -IV a post tran-
sition metals Ga, In, Tl, Sn, and Pb. This is the
first time that intercalation of these elements into
NbSe~ or NbS, has been reported. From the Nb
NMR quadrupolar splitting we have determined the
change in the electric field gradients (EFG) at the
Nb sites occurring upon intercalation and estimated
the charge transfer from the intercalate atoms to
the Nb d band. In favorable cases the intercalate
NMR Knight shift and spin-lattice relaxation time
(T,) have been measured. These results are com-
pared with the results obtained by Gossard et aE. "
in the TaS~ intercalated compounds. Finally, we
discuss the results of Sn Mossbauer-effect mea-
surements in the Sn intercalated compounds.

EXPERIMENTAL RESULTS

Sample preparation and structure

The NbS2 and NbSez, which were used as the
starting materials for the preparation of the inter-
calation compounds, were prepared by reacting the
elements in sealed silica tubes. Several firings at
(800-900) 'C were necessary to produce powders of
single-phase material having the 2H-type structure.
The intercalation of the metals was carried out by
reacting the powdered niobium dichalcogenides with
the metal vapor at (800-950) 'C, in sealed silica
tubes. The chalcogenide powders and the con-
densed metal phase were separated during the in-
tercalation reaction so that it proceeded via the
vapor rather than the liquid or solid metal phase.
Only by repeated firing and subsequent grinding
could reproducibly homogeneous materials be pro-
duced by this method. The composition, i. e. , the
value of x in MP'bX, , was determined by measur-

TABLE I. Summary of compounds prepared with for-
mula M„Nbx2 where x = 3. Also included are the c- and
a-axis parameters of the hexagonal unit cell determined
from x-ray powder patterns.

Material
Lattice parameters

a(A) c(A) Comments

Tlp, 84NbSe2

&np. 82NbSe2

Pb, .83NbSe2
Snp &&NbSe2

Snp, NNbSe2

Gap, 5„p,yNbSe2

&np. 88NbS)

NbSe2
NbS2

3.46
3.47
3.46
3.48
3.48

3.45
3.34

16.6
18.6
18.6
18.6
18.6

17.6

17.6

12.56
11.91

Single phase
Single phase
Single phase
Single phase
Contains 10%
unknown phase
Contains three

phases
Broad x-ray
lines, could

contain another
phase

ing the weight increase of the dichalcogenides. In
selected cases complete elemental analyses were
done by classical techniques to confirm the validity
of the weight-gain method. All samples were x
rayed using powder diffraction techniques to de-
termine the number of phases present as well as
their lattice parameters. These data are summa-
rized in Table I. In general it seems the 2H poly-
type is maintained after intercalation, but in some
cases the intercalated sample appeared to be dis-
ordered so the resulting patterns were broad and
difficult to interpret. The x-ray powder patterns
were checked again after the NMR spectra were
obtained and no change was observed, indicating
no substantial deterioration of the samples with
either limited exposure to air or temperature
recycling from room temperature to 4. 2 K. The
data indicate that the intralayer symmetry is un-
changed and the bond lengths within a layer are
only slightly increased by the metal intercalation.
Thus the major structural change which occurs is
the rather large separation of the layers to ac-
commodate the metal atoms. We have not done
any detailed structural studies to determine the
exact position of the intercalated species but from
other studies ' ' and crystal chemical relationships
we can assume an octahedral or distorted-octa-
hedral type -environment. Figure 1(a) shows the
tetrahedrally or octahedrally coordinated interca-
late positions (holes) for the case of 2H-TaS~
which has the same structure as 2H-NbX, . The
increase of the lattice parameter in the c direction
should be noted. For the single-phase materials,
where Pb, Sn, and In are the intercalate, an in-
crease of 6.0 A is seen in all three cases. This
is perhaps consistent with a model where these
"metals" with radii somewhere between that of the
pure metal and of a low-oxidation-state ion, are
intercalated between every layer. For the Tl in-
tercalated sample the c axis increases by only 4
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(a) 2H —TaSz

0= Ta 0-
+ = Octahedral He'"

0 = Te trahedral f

such a line was not observed in our x-ray spectra,
this suggests that the structure of intercalates may
be disordered. Since no detailed composition vs
temperature or composition vs metal vapor pres-
sure studies were done, we are not certain that
these are the only "phase(s)" found in the metal
intercalated niobium dichalcogenide systems. It
should also be mentioned that the intercalation
compounds of niobium are considerably different
from their tantalum analogs, both in structure and
in composition.

