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The first-transverse dc conductivity measurements on a member of the transiton-metal trichalcogenides
(NbSe;) are presented. The conductivity anisotropy o, /0, (where b is the chain axis) was obtained using the
Montgomery technique, and varies from 10 to 20 as a function of temperature. The transverse resistivity p,
also shows anomalies associated with the charge-density-wave transitions at T, (142 K) and T, (58 K).
However, these anomalies are smaller than the corresponding ones in p,. The quantity Ry (0)/(p, p.), where
Ry is the Hall constant, demonstrates explicitly the freeze-out of thermally excited quasiparticles below each
transition. We show that at both transition gaps appears on the hole surface, and the hole concentration
decreases rapidly. The transverse magnetoresistance at low fields has also been measured. Its monotonic
power-law decrease with increasing temperature shows explicitly that the resistivity anomalies are due to
changes in the carrier concentration, and not in the lifetimes.

I. INTRODUCTION

The transition-metal chalcogenides have proved
to be a remarkably fertile series of compounds
for the study of instabilities of the electron gas of
reduced dimensionality. The MX, (where M is a
transition metal element and X is one of the chal-
cogens) compounds form layered structures' and
the electron gas has a quasi-two-dimensional
character. A host of phase transitions into the
incommensurate charge-density~wave (ICDW) and
commensurate charge-density-wave state (CCDW)
occurs in the various poly-types of these com-
pounds. Much theoretical effort has been expended
to study the nature of the incommensurate phase
and how an ICDW “locks-in” to the underlying
host lattice. For instance, McMillan® has pro-
posed that the ICDW state in 2H-TaSe, is in fact
one in which the charge-density-wave (CDW)
‘achieves commensurability over microdomains
which are separated by domain walls (discom-
mensurations) where the CDW phase undergoes
an abrupt change. It remains unclear whether
such discommensurations or similar defects
occur also in other ICDW systems such as 2H-NbSe,,
or whether the canonical CDW theory of Chan and
Heine® is adequate.

In the last two years compounds of the type
MX, have been shown to exhibit the same kinds of
electronically driven instabilities. Specifically,
the compounds NbSe,,*® NbS,,® TaSe,,**” and 5TaS,
have been synthesized and studied. The occurrence
of CDW’s in the MX, family is significant because
the members generally have a linear-chain struc-
ture with high conductivity along the chain direc-
tion. In contrast to the layered structure of the
MX, family where the high conductivity occurs

in the basal plane, the MX, metals could possibly
show quasi-one-dimensional behavior. Indeed,
Sambongi et al.,” have shown that TaS, undergoes
a transition into the insulating CCDW state, sim-
ilar to the well-studied quasi-one-dimensional
conductors, tetrathiafulvalene tetracyanoquino-
dimethane® (TTF-TCNQ) and the mixed-valence
compounds® KCP and their numerous derivatives.
Another member TaSe,, shows metallic behavior
at all temperatures down to 2.2 K where it be~
comes superconducting.? No superlattice forma-
tion has been reported for TaSe,.

In many ways the most interesting member of
the MX; family is NbSe; which was first struc-
turally characterized by Meerschaut and Rouxel.*
Monceau and co-workers,® first showed the occur-
ence of two giant resitivity anomalies associated
with phase transitions at 7} (~142 K) and 7, (58 K)
which they inferred to be CDW transitions, from
the pressure dependence'® of T, and T,. Support
for this hypothesis was provided by measurements
on the Hall effect!! and Young’s Modulus? which
showed respectively a loss of carriers at both T
and T,, and an elastic anomaly at 7;. Further-
more, the growth of a gap at the Fermi surface
(FS) at both transitions was inferred!® by applying
the BCS gap equation to data obtained from the
non-Ohmic measurements of the longitudinal con-
ductivity. Since then other groups'*~'¢ have ob-
tained direct supperlattice evidence of ICDW’s
in both low-temperature phases by electron dif-
fraction and x-ray studies.

