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Order-disorder transition in silver-intercalated niobium disulfide compounds.
II. Magnetic and electrical properties
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The dc electrical conductivity, the Hall effect, the thermoelectric power, and the magnetic suscep-
tibility of Ag-intercalated 2H-NbS~ have been measured as a function of temperature for various Ag
contents in Ag NbS2. The electrical resistivity exhibits a strong anomaly near T= 124 K. The Hall
and Seebeck coefticients only show weak anomalies at this temperature. These results are related to
the structural changes occurring at the phase transition near T=124 K. The Hall and Seebeck
coefticients have opposite signs for all compositions considered and point to a two-carrier-type con-
duction. The magnetic measurements show an increased filling of the Nb d 2 band with higher Agz

content and are in qualitative agreement with a rigid-band model for intercalation.

I. INTRODUCTION

Considerable attention has been devoted to the elec-
tronic consequences of intercalation of a variety of guest
species (organic molecules, alkali metals, 3d and 4d tran-
sition metals) in layered transition-metal dichalcogenides
TX2. ' Charge transfer from the intercalant to the rela-
tively narrow d band of the transition metal gives the op-
portunity to control the electronic properties of the inter-
calation complexes.

Figure 1 shows an orthographic view of the structure
of Ag and Cu intercalation compounds of group-Vb
transition-metal dichalcogenides (TX2). The structure
consists of sheets of transition-metal atoms T sandwiched
between two layers of chalcogens X. T is in trigonal-
prismatic coordination by X. Between the weakly bonded
TX2 sandwiches Ag or Cu is found in the empty holes
formed by two adjacent X layers. Ag and Cu are mostly
found in approximately tetrahedral coordination by X,
except for very low concentrations of Cu, which prefers
then the octahedral sites. '

The "rigid-band" model for intercalation has been
often used to explain the changing electronic properties
upon intercalation. The rigid-band model assumes that
the band structure of the host material is independent of
the amount of intercalant, except for the increased filling
of the transition-metal d band by the donation of elec-
trons of the intercalant. Band-structure calculations by
McCanny, by Umrigar et al. , and by Dijkstra have
shown that this assumption is, to first order, correct.

For d transition metals in trigonal prismatic coordina-
tion by chalcogens (20 polytype) Fig. 2 shows a schemat-
ic representation of the density of states versus energy.
Due to the trigonal symmetry the d 2 band of T is split off'

and overlaps with the top of the mainly nonmetal s/p
valence band. If the Fermi level crosses both bands, two
types of charge carriers can be expected. The effect of in-
tercalation is an increased filling of the nonfilled bands,
and with the simple scheme of Fig. 2 metallic behavior

arising from two types of holes is expected in the rigid-
band model.

The intercalation complexes often show the same
anomalies in their transport properties as the hosts do.
For the pure layered compounds these anomalies are at-
tributed to charge-density wave (CDW) formation. In in-
tercalation complexes of TX2 compounds with T in octa-
hedral coordination (1Tpolytype), there is clear evidence
for the formation of CDW's, for example, in hydrazine
intercalation complexes. For the 2H polytypes the inter-
pretation of the transport properties is less clear. The
question whether the weak anomalies are related to CDW
formation remains in many cases uncertain. Detailed
structural information may facilitate the interpretation of
the nature of the phase transition. Recently, the struc-
tures of Ago 6NbS2 above and below the phase-transition
temperature were determined. ' The structural changes

FICz. 1. Orthographic view of the structure of Ag- and Cu-
intercalated group-Vb transition-metal dichalcogenides. Small
solid circles denote Nb; shaded circles are Ag (Cu) atoms; the
large open circles denote chalcogen (S, Se) atoms. The trigonal
prisms formed by the chalcogens are indicated by thin lines.
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energy E sample was situated between gold pressure-contact
blocks; the Seebeck coefficient was corrected for the con-
tribution of gold.

