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We report measurements of the resistance and narrow-band noise in NbSe; for magnetic fields from O
to 10 T and temperatures from 30 to 55 K. We find that a magnetic field effects a change of less than
5% on the charge-density-wave carrier concentration obtained from the slope of the current versus fre-
quency curves. This disagrees with some previously reported measurements and resolves an existing con-
troversy. Our work also implies that the increase in the resistance anomaly with magnetic field is not re-

lated to an increase in the carrier concentration.

PACS numbers: 71.45.Lr, 72.15.Gd, 72.15.Nj

There are two charge-density-wave (CDW) transitions
which occur in NbSes, one at 7, =145 K and the other
at T,=59 K.' In most CDW materials, the formation
of a CDW gap results in a complete destruction of the
Fermi surface, resulting in a semiconducting ground
state at temperatures below the transition. NbSe; is
unique among CDW materials in that its low-temper-
ature ground state is metallic or rather “semimetallic”
and that its CDW can be made to slide. As estimated
from resistivity measurements, 20% of the room-
temperature Fermi surface is destroyed by the upper
(T, =145 K) transition and approximately 60% of the
remaining Fermi surface by the lower (T, =59 K) tran-
sition.? An extra contribution to the conductivity is ob-
served in NbSe; (as in other sliding CDW materials)
when the electric field exceeds a temperature-dependent
threshold electric field Er. According to the classical
description for CDW motion, when E > E7 the CDW is
depinned from impurity centers and a nonlinear conduc-
tion is observed. When the CDW begins to slide a
narrow-band noise (NBN) may be observed whose fre-
quency F is linearly dependent on the current that is car-
ried by the charge-density wave Icpw. The slope of the
Icpw vs F curve is proportional to the CDW carrier con-
centration ncpw. >

Coleman et al.* found that when a magnetic field was
applied perpendicular to the high conductivity axis in
NbSe;, a very large magnetoresistance Ap/p was ob-
served at temperatures in the range 10 K< 7 <50 K.
They found that at B=22.7 T, Ap/p was on the order of
2-4 in the temperature range 20-45 K and that Ap/p
went to zero at the lower CDW transition temperature.
They emphasized that the resistive anomaly is not caused
by any dynamical motion of the CDW but by the effect
of the magnetic field on either the number or the mobili-
ty of the normal electrons. They further stated that if
the extra resistance is interpreted as being caused by a
reduction of the Fermi surface area then, at B =227 T,
approximately 92% of the remaining Fermi surface must
be removed at T, compared to 60% at B=0. This would

imply that the CDW carrier concentration had been in-
creased by approximately 50% because of the application
of the 22.7-T magnetic field. Stimulated by the work of
Coleman et al., Balseiro and Falicov>® developed a
theory in which it was shown that a magnetic field could
enhance the CDW gap through an improvement of the
Fermi surface nesting. This magnetic-field-enhanced
gap would then lead to a direct conversion of carriers
from the normal state to the CDW state though the de-
gree to which this might happen cannot be readily ob-
tained from the theory.

Recently, Parilla, Hundley, and Zettl” reported mea-
surements of F as a function of Icpw in NbSe; in the
presence of an applied magnetic field and correlated this
to the effect of the magnetic field on the CDW carrier
concentration. They performed two-probe noise and
resistance measurements on NbSes; in magnetic fields up
to 7.5 T. From their noise data they concluded that at
T=37 K and B=7.5T a 30% increase in the CDW car-
riers can be observed. They related this to the increase
in resistance and found reasonable agreement between
the increase in CDW carriers derived from the noise and
the resistance measurements. They also performed ac
conductivity measurements® from which they concluded
that at 7=30 K and B=7.5 T a 20% increase in CDW
carriers was observed, which was in qualitative agree-
ment with their NBN results.

There has been some very limited preliminary data by
Monceau, Richard, and Laborde,’ which disagreed with
the NBN results of Parilla, Hundley, and Zettl,” and a
later inference by Richard, Monceau, and Renard, '® that
there was no dependence of the NBN slope on B. Never-
theless, the work described in Refs. 4-8 has provided a
coherent and consistent picture of the effect of a magnet-
ic field on the number of electrons in the CDW’s of
NbSe; that up to now has been widely accepted by most
specialists and essentially all interested nonspecialists.

Still, many of the most fundamental questions regard-
ing sliding CDW’s are not yet understood including the
energy dissipation mechanisms, their /-¥ characteristics
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and their response to magnetic fields. Among the latter
are a number of unexplained aspects regarding the Hall
effect,'"!%!3 the remaining controversy over the magnet-
ic field dependence of ncpw, and therefore, by implica-
tion, the real origin of the unusually large magnetoresis-
tance found below the lower CDW transition tempera-
ture.