The confirmation of the CDW state in NbSe, is
significant because of the anomalous-electronic
transport properties which occur below 7,. The
giant resistivity anomalies show non-Ohmic
breakdown effects'” under weak dc electric fields.
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The conductivity also shows'® strong frequency
dependence in the gigahertz region even when the
ac field is much weaker than the value required
to observe non-Ohmic behavior at zero frequency.
The great difficulties in accomodating these re-
sults within the framework of a single-particle
picture have been discussed in Refs. 13 and 18.
In these papers it was also suggested that the
significant enhancement of the conductivity may
arise from the depinning of the rigid CDW con-
densate which is then accelerated by the E field.
This possibility has been discussed by many
workers'®2° in the context of one-dimensional
“Frohlich superconductivity.” Bardeen?! re-
cently applied the two-fluid model to account for
the temperature dependence of the activation field
in NbSe;, and finds that the depinning field should
first decrease, then increase as the temperature
decreases, in qualitative agreement with the ex-
periment. However, little else is understood,
especially quantitatively, regarding the anomalous
transport behavior aside from the strong suspi-
cion that a collective mode of the CDW condensate
is being excited.

In this paper we present results on the galvano-
magnetic and other transport properties of NbSe,
in the zero-frequency-Ohmic regime, restricting
current values to below the Ohmic breakdown
values. Although the nature of the current-carry-
ing excitations in the non-Ohmic and/or high-
frequency regime is of paramount interest, the
understanding derived from the analysis of the
galvanomagnetic and conductivity anisotropy data
in the Ohmic region is a necessary first step
towards an understanding of the anomalous be-
havior. It will be seen in the following paper?
(II) that the various transport measurements
taken together offer a rather complete view of
the normal uncondensed electrons and holes in
this metal. The galvanomagnetic measurements
in the high-frequency and high electric field re-
gimes are currently in progress and will be re-
ported in a later publication.

Hall measurements on NbSe, from 2 to 300 K,
with the B field along a* and the current parallel
to b (the chain axis) have been reported by Ong
and Monceau®* (OM). Monceau®® has measured
the Shubnikov~de Haas oscillations in the mag-
netoresistance. Fleming, Polo, and Coleman?*
(FPC) have also reported oscillatory magnetore-
sistance measurements in NbSe, and TaSe,;, as
well as high-magnetic-field Hall measurements
in NbSe;. A more complete mapping of the Shub-
nikov frequencies has recently been obtained by
Monceau and Briggs? (MB). The preceding mea-
surements are all in substantial quantitative
agreement except for the disagreement on Hall

polarity reported by OM and FPC. Together with
the conductivity anisotropy in the b-c¢ plane and
the transverse low-field magnetoresistance mea-
surements to be reported here one should have
sufficient data to unravel the contributions from
the electron and hole pockets. In particular one
would hope for a direct observation of the loss

of carriers near the CDW transitions, as thermally
excited quasiparticles across the developing gaps
are frozen out with decreasing temperature. Evi-
dence for this behavior is obtained by combining
the Hall and anisotropy measurements. A full
analysis of the galvanomagnetic data is presented??
in II.

II. EXPERIMENTAL DETAILS

Conductivity anisotropy measurements were
done using the Montgomery?®® technique. The
fibrous morphology of the crystals and the minute
transverse dimensions presented the most serious
difficulties in measuring the dc transverse con-
ductivity. Samples were mounted on a sapphire
substrate and glued to the substrate by four
silver paint (du Pont 4922) droplets, which also
served as contacts for the gold leads. This
mounting configuration is less satisfactory in one
respect than some that have been reported®” in
the literature. The differential contraction of the
sample and substrate sets up stresses in the sam~
ple which lead to cracks parallel to the chain axis.
These stress-induced cracks show up as irrepro-
ducible jumps in the measured transverse con-
ductivity. Nonetheless, this mounting configura-
tion was used because one could achieve better
control over the size of the contacts to the sample.
Attempts to use techniques such as that described
by Coleman®” resulted in the droplets completely
enveloping the thin sample. The Montgomery con-
figuration requires the contacts to be at the four
corners of a rectangular sample. Because the
ends of single crystals tend to be frayed the con-
tacts were placed approximately 3 mm away from
the ends. Since the transverse dimension in the
c direction was typically 300 um and the diameter
of the paint droplets was at least 100 ym great
care was required to avoid shorting out contacts
on opposite sides of the sample. The technique
which proved most successful was to place the
sample on the substrate and to wash it with a drop
of butyl acetate. This improved adhesion of the
sample to the substrate as well as the contact be-
tween the sample and paint. When the butyl ace-
tate had evaporated a small droplet of paint was
placed on the substrate close to the sample and
edged in with a 3-mil wire until contact was
achieved. The optimum viscosity was maintained
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FIG. 1. Conductivity anisotropy (in the 6-c plane),
the transverse resistivity, and the longitudinal resis-
tivity of NbSe; (in descending order). The transverse
resistivity has been reduced by a factor of 10 for con-
venience. The longitudinal resistivity profile is in
good agreement with previous results obtained by the
conventional four-probe technique. Like p, the trans-
verse resistivity p, 'is also greatly perturbed by the
CDW transitions at T; and T,. The inset shows the
actual sample orientation in the Montgomery technique
used.