Magnetic susceptibility data were collected on a Fara-
day balance (Oxford Instruments). No corrections were
applied for diamagnetic contributions. Further details of
the experimental techniques are described elsewhere. "

III. RESULTS
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FIG. 2. Schematic density of states vs energy diagram for di-
chalcogenides of group-Vb transition metals with trigonal-
prismatic coordination of the metal. States occupied by elec-
trons are hatched.

point to an order-disorder mechanism rather than CDW
formation.

In this paper we present measurements of electrical
and magnetic Ag-intercalated 2H-NbS2 as a function of
silver content and temperature. The observed anomalies
are interpreted in terms of the structural changes in

Agx NbS2.

II. EXPERIMENT

Data of magnetic susceptibility of Ag», NbS2 and
Ago 6NbS2 are shown in Fig. 3. The small paramagnetic
tails are probably due to small amounts of paramagnetic
impurities in the samples. Apart from the Curie-like con-
tributions the susceptibility is essentially temperature in-
dependent.

The intrinsic susceptibility g, is the sum of gd and yz,
where gd is the temperature-independent susceptibility of
core diamagnetism plus possible contributions of Van
Vleck band paramagnetism, and yz is the Pauli
paramagnetism of the charge carriers. The host 2H-NbS2
was reported to be also a Pauli paramagnetic metal with
a susceptibility of about 200X 10 cm /mole at 300 K.'
Here we find yp ——110X10 cm /mole and 25X10
cm /mole for x =0.25 and 0.60, respectively. Since gz is
proportional to the total density of states at the Fermi
level N (FF ), the trend in the susceptibilities agrees quali-
tatively with a rigid-band model of intercalation.

The temperature dependence of the resistivity p of a
series of compounds 2H-Ag NbS2 is shown in Fig. 4 and
exhibits metallic behavior. A rather strong anomaly is
observed at composition-dependent temperature. The
lowest temperature is obtained for the composition
x =0.60. The upper two curves are for compositions
within the coexistence region of stage-1 and stage-2
Ag NbS2. The resistivity decreases with larger Ag con-
tent. Since the number of charge carriers is seen to de-
crease (Figs. 3 and 5), the decrease of the resistivity with
higher Ag content suggests a higher mobility for the
charge carriers.

The preparation and characterization of polycrystal-
line samples of Ag NbS2 and growth of single crystals
Ago 6NbSz are described elsewhere. All measurements
were carried out in the temperature range 4.2 —300 K on
powdered samples. For Ago 6NbSz resistivity and Hall
measurements were also carried out on a single crystal.

Resistivity and Hall measurements were performed
with a four- and five-contact method, respectively. Con-
tacts were made with platinum paste at the edges of
pressed powder compacts (typically of size 15 X 5 X2
mm ), or single crystals (2 X 2 X 0.03 mm ). Low-
frequency phase-lock techniques were applied with
currents of 50—100 mA, in a direction parallel to the lay-
ers in the case of a single crystal. The magnetic field (0—3
T) from a superconducting magnet was perpendicular to
the crystal platelet.

The thermoelectric power (Seebeck coefficient) was
measured from the slope of the thermovoltage versus
thermal gradient, to eliminate spurious voltages. The
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FIG. 3. Molar magnetic susceptibilities y of 6R-Ago»NbS2
(upper curve) and 2H&-Ago«NbS2 vs temperature for an ap-
plied field of 8.75 kOe, not corrected for core diamagnetism.
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The decrease in the resistivity with temperature, which
amounts to approximately 20% for Ago 6NbS2, is much
larger than found for the isostructural compound
Agp 65TaS2. The resistivity of Cuo 5NbS2, also isostruc-
tural to Ago 6NbSz, shows an anomaly of about 30% near
T =261 K.' For that compound hysteresis effects could
be observed, even at very low heating and cooling rates.
This is indicative for a first-order phase transition, as are
the results of Boebinger et al. ' for the temperature
dependency of the c axis of Ago 65TaS2. The resistivity in
the low-temperature phase of Ago 6NbSz exhibits a
roughly T dependency, contrary to Cuo 5NbSz, and
Ago 6 &

TaS2 which show linear dependences of the resis-
tivity on temperature.