We have performed NBN and resistance measure-
ments over the magnetic field range 0-10 T and the tem-
perature range 30-55 K in an effort to address the un-
certainties surrounding the effect of the magnetic field on
ncpw. ? We believe we have succeeded in this and in
forcing a reexamination of the conceptually simple pic-
ture now widely held by identifying the source of an ex-
perimental error in the work of Parilla, Hundley, and
Zettl.” We have observed a large magnetoresistance
below the lower transition in agreement with others.*8
Nevertheless, over these parameter ranges the magnetic
field has very little effect on the CDW carrier concentra-
tion as determined by the NBN measurements. The
latter has implications for the magnitude of the effect
calculated by Balseiro and Falicov™® since it implies that
the large increase in resistance is not primarily due to a
decrease (increase) in normal carriers (CDW carriers).

We have carried out a large number of particularly
careful measurements of F and Jcpw, and the sample
resistance Rs as a function of magnetic field. Single
crystals of NbSe; with a typical residual-resistivity ratio
of —80 were mounted perpendicular to the magnetic
field in a four-probe resistance configuration. The elec-
tronics that were used allowed the current to be injected
either through the outer current leads (labeled 7+ and
I—) resulting in a four-probe resistance measurement or
through the inner potential leads (labeled ¥+ and ¥V —)
resulting in a two-probe resistance measurement. A pos-
sible problem with the two-probe method is the error in-
troduced in the interpretation of the results because of
an additional voltage from the contact resistance. The
NBN was measured across the ¥+ and V' — leads on
the sample with the current typically being injected into
these same leads. Injecting the current into the /+ and
I — leads while measuring the NBN results in a number
of problems, including the multiple frequencies discussed
by Ong and Verma,'* and greater background noise. In-
terpretation of the data was based on the following con-
siderations. For E > E7, we suppose that the total
current in the sample /7 consists of two parts, the normal
or Ohmic contribution /o and the contribution from the
motion of the charge-density wave Icpw, i.e., IT=Iq
+Icpw, where Io=Vs/Rqa, Rq is the Ohmic sample
resistance and Vs is the sample voltage. Thus
Icow=Ir—Vs/Ro. When we use the two-probe
method, the existence of a significant contact resistance
results in the apparent Vs and R, becoming respective-
ly: Vs— Vs+Ve and Rq— Rqo+ Rc and thus the ap-
parent Icpw=Ir— (Vs+Vc)/Rq+Rc), where Rc is

the resistance of the contacts and V¢ =I7rRc is the volt-
age across the contacts. With these additional two-probe
contributions, the true CDW current cannot be calculat-
ed. One must instead measure the NBN frequency for a
given total current /7 through the sample in a two-probe
manner and then switch to a four-probe method for the
same I (same NBN frequency) to measure Vs and thus
calculate the correct CDW current. 1&pw and I&Hw will
designate the CDW current derived for the two-probe
and (correct) four-probe methods, respectively. The ex-
pressions for each of these, given above, can be solved
simultaneously to eliminate IT7R o — Vs and give the rela-
tionship

1w =18w{l+[Rc/Ro(B,T)1} . 1)

Care was taken to achieve very stable contacts with
contact resistance Rc <0.5R,. We held the tempera-
ture over the range of our data to within 50 mK for over
4-5 hrs. The dc current was passed through a standard
resistor in series with the sample for determination of the
total current with either the two-probe or the four-probe
configuration. After obtaining the Icpw vs F two-probe
and four-probe data for B =0, the magnetic field was ap-
plied and the process repeated while maintaining a con-
stant temperature. We found that the application of the
magnetic field in no way affects the quality of the NBN
spectrum. In Fig. 1. we show that data for both B=0
and 9.6 T in both the two- and four-probe configurations.

The NBN frequency F is related to Icpw through the
following relationship*:

Jcpw =ncpwev =ncpwerF, ()

where Jcpw =Icpw/A, Icpw is given by Icpw=Ir
—Vs/Rq, v is the CDW drift velocity, 4 is the sample
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FIG. 1. Icpw vs F at T=38 K. The sample parameters are:
the sample length / =0.51 mm, Rs(300 K) =288 @, and an es-
timated sample cross-sectional area 4 =4.4 um?2 The data
show the different magnetic field dependence for the two- and
four-probe measurements. The straight lines are fits with Eq.
(1) and the corresponding four-probe data.
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cross sectional area, A is the CDW wavelength, and
ncpw is the CDW carrier concentration. As stated in
Ref. 7, the slope, Kncpw (K =eAA), of Icpw vs F is pro-
portional to the CDW carrier concentration. Since e, A,
and A are essentially independent of the magnetic field
then Kncpw as a function of B reflects the effect of the B
on ncpw. We have used the value for the room-
temperature resistivity, p(300 K) =2.5x10"* @ cm,'®'¢
the room-temperature sample resistance Rs(300 K), and
the sample length / to estimate the cross-sectional area
of our samples. We find a value of 0.25 A/Hz m? for the
slope of Jcpw vs F which is consistent for samples from
different batches and in excellent agreement with other
work.'®3 With a value of A=1.4 nm,'®” our estimates
for ncpw from the NBN measurements yield ncpw
=~ 1.2x10?%' carriers/cm?.