by diluting a fresh “pot” of paint with butyl ace-
tate for each contact. To ensure that the sample
could withstand the stresses associated with
cooling only those crystals with substantial thick-
ness g in the a* direction (normal to substrate)
were used. A successful cool down was judged

to be one in which no measurable hysterisis was
observed on subsequent warm up. The amount of
stress could also be estimated by comparing T,
and T, as well as the size of the two anomalies in
the longitudinal resistivity with the ambient pres-
sure results. Chaussy et ql.*° have shown that these
parameters are sensitive to applied hydrostatic
pressure. In the results reported here the long-
itudinal resistivity and the transition tempera-
tures show no measurable differenee from the
ambient pressure results. Thus we may safely
ignore the effect of these stresses. The sub-
strate was thermally anchored to a copper plat-
form which was surrounded by He gas and en-
closed in a double-vacuum jacket. Thermal sta-
bility was maintained to £10 mK while the two
measurements were made. The sample whose

conductivity anisotropy is shown in Fig. 1 had
dimensions 1980x290X 50 um. Since the contact
dimensions varied from 30 to 50 um there is
some uncertainty over what the appropriate effec-
tive ratio of the sides of the crystal b/c should
be. This is discussed in Sec. III.

For the transverse magnetoresistance measure-
ments much thinner fibers canbe used (typically 20-
wmwide). Leads were mounted in the conventional

four-probe configuration with the B field along the a*
axis and the current in the b direction. A quad-

ratic fit to the resistivity at low fields was made
at each temperature. This is important below
~12 K where the resistivity starts deviating from
quadratic behavior at relatively low fields. The
low-field magnetoresistance Ap/p, B where p,

is the zero-field resistivity is very large at 4.2 K
(corresponding to an equivalent mobility of
~40000 cm?/V sec), but rapidly decreases to an
equivalent mobility of 200 cm?/V sec at 55 K. No
magneto-resistance could be measured to our sen-
sitivity atfields of 70 kG above the T, transition. Our
highest temperature datais at 55 K. At15kG the
measured fractional change in the resistivity at
55 K is 7x10~%. Since the temperature-coeffi-
cient of the resisﬁvity is very large at this temp-
erature p™ dpo/dT~ —8x10~2 K-! the fractional in-
crease in p would be suppressed by a temperature
drift of 9 mK during the time of the field sweep.
This represents an upper limit on the cryogenic
stability of our apparatus. The temperature of
the sample chamber was controlled by a capaci-
tance sensor which, unfortunately, was least
sensitive around 60 K. Transients caused by the
switching relays in the magnet supply were sup-
pressed by careful screening of the sample leads.
Altogether data from three samples were taken.
Despite the scatter they are in reasonable agree-
ment with each other.