The Hall coefficient (RH ) for Ago 6NbS2 shows a much
smaller anomaly at the same temperature as the anomaly
in the resistivity (Fig. S). The observed temperature
dependence is quite similar to that observed for the host
2H-NbS2 reported by Naito and Tanaka. ' The value of
the Hall coeScient increases from 0.39 X 10 cm /C for
2H-NbS2 to 0.8 X 10 cm /C for Ago p5NbS2 and
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FIG. 5. Hall coefficient RH of (a) 6R-Agp2gNbS2 (powder)
and (b) 2H&-Agp 6pNbS2 (single-crystal) vs temperature.

x = 0.41

2.0

S (pV/K)

(a) 2H —Nb S
2

S (tuV/K)

(e) Agp &7NbS&

— / ~+++%V+&Avao'41aaitbao ++r +l%

1.5

-12

0 (b) Agp 2sNbS2 (t) A9p ssNbS2

4, ~

r r
0+~~ QO ~

1.0 -12

0 (c) Agp c(NbS2 (g) AgQ 73NbS2

0.5
-12

(d) AgQ $9NbS2
~ ~ % ~ Iy~

~t ~

'~

(h) A90 7sNbS2

0 '

0 100
f (K)

200 300
-12

0 100
I

200 300 0
T(K)

~ g
O~

~O
~W

Oy ~~ ~

100
T(K)

200 300

FIG. 4. Resistivity p/p3pp K of several samples Ag NbS2 vs

temperature. The compositions and observed onset tempera-
tures of the resistivity anomalies are indicated. Data refer to
polycrystalline samples, except for 2H&-Agp 6NbS2.

FICx. 6. Seebeck coefficient 5 of several samples Ag„NbS2 vs

temperature.
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1.6X10 cm /C for Ago 6NbSz at T=300 K. These
data cannot be used for a straightforward calculation of
the charge transfer from Ag to the Nb d & band, since the

Hall coefficient and the Seebeck coefficient (S) (Fig. 6)
have opposite signs. This is indicative for a two-carrier
mechanism of conduction with different mobilities for
electrons and holes, respectively. Indeed, if the charge
transfer to the d & band of Nb is calculated from the dataZ'

of Naito and Tanaka' and our data on the basis of a
single-carrier model, a too large value of 1.2 electrons per
intercalated A.g atom is found in the case of Ago 6NbS2
and even 2.0 electrons in the case of Ago z5NbS2. The on-
set temperature of the resistivity anomalies is found to
agree with the change in slope in the Seebeck coefficient.

IV. DISCUSSION

Although the magnetic-susceptibility data show a qual-
itative agreement with the simple density of states
scheme of Fig. 2, an explanation of the behavior of the
Hall coefficient R~ and the Seebeck coefficient S requires
a more detailed picture. The difference in sign of RII and
S we observed for Ago 25NbS2 and Ago 6NbS2 was also
found for the nonintercalated host 2H-NbSz. ' Other
2H-TX2 compounds show similar behavior at room tem-
perature, for example, 2H-NbSez (Ref. 17) and 2H-
TaS2. ' Most band-structure calculations of the 2H poly-
types of TX2, however, find a holelike Fermi surface, '

and therefore fail to give even a qualitative explanation
for the opposite signs of R and S. Band-structure calcu-
lations of Ag and Cu intercalates of the 2H-TX2 poly-
types have not been published up until now. It is not ex-
pected that these will give better agreement with the ex-
perimental data, since the system is much more compli-
cated. For instance, for sufficiently high concentrations
of Ag or Cu, the stacking sequence of the NbSz
sandwiches is changed to that of 2H-MoS2. So the in-
teraction of the intercalant with the NbSz sandwiches
have electronic as we11 as structural consequences.

From the single-crystal x-ray determination of the or-
dered, low-temperature structure of Ago 6NbS2 (preced-
ing paper), it was found that, with respect to the disor-
dered, high-temperature phase, the Ag-Nb distance con-
siderably shortens. From the experimental data present-
ed here, it cannot be determined if this decrease is
sufficient to cause a considerable increase of the Ag-Nb
interaction. Pfalzgraph et al. ' found a decrease in the
anisotropy ratio of the resistivity parallel and perpendicu-
lar to the ab plane from 2000 in 2H, -NbS2 to 4 in
Cuo 5NbS2. This is an indication of the increasing in-
teraction between Cu and the NbS2 sandwiches. This in-
teraction can be rationalized by assuming a hybridization
of the 4s orbital of Cu (5s in the case of Ag) with the part-
ly occupied 5d 2 orbital of Nb.