The change in the superconducting transition
temperature of our samples upon intercalation was
determined by measuring the ac susceptibility
using a low-frequency mutual-inductance appara-
tus. None of the intercalated materials was found
to superconduct at 1.5 K or above, although the
NbS~ and NbSe2 are superconductors with transi-
tion temperatures 6 and 7 K, respectively.

(b) (OOOI) View of
Hales in V. D. W.

Gap 2/3 Occupied

FIG. j.. (a) (1120) plane of the hexagonal 2H-TaS&
polymorph. (Taken from Reg. 5. ) This is the same
structure as 2H-NbSe2. The positions of the octahedral
and tetrahedral holes in the van der Waals gap are indi-
cated. (b) The (0001) projection of the 3-filled octa-
hedral holes.

A. There are two possible explanations to account
for this: First is that the oxidation state of the Tl
may be close to three, with a radius of 1 A, which
would be consistent with the observed lattice ex-
pansion. The other possibility is that there are
structural differences between Tl and the other
metals, and that this is reflected in differences in
the local symmetry. We were unable to prepare
single-phase Ga intercalated NbSe~ and the In in-
tercalated NbS~ was so highly disordered that
little information could be obtained from the dif-
fraction data.

The compositions, routinely determined by
weight-gain experiments, varied somewhat but
were consistently around M~&3NbX~ for all mate-
rials. Figure 1(b) illustrates the (0001) view of
this material when 3 of the holes in the van der
Waals gap are occupied by the M atoms. This
shows an ordered intercalate arrangement of lat-
tice constant aov 3, which should produce a super-
lattice line in the x-ray diffraction patterns. Since

NMR measurements

The properties of both the intercalate and the Nb

NMR have been studied from 5 to 20 MHz at tem-
peratures from 1.5 to 4. 2 K using both continuous-
wave (cw) and pulsed-NMR techniques. The pow-
der samples (325 mesh) were kept under helium
atmosphere, and they were checked periodically
for deterioration by running the NMR spectrum.
We did not see any sign of deterioration in these
samples either with time or from recycling them
from room temperature to 4. 2 K. Our NMR re-
sults on the intercalates will be discussed first.

The NMR Knight shift of the Tl, " Sn, and
Ga intercalates has been measured using the

proton resonance as a reference. The In reso-
nance was not observed in either NbSe~ or NbS2,
probably because of its large quadrupole moment.
The isotropic Knight shift K„ofthe intercalates

'Tl, "'Sn, and 'Ga was found to be (0. 21 + 0. 01',
(0. 24+ 0. 01)%, and (0. 07+ 0. 01)%, respectively. In
all cases the intercalate Knight shift was found to be
substantially smaller than that of the pure intercalate
metal, indicating that the resonance is due to in-
tercalated rather than precipitated metal atoms.
Because the intercalate atoms are sitting in a
highly anisotropic environment, we might expect
a substantial anisotropy in the Knight shift. How-
ever, only for the case of Tl have we been able to
accurately determine the anisotropy of the Knight
shift. The Sn and Pb resonances in the interca-
lated NbSe~ samples are substantially weaker than
those we observed in Sn„TaS2and Pb„TaS~samples
with x = 3 or 1. No anisotropic Knight-shift data
were obtained for Sn and Pb intercalates in NbSe2.
Also no anisotropic Knight-shift data were obtained
for the case of Ga since it was difficult to obtain
an accurate line shape due to the overlap of the Ga
resonance with the broad Nb resonance. The an-
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FIG. 2. Relaxation rate, T&, for Tl in Tlp, 64NbSe2
at 13.00 MHz from 1.5 to 4. 2 K.

isotropic Knight shift of Tl, I 3(K, Rg) I: I K
= 0. 03%, was determined from the high-field slope
of a plot of the Tl linewidth versus applied mag-
netic field ' data. Since an inhomogeneous Knight-
shift-broadened resonance line can have the same
field dependence of the linewidth, the measured
high-field slope determined by such a plot gives
an upper limit for the anisotropic Knight shift.
Both the isotropic (K„=O.21/o) and anisotropic
( I R,

„

I = 0.03%) Knight shifts were measured in the
temperature range from 1.5 to 4. 2 K, and they
were found to be temperature independent. These
values are found to be smaller than the values"'"
found in metallic Tl (K„=1.56% and K,„=0. 082%).