III. RESULTS AND ANALYSIS

In Montgomery’s?® technique for measuring the
conductivity anisotropy of a rectangular sample
of sides b and ¢, the potential drop ¥, across con-
tacts 3 and 4 (see Fig. 1) is first measured with
the current I going through contacts 1 and 2. Next,
the potential drop V, across contacts 2 and 3 are
measured with the same current going through
contacts 1 and 4. Specializing to the case where
the third dimension a (along the a* axis) is neg-
ligible compared to ¢, Montgomery and Logan
et al 2® show that the resistivity in the b and ¢
directions are given by

oy =H (x)a(V./I)(cx/b), (1)
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pe =Hx)a(V;/D)(®/cx), @)
where
__‘ 1+2g+2g%-- ..
Hi)=7 InJT 2g+240 - 0 1=¢ (3)

and x is the solution to the equation

V,_ {mx/4-In[2(1 - & +¢°)/(1 +2¢ +2q4)]}
V, " {In[(1 +2¢ +2¢%)/(1 =24 +2¢9]}

Y=

(4)

In practice at each temperature the ratior is
formed from the measured ¥, and V,. Equation
(4) is then solved for x, and H computed from
Eq. (3). Substitution into Egs. (1) and (2) gives
p, and p.. For reference we note that the product

Py P =H (x)? a®(V, /I (5)

is independent of b/c. To solve Eq. (4) for x we
have found it convenient to use the following
series which gives an accuracy of £0.01% when
1<7<30:

x=A +BInv +C(In7)? +D(In7 )3« -+ . (6)

A =0.997229, B=0.160697, C =1.231448x10"2,
D=-3.79740x10"%,

Figure 1 shows the computed anisotropy in the
b-c plane and the separate resistivities along the
two axes. (The transverse resistivity p, has been
reduced by a factor of 10.) As mentioned in Sec.
I the longitudinal anomaly sizes in p, show good
agreement with conventional four-probe measure-
ments on single ribbons. Furthermore, the room
temperature value of p, (655 1 cm) is in good
agreement with previously reported® measure-
ments. A rather surprising feature of the trans-
verse resistivity p, is the sizeable anomaly at 7;.
This is unexpected from the orientation of the
superlattice Bragg plane which is normal to the
b axis. Equally unexpected is the fact that the
appearance of the CDW at 7, which has spanning
vector!® (0.5, 0.26, 0.5) seems to disrupt p, less
than p,. Below 7, the transverse resistivity p,
decreases much more rapidly than p, but at li-
quid-helium temperatures the anisotropy has
returned to the value it had at 59 K. As men-
tioned before, the computed anisotropy p./p,
is very sensitive to the choice of the ratio of the
sides b/c. Since the contacts have finite size it
is not clear what values for b/c is appropriate.
The anisotropy shown in Fig. 1 (~16 at 290 K) was
computed with a value of /c equal to 5.0. Room-
temperature measurements on two other samples
gave values of p./p, which varied between 10 and
30, again depending on the choice of b/c. Thus
the absolute value of the anisotropy is known only
to £50%. Nonetheless it may be seen from Egs.

(4) and (5) that the value of x and (o, p,) are un-
affected by this uncertainty. It will turn out that
in analyzing the anisotropy data in conjunction
with the galvanomagnetic data the important quan-
tity is p, p. which does not depend on b/c. The
quantity that figures prominently in these analy-
ses is Ry/p, p. which may be shown to be indepen-
dent of all sample dimensions. (Both R, and
pp Pe are linear inq.) Similarly the magnetore-
sistance is independent of sample dimensions.
Knowing the product p, p. (solid circles in Fig.
2), enables us to proceed one more step in under-
standing the Hall effect of NbSe,. The puzzling
feature of the Hall constant at zero field, Rg(0),
is the large increase in |R,(0)| below 7, and 7.
Specifically™ |R,(0)| undergoes an eightfold in-
crease as the temperature decreases from 145 to
60 K and appears to be still increasing when the
T, transition is reached. A similar large increase
(12-fold) occurs below the T, transition (between
59 and 36 K). In a one-band model R,(0) is in-
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FIG. 2. Product of the resistivities p,p, (solid circles)
and the absolute value of the quantity A =R y(0)/p; o,
(open circles) vs temperature in log-log scale. The
“resonance” structure in |A| is due to the zero crossing
of Ry(0) at 15 K. The straight line through the open
circles reflects the dominant power-law behavior T~ %
of the mobilities.
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versely proportional to the carrier concentration.
However, it is clear that such large increases in
R,(0) with no sign of saturation is incompatible
with this simple interpretation, since the resis-
tivity shows only a 20% and 50% change at 7, and
T,, respectively. Nevertheless, one would hope
that the Hall data would be amenable to a reason-
ably straight-forward interpretation, and provide
experimental evidence of loss of carriers as
required by the canonical CDW theory.® The
change of sign of R,(0) at 15 K indicates that a
two-band model is appropriate for NbSe,. This
is also consistent with the very large transverse
magnetoresistance observed at low temperatures.
The expression for the Hall constant at zero field
for the two-band model (assuming a closed simply-
connected FS for both holes and electrons) is
given by??