In the preceding paper' it was found that the transi-
tion at T = 124 K for Ago 6NbS2 can be associated to an
ordering of the Ag atoms on the sites of a puckered
honeycomb lattice between NbS2 sandwiches. The ac-
companying (static) displacements of Nb and S were

shown to correlate strongly with the density modulation
of Ag. A clustering of Nb atoms was not found. There-
fore it is not likely that the phase transition is associated
with a CDW formation. Another mechanism is required
to account for these anomalies.

The electrical resistivity can be expressed as a function
of the concentration and the mobility of the charge car-
riers. In a first approximation, the Hall coefficient only
depends on the charge-carrier concentration. Therefore,
going through the phase transition, a change in the
charge-carrier concentration would lead to comparable
anomalies in the electrical resistance and the Hall
coefficient. A change in the mobility will mainly have an
effect on the resistivity only.

In the pure layered compounds, anomalies in both the
resistivity and the Hall coefficient are observed. This
points towards a change in the charge-carrier concentra-
tion at the phase transition. Such a change can result
from a change in the Fermi-surface topology. The
developement of a charge-density wave does lead indeed
to a dramatic change of the bands at the Fermi level, and
thus can explain the anomalies in the transport properties
of the pure TX2 layered compounds.

For intercalated Ag„NbS2, the anomaly in the electri-
cal resistivity is not accompanied by an anomaly in the
Hall coefficient. Therefore the phase transition cannot be
related to a change in the charge-carrier concentration.
Paulus found from temperature-dependent plasma
reAection spectra of Cuo ~NbS2 also a constant charge-
carrier concentration. Cuo 5NbS2 is isostructural to
Ago 6NbS2 in the high-temperature phase and undergoes
an order-disorder transition at T =261 K. Reversing the
argument given above, this is another indication that the
CDW mechanism cannot be responsible for the phase
transition in these compounds. It follows that the anom-
aly in the resistivity must be explained by a change in the
mobility.

The mobility depends on the scattering mechanisms for
the charge carriers, resulting in a low mobility for strong
scattering. Above the phase transition, the disordered
silver lattice gives an additional scattering mechanism as
compared to the ordered structure below T, . '' The
order-disorder transition can thus explain the presence of
an anomaly in the resistivity and the absence of such an
anomaly in the Hall coefficient.

It is noted that the order-disorder transition may also
lead to a change of the Fermi surface. When the wave
vector connected with the transition is equal to the Fer-
mi wave vector, the phase transition leads to the opening
of a gap at the Fermi level, and thus to a completely
changed Fermi surface. As the transition wave vector
and the Fermi wave vector depends on x in Ag TiSz in a
different way, only special values for x may give that both
wave vectors are equal. This is the situation in Ag, TiS2
with x =0.33, where both the Hall coefficient and the
resistivity exhibit an anomaly. ' However, for the com-
pounds in this paper, the two wave vectors are different.
As already remarked, our data suggest an essentially

. unaltered Fermi surface upon ordering, and the extra
scattering potential in the disordered phase is therefore
the main reason for the resistivity anomaly.
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V. CONCLUSIONS

The main result of the present work is that the strong
anomaly in the resistivity in Ago 6NbS2 must be attribut-
ed to the change in the scattering potential due to the or-
dering of Ag atoms. The Hall and Seebeck measurements
show no indication for a charge-density wave, in accord
with the results of a structural study on Ago 6NbSz (Ref.
10) that Nb clusters are absent in the low-temperature
phase.

A number of questions remain, especially with respect
to the topology of the Fermi surface, in the ordered and

the disordered phase as well as in nonintercalated 2H-
NbS2. Elaborate band-structure calculations and
photoelectron-spectroscopy studies are needed to explain
the detailed features in the electronic structure.
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