Where possible the intercalate spin-lattice re-
laxation time was measured using a 180'-90' pulse
sequence. Only in the case of the Tl intercalated
NbSe, were we able to determine the spin-lattice
relaxation time accurately. In the other metal
intercalates we could not obtain reliable relaxa-
tion-time data either because of the weakness of
the resonance or because of overlap with the Nb

resonance. The temperature dependence of the
Tl spin-lattice relaxation time at 13 MHz is shown
in Fig. 2. The recovery of the Tl NMR signal
following the 180' pulse was followed for two de-
cades and it was found to be exponential. From
Fig. 2 it is clear that TyT is constant from 1. 5 to
4. 2 K with TyT=0. 0059 sec K. The linear depen-
dence of the relaxation rate T, ' on temperature
indicates metallic character at the intercalate
sites.

From their measurements of the Sn NMR pro-
perties of Sn„TaS» where x= 3 or 1, Gossard et
al. "determined that there was metallic character
at the intercalate sites, although the spin-lattice
relaxation time was found to be impurity dominated
and temperature independent in the temperature
range from 1. 5 to 4. 2 K. Our results on the iso-
tropic and anisotropic Knight shift of the Sn reso-

nance in Sn, TaS~ are in agreement with those of
Gossard et al. "but we find a temperature-depen-
dent spin-lattice relaxation time of (T,T=0.022
sec. K) characteristic of metallic behavior. A
comparison of the Sn Knight shift in NbSe~ (0.24%)
with that in Sn, TaS~ (0. 78%) and Sn, ~, TaS~ (0. 08%)
suggests that at roughly 3 coverage, the metallic
behavior at the Sn site in NbSe~ lies intermediate
to the metallic behavior in superconducting Sn, TaS~
and the weakly metallic Sny/3TaS, . As discussed
below, this is consistent with the "Sn Mossbauer
results obtained on this sample.

The NMR quadrupole powder pattern of the 'Nb
resonance was obtained by integrating the spin echo
at constant frequency and sweeping the magnetic
field. For a given sample the NMR quadrupole
spectrum was obtained at different frequencies
from 7 to 15 MHz and at temperatures from 1.5
to 4. 2 K. No temperature dependence of the quad-
rupole spectrum was observed. In the case of
Sn&~, NbSe2, two samples were studied and similar
spectra were obtained.

The NMR quadrupole spectrum of the Nb reso-
nance from the T1,~3NbSe~ sample gave the best
resolved quadrupole satellites. In Fig. 3(a) we
show this spectrum taken at a frequency of 15. 5
MHz and at 4. 2 K. The two peaks marked as A
and B correspond to the second-order split central

A B

—2.0 -I 0
I

0.0 I.O 2.0

ZH(IG)

FIG. 3. (a) Experimental NMR quadrupole powder
pattern of Nb in Tlp 64NbSe2 at 4. 2 K. The field at the
center of the spectrum is Hp = 14.900 kG. The peaks
marked as A and B arise from the second-order splitting
of the central transition. (b) Calculated quadrupole pow-
der pattern assuming axially symmetric field gradients,
g = 0, and an anisotropic Knight shift of Km = —0.15%. The
spectrum is obtained by convolution of the quadrupole
powder pattern with two Gaussian broadening functions
[see Eq. (1)], one of width eq(), with e =15% describing
the EFG distribution and the other of width P = 20 G rep-
resenting the Nb resonance linewidth.
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transitions, while the peaks on both sides of the
central portion correspond to the quadrupole sat-
ellites of the spin I=a+ Nb nucleus.

In order to compare the observed spectrum with
a computer-generated spectrum several factors
must be considered. There are two quantities
which determine the splitting of the quadrupole
satellites, the z component of the EFG, eq = V„,
and the asymmetry parameter g = (V„„—V„)/V„,
where the V, , (i, j =x,y, z) are the different com-
ponents of the field-gradient tensor. For crystal
structures which have an n-fold symmetry axis
with n & 2, g = 0 and only one quantity is necessary
to determine the quadrupole spectrum. For a
given q, and a nonzero p, the first-order correc-
tion for the quadrupole interaction will result in
shifting the position of the various quadrupole sat-
ellites toward the center of the spectrum. ' In
second order, a nonzero g will shift the center of
the spectrum toward lower fields' by an amount
which is proportional to rP. For g=0, the distance
of the two second-order split central transitions
to the center of the spectrum have a ratio" of ~
By comparing the experimentally determined
quadrupole spectrum in the Tl intercalated NbSe~
sample to calculated spectra, we obtained an
upper limit of g = 0.07 for the asymmetry param-
eter and (K,,),„=(0. 1+0.05)% for the isotropic
Nb Knight shift. Since the measured value of g is
very small we have calculated the NMR quadrupole
powder pattern for all samples assuming g =0.
Both first- and second-order corrections were
taken into account for the quadrupole interaction
as well as the anisotropic Knight shift. The cal-
culated spectrum shown in Fig. 3(b) is a convolu-
tion of the quadrupole powder pattern with two
Gaussian broadening functions,