Ry(0) == (ap,pup = pv o)/ emp, +pv,) iy, +pvs,),
(7

where e is the magnitude of the electronic charge,
n(p) are the electron (hole) density, u,(u,) is the
electron mobility in the x(y) direction and v,, v,
are the analogous hole mobilities. The form of
the denominator suggests that a simpler expres-
sion is obtained by dividing Eq. (7) by (p,p,)-

This gives

A=Ry(0)/p,p; = e(pv,vy =np, it,) (8)

whose absolute value is plotted in Fig. 2 (open
circles) in log-log scale. It becomes immediately
apparent that the temperature dependence of A is
dominated by that of the mobilities (lifetimes of
carriers) which have a power-law dependence.
Dividing out this power-law dependence we thus
isolate the temperature variation predominantly
duetoz and p. InFig. 3 thequantity A (T)(T/T,)%-*"®
is shown versus temperature. The deviation
above 40 K of A from the straight line in Fig. 2
now manifests itself as a sharp change in the hole
concentration relative to the electron concentra-
tion. To be consistent with the conventional con-
cepts of gap formation at the FS we postulate
from Fig. 3 that the gapping occurs at the hole
surface. This is because (pv,v, —nu,u,)(T/T,)%%"°
increases algebraically as T, is approached from
below.

(The reader may question our treatment
of the Hall effect due to the thermally ex-
cited quasiparticles. On the hole FS the excita~
tion of holes across the CDW gap leaves vacan-
cies behind which are electronlike. These will
presumably contribute a negative Hall signal,
and to a first approximation, cancel the Hall sig-
nal from the excited holes. However, this argu-
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FIG. 3. Temperature dependence of A with the power-
law dependence T~ divided out. Below T, (open cir-
cles) a equals 3.875. Above T, (solid circles) a has
the value 2.792. It argued in the text that the increase
in A as the temperature increases towards T, is due
to the thermal excitation of quasi-particles across the
CDW gap.

ment is incorrect. By studying the topology of the
constant energy surfaces it may be shown that the
vacancies will always have the same galvanomag-
netic response as the excited quasiparticles. A
more detailed treatment is offered elsewhere.)
Much the same analysis can be applied to the Hall
data above T,. Again we find that A vs T in a log-
log scale falls on a straight line of slope —2.792
except near 7,. Dividing out this power-law de-
pendence shows the same carrier freeze-out
phenomenon below 7, (see Fig. 4) rather more
clearly than in Fig. 3 because R,(0) has no zero
crossing above T,. Above T;, A(T/T))*™ is
temperature independent indicating no relative
changes in the electron and hole concentrations.
Thus the slight decrease in R,(0) above 145 K
that is evident in Fig. 3 of Ref. 11 is entirely due
to the temperature dependence of p, p.. Similar
to the T, transition we conclude that at 7; the loss
of carriers occurs on the hole FS. From the
foregoing the picture that emerges is that above
T,, Ry is negative (nu,u,>pv,v,). At T, a gap
occurs on the hole FS associated with a CDW with
spanning vector'* (0,0.24,0). The decrease inp
relative to » drives R, more negative. However,
A (with the temperature dependence of the life-
time divided out) decreases smoothly before
saturating instead of dropping abruptly to its sat-
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FIG. 4. Temperature dependence of A (T/T,)* around
" the upper transition. Below T; (solid circles) o equals
2.792 while above T, (open circles) a equals 1.774.
Between ~ 100 and 145 K the steep rise in A(T/Ty)® is
ascribed to the thermal generation of quasiparticles
across the CDW gap on the hole Fermi surface. Note
that A (T/T,) ¢ is temperature independent above T
and below 100 K.

uration value. This is due to the thermal excita-
tion of quasiparticles (which are holes) across the
developing gap. Below ~90 K these quasiparticles
have been frozen out and A (T/T,)*:™ becomes
temperature independent until 7, where a new
gap—again associated with the hole surface—ap-
pears in conjunction with a CDW of spanning vec-
tor® (0.5, 0.26,0.5). A is again driven to more
negative values and the appearance of thermally
excited quasiparticles (again holes) is shown in
Fig. 3. At ~40 K the freeze out of these carriers
is complete. No further change in carrier popula-
tion occurs below 40 K. The reversal of sign of
A is presumably due to the steady increase of the
hole mobility versus the electron mobility at low
temperatures. This picture is borne out by the
analysis presented in IL

Figure 5 presents the transverse magnetore-
sistance data at low magnetic fields. We have de-
fined the effective magnetoresistance mobility
as the square root of the coefficient of B? in the
expansion of the resistivity in a Taylor’s series,

p(B) =p(0)(1 +u3 BZ +2++). 9

Figure 5 shows the temperature dependence of pu,
in log-log scale. The striking feature of the data,
in view of the model sketched above, is the mono-
tonic power-law decrease of 1, as 7, is approached
from below. Significantly, whereas |R,| and p, p,
attain a maximum before decreasing to their
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FIG. 5. Transverse magnetoresistance expressed as
an effective mobility u, vs temperature in log-log
scale [see Eq. (9)]. Data from three samples are shown.
Note that the mobility p, continues to decrease with in-
creasing temperature between 40 and 58 K whereas the
longitudinal conductivity is rapidly rising in this tem-
perature interval. This implies a steep increase in
carrier concentration as discussed in the text.

value at T,, u, shows no such structure. Insofar
as u, measures the lifetime of the carriers (in

an averaged way) this immediately implies that

the steep rise in conductivity in both » and ¢ direc-
tions as the temperature increases from 40 K to

T, is not due to any increase in carrier lifetimes.
Taken together with the change in carrier concen-
tration shown by the data on A, the data in Fig. 5
give strong support to the conventional picture of
FS gapping at a CDW transition.

IV. CONCLUSION

The first measurements on the transverse dc
resistivity of a transition-metal trichalcogenide
are presented. Although the linear-chain crystal
structure of NbSe, suggests the possibility of
quasi-one-dimensional behavior the measured
anisotropy (~20) is several orders of magnitude
smaller than the best one-dimensional conduc-
tors. Nonetheless, the peculiar transport prop-
erties of this metal make it directly relevant to
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the issues of interest in the field of highly aniso-
tropic conductors, particularly the question of
the depinning of the CDW condensate and the
sliding Frohlich mode. Some clarification of the
electronic instabilities have been obtained by
studying the conductivity anisotropy in relation
to the Hall constant and transverse magnetore-
sistance. In particular it is demonstrated that
the gapping occurs on the hole FS at both transi-
tions. Furthermore, the giant resistivity ano-
malies in the longitudinal resistivity are shown
to be a consequence of loss of carriers at 7

and 7, due to the slow freeze-out of thermally
excited quasiparticles across a developing gap.
This confirms the previously published!® analysis
of the non-Ohmic data which also showed that the
decrease in conductivity was consistent with
carrier freeze-out across a gap which could be
described by the BCS equation. In particular, by
combining the product p, p, with previously pub-

lished* data on the zero-field Hall constant

R,(0) which shows a surprisingly large change at
T, and T, we obtain an expression which shows
more transparently the decrease in the hole con-
centration below T, and 7,. Finally, the trans-
verse magnetoresistance provides complementary
information on the averaged lifetime of the car-
riers and shows explicitly that the resistivity
anomaly at 7, is not due to pathological changes in
carrier mobilities, as has been suggested by
other workers.?*
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