G(q qo H Ho) =expI-(q qo) /(nqo) ~

x expj- (H- Ho)'/P'j,

one of width nqp describing the EFG distribution
around the average value of qp arising from con-
centration gradients of the intercalate, and the
other of width P assuming a Gaussian line shape
for the Nb resonance. The good fit of the calcu-
lated and experimental Nb NMR spectra for the
Tl intercalated NbSe~ sample requires a negative
anisotropic Knight shift of H„=—0. 15/o for the Nb

resonance.
The Tl intercalated NbSe~ sample was the only

one which gave well-resolved peaks for the quad-
rupole powder pattern and a single qp was suffic-
ient to account for all the observed peaks. In all
the other samples these peaks are less well re-
solved and additional peaks were observed which
could not be accounted for byasingleqp. A typical
line shape is shown for the case of In~&, NbSez in

—3.0 -2.0 -1.0 0.0 I.O 2.0 3.0

6H tkG)

FIG. 4. Experimental NMR quadrupole powder pattern
of ~ Nb in Ino 62NbSe2 at 4. 2 K. The field at the center of
the spectrum is HO=13. 487 kG. (b) Calculated two-site
NMH quadrupole powder pattern for axially symmetric
field gradients, q=0. The spectrum represents a super-
position of two spectra with a relative isotropic Nb
Knight shift of (K&s)) (Kss)2= 0. 37% and (K ) ~

——(K~)2= 0.
Each spectrum is a convolution of the quadrupole powder
pattern with two Gaussian broadening functions [see Eq.
(1)], one of width nqo which describes the EFG distribu-
tion and the other P representing the Nb linewidth. For
the first site +&=20% and P&=40 G. For the second site
e2 = 15% and P~ = 40 G.

Fig. 4(a). It should be noted that none of the peaks
shown here can be associated with unintercalated
pure NbSe» because the large EFG in NbSe2 gives
much larger splitting of the Nb NMR line. The
less well resolved NMR spectra of these samples
could arise in several ways. (i) The symmetry of
the Nb site could be lomered upon intercalation re-
sulting in asymmetric field gradients, g~O, and a
shift of the quadrupole satellites toward the center
of the spectrum causing them to overlap. On the
basis of the T12~3NbSe2 NMR results and the x-ray
studies this does not appear to be the case since
it mould require a large asymmetry parameter to
explain the observed smearing of these peaks and
would still leave several peaks unaccounted for.
(ii) Two inequivalent Nb sites were observed in
2H-NbSe2 by Ehrenfreund et al. at 4. 2 K as a re-
sult of a lattice distortion at low temperatures.
In principle, the existence of two or more inequiv-
alent Nb sites could account for the observed
spectra. However, the observed difference in the
EFG of the two sites was only about 10%, which is
within our values of n. It seems unlikely that a
low-temperature lattice distortion of this magni-
tude can account for the observed spectra. (iii)
For the crystal structure of 2H-NbSe~ there are
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three possible intercalate sites per Nb atom as
shown in Fig. 1(a), two sites with tetrahedral
coordination and one site with octahedral coordi-
nation. The magnitude of the change in the c-axis
lattice parameter for our samples is consistent
with intercalate occupation of the octahedral sites.
We believe the most likely explanation of the ob-
served NMR spectra is related to the structure of
the x = 3 phase shown in Fig. 1. Because of the
occupation or nonoccupation of the octahedral
sites above and below a given Nb (i.e. , in adjacent
intercalate layers), three inequivalent Nb sites
can result in the 3 phase with probabilities which
have ratios of 4:4: 1 if the occupation of the octa-
hedral sites is uncorrelated between adjacent lay-
ers. If, on the other hand, the intercalate atoms
are not confined to a given site, the Nb atoms
would sample a large variety of environments.
This could result in a large EFG distribution and

a complete smearing of the quadrupole satellites.
In order to determine if this last possibility is

reasonable, we calculated Nb line shapes assuming
a superposition of two equally weighted spectra
arising from two inequivalent Nb sites. This, of
course, neglects the third inequivalent Nb site.
Since this site would contribute only& of the total
intensity of the NMR line, it would not be possible
to determine any parameters on the third site
given the large EFG distribution required for the
other two sites. In Fig. 4(b) we show a calculated
line shape obtained by the superposition of two

such Nb spectra, one for an EFG of q, = 3.6 A '
with an EFG distribution of 20%, and the other for
an EFG of q~ = 5. 7 A~ with an EFG distribution of
15% and 'a Q(aaNb) = —0. 2 b. The two site spectra
were weighted equally and added assuming a 0.37%
difference in the isotropic Knight shift of the two
sites. The calculated line shape illustrates the
main features of the experimental line shape by

reproducing all the peaks and shoulders. The
reasonably good fit of the calculated line shape with
the experimental one supports the idea that at
least two inequivalent sites are required to account
for the observed line shape. Although the EFG
distribution plays a role in smearing out the quad-
rupole peaks, it alone cannot account for the ob-
served line shape since we find this is about the
same, (15-20)%, for all samples.

Similar fits of the experimental and calculated
line shapes from the samples of NbSe~ intercalated
with Pb, Sn, and Ga, as well as NbS, intercalated
with In, were obtained by using the two inequivalent
Nb site model. The quadrupole coupling constants,

I e qQ/h I, and the EFG's derived from these com-
puter fits are listed in Table II. For all the inter-
calated samples we find the EFG at the Nb sites
are substantially reduced from those in the unin-
tercalated materials. For the Tl sample the re-
duction of the EFG from that of pure NbSe~ is about
40%, while in the other samples, where we believe
two inequivalent Nb sites can be identified, the
reduction of the EFG for one site is about (35-40)%
and about 60% for the other site. It is not possible
to determine the relation between the intercalate
occupation and the EFG at the Nb site, but it would
be reasonable to assume that the greatest reduction
of the EFG occurs when the octahedral sites above
and below a Nb site are occupied by an intercalate
and a lesser EFG reduction would occur when only
one of these octahedral sites was occupied. The
amount of the reduction of the EFG in these sam-
ples shows little dependence on the position of the
intercalate in the Periodic Table. However, dif-
ferences in the EFG reductions for the various
intercalates clearly exist indicating that the changes
occurring in these materials upon intercalation are
not independent of the intercalate.

One of the most interesting features of the re-

TABLE II. Measured quadrupolar coupling constants I e~qQ/h, I at 4. 2 K for
Nb in intercalated NbS2 and NbSe2 compounds of the formula M„NbX2 where

x 3 I q I and I Aq I, the change in I q I from the unintercalated compounds,
are obtained by assuming Q( ~Nb) = —0. 2 b (Ref. 18). Numbers in parentheses
indicate the estimated uncertainties in the preceding digit.

Material
I e'qQ/h I (MHz)
Site I Site II

I q I (A ')
Site I Site II

I zq I (A-')

Site I Site II

NbSe,
NbSp

Tl p 64NbSe2

Inp 62NbSe2

Pbp 63Nb Sep

Snp 56NbSe2

Gap 5 p 7NbSe2

Inp. 68NbS&

62 (2)a
60(1)b

8. 9(3)
8. 6(2)

24(2)

37(1) 5. 3(2)
25(2) 40(3) 3.6(3) 5. 7(4) 5. 3(4)
23(2) 35(3) 3.3(3) 5. 0(4) 5. 6(4)
23(2) 40(3) 3.3(3) 5. 7(4) 5. 6(4)
Smeared spectrum but with over-all width similar to

other samples
3.4(3) 5. 3(4)

3.6(3)
3. 2(5)
3. 9(5)
3.2(5)

the

3.3(5)

~Reference 17. "Heference 19.
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suits presented in Table II is the difference be-
tween the Nb spectra for the Tl and other samples.
As discussed earlier, the intercalation of Tl into
NbSe2 causes a smaller increase in the c-axis
lattice parameter than do the other intercalates.
At present the reason for this difference it not
well understood since the NMR results show no

indication of sample deterioration over a period of
several months as well as a symmetric EFG at the
Nb site.

In Table II we also list the quadrupole coupling
constant for the nonintercalated NbSe2 and NbS3. ' '
The value of 62 MHz listed for the case of NbS,
represents an average value for the two inequiv-
alent sites observed at low temperature.

Mossbauer results

The sample of Sn, ,6NbS, was studied at room
temperature using the Sn Mossbauer effect. The
resulting absorption was well fit by a single line
with an isomer shift of 1.06 mm/sec relative to
P-tin. (However, the resonance linewidth was
broader than observed in P-tin which could indi-
cate a small unresolved quardupole splitting. ) As
pointed out by DiSalvo et al'. ' isomer shifts in this
range are consistent with a divalent Sn state. By
way of comparison, in Sn, TaS2, DiSalvo et al. '
observed a large quadrupole splitting and an isomer
shift of 0. 50 mm/sec. , while in Sn, ~3TaS2 only a
single resonance was observed with an isomer
shift of 1.23 mm/sec. The value of the Sn isomer
shift in NbSe& was found to be between the values
observed for the Sn isomer shifts in Sn„TaS2for
x 3 and 1, but closer to that of x = 3 ~ It was for
the value x = 3 that the Sn NMR properties' in
Sn,TaS2 indicate weakly metallic character at the
intercalate site. No superconductivity was ob-
served' above 0. 5 K for x= &. These results of
DiSalvo et al. ' are consistent with the observed
small Sn Knight shift in NbSe2 and the absence of
a superconducting transition above 1.5 K.

Kt ——(p. sN) Hhfs X;& (2)

and the spin-lattice relaxation rates are given by

H,. = (T,T),.'= —(y„h) ks[H„"„'N,-(0)] F, (3)

The quantities H„'„'are the appropriate hyperfine
fields (in Qe/p. s), the N,. (0) are the s-, p-, or
d-electron density of states at the Fermi energy
(per spin direction), and the F, are t.he inhibition
factor for the P and d contributions resulting from
the orbital degeneracy at the Fermi energy.

For the intercalates studied, the NMR proper-
ties should depend primarily on the s and p con-
duction electrons at the intercalate, although some
contribution might arise as a result of transfered
hyperfine interactions. Then we can write the
relaxation rate as

1/T =1/T„+1/T (4)

K; T„T=(ksy„) 'C, (6)

holds between the Knight shift and the spin-lattice
relaxation time, where C,. is a constant character-
istic of the interaction mechanism.

For noninteracting s conduction electrons this
relation, known as the Korringa relation, ' becomes

K, T„T/S=1,

where S = p, s/vksky„. For the p-electron core
polarization contribution this relation becomes,

where (T,') ' represents all non-s electron con-
tributions to the relaxation rate. In the same way
we can write the isotropic Knight shift as

(5)

where K, is due to the s-contact hyperfine inter-
action and E' represents all other contributions to
the Knight shift. For a given interaction mecha-
nism other than the spin-orbit coupling, arelation
of the form

DISCUSSION
K„Tg,y T/S = 3. (6)

In order to discuss the Knight shift and spin-
lattice relaxation-time data on the intercalate
resonances we follow the customary scheme em-
ployed for partitioning the bulk susceptibility,
Knight shift, and spin-lattice relaxation rate into
the s-contact hyperfine contribution and the core
polarization and orbital hyperf inc contributions
from the p and d bands. For the intercalates we
have studied, the s-contact hyperfine interaction
is expected to dominate the intercalate NMR prop-
erties. In terms of the various paramagnetic
susceptibility contributions X;, and for noninter-
acting electrons, the Knight-shift terms are given
b 20

The temperature dependence of the Tl relaxation
rate in Tl, «NbSe, [Fig. (2)] indicates the exis-
tence of a conduction band at the Tl sites. Both
the Tl relaxation rate and isotropic Knight shift
are much smaller than observed inmetallic Tl, ' '
indicating a small density of states at the inter-
calate sites, The Korringa product of K„T,T/S
= 0. 33 for the intercalate is substantially smaller
than unity, and also smaller than that of metallic
Tl by a ratio of (K„T,T),„,/(K„T,T) „=0.46. The
small density of states at the Tl site inferred
from the NMR data indicates that the deviation
from the Korringa product will most probably
result from non-s-electron contributions rather
than electron-electron interactions. In order to
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estimate the various contributions to the T1 NMR
properties we assume that the observed spin-
lattice relaxation rate is due to the s-contact
hyperfine interaction. Using the Korringa prod-
uct [Eq. (7)] weestimatethat R'= -0.16% for
the s-electron contribution to the isotropic Tl
Knight shift. Using the measured isotropic Knight
shift (K„=O.21/o) we estimate that K' =0.16% for
the value of all non-s-electron contributions to the
Knight shift. We expect K' to arise primarily from
P-electron core polarization since K' is negative.
We can check the validity of this analysis by using
the estimated value of K' and the Korringa relation
[Eq. (6)] to estimate the size of the p-electron
contribution to the Tl relaxation rate. We find
that this contribution is only about 6% and can be

neglected.
With the above assumption that the s-contact

interaction dominates the Tl relaxation rate we
find that the s-contact contribution to the Tl re-
laxation rate is a factor of 25 smaller than ob-
served in metallic Tl'4 and indicates [Eq. (3)]
the s-electron density of states at the Fermi ener-
gy is only 15%%uz of that of metallic Tl. The pres-
ence of p electrons in the conduction band at the
intercalate site is also indicated by the observed
anisotropic Knight shift of the Tl resonance. On
the basis of our Knight-shift and spin-lattice re-
laxation data of the intercalate resonance, we con-
clude that upon intercalation of NbSe, with post-
transition-metal atoms, the s and p electrons of
the intercalate atom form a band at the intercalate
site which overlaps the narrow d-electron con-
duction band of the layered compound. This qual-
itative picture about the nature of the conduction
electrons at the intercalate site is consistent with
the one suggested by DiSalvo et a/. ' for TaS~
intercalated with metal atoms. Since the inter-
calate contribution to the conduction-band density
of states is small, we are going to ignore its effect
in the following duscussion.

In order to interpret the origin of the changes in
the EFG at the Nb sites, we follow the approach of
Ehrenfreund et al. ,

' starting with the assumption of
of an ionic crystal. The EFG at the Nb sites can
be divided into two contributions,

eq = eq„«(1—y„)+eq„„,(1-R).

The first term is the EFG due to all point charges
located at the lattice points and the second term is
due to unfilled d-shell electrons at the Nb sites.
Here y„=—15 is the Sternheimer antishielding
factor and R =0. 1 is the corresponding shielding
factor.

Ehrenfreund et a3. ,
' using the summation pro-

cedure of de Wette for hexagonal lattices, cal-
culated the lattice contribution for the case of
NbS~. From their calculations they find that the

lattice contribution is small and arises almost
completely from intralayer charges and that the
interlayer distance (provided it is greater than
6 A) does not affect q„«. This is also the case
for NbSe, since the interlayer distance d = —,'c is
6. 27 A. The intralayer latti. ce constant is 3.48 A,
which is about 5/o larger than in NbSa.

The local contribution to the EFG can be written'

eel ],
—e. r ' 3 cos'g - 1 y' d'r, ' 10

where g(r) is the electronic wave function at a dis-
tance r from the Nb nucleus. Only the d electrons
of the incompletely filled d shell will contribute to
the EFG. If there is no overlap between the va-
lence and conduction bands, as indicated by the
band-structure calculations by Mattheiss, ' then
we can write the local contribution as"

eq„,„=—p„(r-') n„—p, ( r-') n, ,

where P, = (3 cos 8 —1) is the geometrical factor of
the field gradients averaged over the valence- (P„)
or the conduction- (P, ) band electron wave functions
and ( r ') is averaged over the Nb 4d orbitals. n„
and n, are the number of valence- and conduction-
band d electrons per atom, respectively. Each Nb
contributes two d- and two s-electrons to form the
compounds NbSe~ or NbS~. If we consider a single
layer of NbSe2, two of the five d orbitals have
symmetries xz and yz and belong to the irreducible
representation E", and two with symmetries xy

'and x'-y' and belong to the E' irreducible repre-
sentation. These orbitals are in the layer and

they are the most probable ones to form the cova-
lent bond between the Nb and Se or S atoms. The
fifth d orbital, 3z -r, which belongs to A, irre-
ducible representation, is perpendicular to the
layers and gives the main contribution to the con-
duction band. The single d electron per Nb atom
outside the full valence band occupies half of the
conduction band. The values of P for orbitals in
the E", E', and A, irreducible representations
are p(E")=+, p(E') = —+~, and p(A, )=+~, and in the
case of free Nb' ion' (r ') = 23 A

Upon intercalation of NbSe3 and NbS2 with metal
atoms the observed substantial increase in the dis-
tance d between the layers will not affect the lat-
tice contribution to the EFG. Also, there is no
evidence that the intercalation changes the nearest-
neighbor symmetry of the Nb atoms and the ob-
served nearest-neighbor distance change upon in-
tercalation is less than 1'%%up, Under these conditions
the observed change in the EFG should arise from
the change in the number of d electrons per Nb

atom, n„in the conduction band. Using Eqs. (9)
and (11) and the observed decrease in the field gra-
dients upon intercalation, we estimated the maxi-
mum charge transfer to the conduction band of the
layered compound. These values are listed in



1S16 N. KABNE ZOS, L. B. WE LSH, AND M. W. SHA FEB

TABLE III. Charge transfer to the conduction band
calculated from the observed reduction in EFG upon
intercalation in the M2/3NbSe2 phase.

Material
Dn~ (electrons/Nb atom)
Site I Site II

Tlp. 64NbSe 2

Inp 62NbSe2

p. 63NbSe2
Snp &6NbSe2

In(). 88NbS2

0. 52
0. 54
0. 54
0. 50

0. 35
0. 31
0. 38
0. 31
0.32

Table III. A value of (r ) = 20 A was used to take
into account the expansion of 4d orbitals in the
solid. " Charge transfer from the intercalate atom
to the conduction band will leave a net charge at the
intercalate site. The contribution of this charge
to the EFG at the Nb site is negligible and the val-
ues of Table III were not corrected for that effect.
C omparing our results on the charge transfer which
occurs when NbSe2 or NbS2 is intercalated with
post-transition-metal atoms with those on NbS2 in-
tercalated with the organic molecule pyridine, ' we
conclude that the charge transfer effect is generally
larger in the case of the post-transition-metal atoms
than in the case of organic molecule inter cal ates.

Band-structure calculations by Matteiss on
2H-NbSe2 indicate a half-filled narrow d-electron
conduction band with maximum density of states at
the Fermi energy. From his results we estimated
that a charge transfer of between 0.31 to 0. 54
electrons per Nb atom, such as occurs upon the
intercalation of Ga, In, TI, Sn, or Pb in NbSe2,
will result in reducing the density of states at the
Fermi energyby more than 50%%uo. Ehrenfreund ef gl. ~9

also show that charge transfer occurs upon inter-
calation of NbS2 with the organic molecule pyridine.
A reduction in the density of states of 2H-NbSe~
intercalated with the organic molecule ethylene-
diamine (EDA) was reported by Meyer ef al. 4 from
their specific-heat data. In both cases, (pyridine)
,&~NbS, and (EDA), &4NbSz, the superconducting
transitiontemperature T, was foundtodecrease. In
our intercalated materials we find T, is reduced
below l. 5 K. Although such a decrease of T, is
compatible with a reduced density of states re-
sulting from charge transfer to the Nb d band, it
is difficult to make a more quantitative statement
for the relation between the two. Revelli 7 showed
that for the case of TaS, and TaS, intercalated with

pyridine, the observed increase in the density of
states was substantially less than required to pre-
dict the observed increase of the superconducting
transition temperature.

CONCLUSIONS

We have studied several of the bulk and micro-
scopic properties of NbSe~ and NbS~ intercalated
with the post-transition-metal atoms Ga, In, Sn,
T'1, and Pb. Most of the intercalated M„NbX~
materials are single phase with x= 3. All samples
show a substantial increase in the c-axis param-
eter perpendicular to the layers relative to the
NbX2 compounds but only a very small change in
the intralayer lattice parameter. None of the in-
tercalated materials were found to have a super-
conducting transition down to 1.5 K. NMB studies
of the intercalate nuclei on several of these ma-
terials indicate that in the x = ~ phase there is
metallic behavior at the intercalate site but that
the density of states at the intercalate site is much
smaller than in the pure intercalate metals. From
the quadrupole splitting of the Nb NMB line we have
determined the electric field gradient at the Nb
site and the amount of charge transfer from the
intercalate to the Nb d-electron conduction bands.
The charge transfer ranges from 0.31 to 0. 54
electrons/(Nb atom). Computer fits to the Nb
spectrum indicate that for most of the intercala-
tion compounds at least two inequivalent Nb sites
exist. This is consistent with the x = 3 intercala-
tion phase. Only a single Sn Mossbauer resonance
line was observed in Sn„NbSe2. For the Sn inter-
calation compound, the Sn isomer shift and the Sn
Knight shift lie intermediate to the values found
for Sn in the Sn„TaS~intercalation compounds, '
where x =1 or 3. This is consistent with the me-
tallic behavior of the intercalate in the M2/3NbX2
compounds lying intermediate to the metallic be-
havior in the superconducting Sn, TaS2 and the
weakly metallic nonsuperconducting Sny/3TaS2
phases studied by DiSalvo ef, al.
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