From Eq. (1) we note that for Rc<Rqa(B,T),
18w =TI w. We found that the effect of B was very
different for the two- and the four-probe configurations.
As seen in Fig. 1, with the use of /2w, the effect of B
yields a result that is in qualitative agreement with Ref.
7,1i.e.,at T=38 K and B=9.6 T an increase in ncpw of
approximately 23% is observed. However, if I¢bw is
used the effect of B yields a result that is in qualitative
agreement with Ref. 9; i.e.,, at T=38 K and B=9.6 T
the application of B has essentially no effect on ncpw
compared to the two-probe results. Of course, the
difference between the correct I¢w and incorrect 1&w
is due to the nonzero contact resistance. In fact, as
shown in Fig. 1, we can use the value of our contact
resistance and Eq. (1) to fit the two-probe data from the
four-probe data.

We have carried out this experiment over the range
0<B<10 T and 30<7 <55 K using a number of
samples with a variety of contact resistances. The results
are consistent— there is at most only a 5% effect of B on
ncpw (and this much only at the lowest temperatures) as
derived from the NBN measurements with a *1.5%
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FIG. 2. Temperature dependence of dJcpw/dF ~ncpw with
and without an applied magnetic field. The magnetic field has
little or no effect on either the magnitude or the temperature
dependence of ncpw derived from the NBN measurements.
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statistical fitting error. As a function of temperature
ncpw should go from essentially zero at T, to a saturat-
ed value as the temperature is decreased in a manner
similar to a BCS superconductor.'®> From Fig. 2 it can
be seen that the slope of J¢w vs F derived from a four-
probe method displays exactly this behavior and most
importantly the magnetic field does not change the mag-
nitude (more than 5%) or the temperature dependence of
the CDW carrier concentration.

At temperatures below a CDW transition and when
E > E7, the resistance drops to a value which is approxi-
mately the value the resistance would have if no CDW
anomaly had occurred. Ong and Monceau? used the
Ohmic change in resistance at the CDW transition as a
rough estimate of the fraction of Fermi surface which is
destroyed by the CDW transition. This derives from a
two-fluid model in which the total number of carriers,
nr, is equal to the number of CDW carriers, ncpw, plus
the number of normal or Ohmic carriers, no,. They
defined a quantity a which yields essentially ncpw/nr.
Parilla, Hundley, and Zettl” assumed that in the temper-
ature range near the CDW-associated resistivity peaks,
the major contribution to the magnetoresistance is the B
dependence of ncpw and so introduced the B dependence
of the conductivity into a@. Thus,

a(B,T) =0cpw(B,T)/lca(B,T)+ocow(B,T)], (3)
where

ca(B,T)=[Ra(B,T)] 7", 4)
and

ocow(B,T) = [Re»£,(B,T)] "' —0o(B,T), (5)

where R, is proportional to 1/n, and R(E> E7) is pro-
portional to 1/nr, where nt =ngq+ncpw. Then a is pro-
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FIG. 3. Temperature dependence of the relative increase
from B =0 in the CDW carrier concentration at B=9.6 T as
determined from the two methods: the magnetoresistivity (a)
and the NBN (Icpw vs F). According to the previous models,
both curves should yield essentially ncow (B=9.6 T)/
ncpow(B =0) as a function of temperature.
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portional to ncpw/nr. From this quantity at B =0, Ong
and Monceau? proposed that at the lower (T';) transition
60% of the Fermi surface remaining from 7', was re-
moved. Since at high electric fields, E>ETr,
R(B) = R(B=0), nr appears to be independent of mag-
netic field and the increase in resistance and therefore a
should be due to an increase in ncpw. This is the model
mentioned above wherein 92% of the Fermi surface
would be removed at B=22.7 T (Ref. 4) instead of the
60% at B=0. By the hypothesis of the model, a(B)/
a(B=0)=ncpw(B)/ncpw(B=0). Figure 3 is a plot of
ncpow (B)/ncpw(B =0) derived from both the resistance
and the NBN measurements. The a (resistivity) results
suggest that the magnetic field increases ncpw and that
the effect increases as the temperature is decreased, i.e.,
at T=30 K and B=9.6 T the CDW carrier concentra-
tion increases by approximately 20%. On the other
hand, the NBN results indicate that the magnetic field
has little if any effect on the CDW carrier concentration
over the entire temperature range of 30-55 K. From
this comparison it is obvious that the magnetoresistivity
and the NBN are not measuring the same effect.

It is far more likely that the NBN measurements are
giving the correct effect of B on ncpw than is the magne-
toresistance. The former have a rather direct relation to
ncpw through Icpw. The latter, having in general a very
complicated dependence on various aspects of Fermiolo-
gy and scattering anisotropy, could easily manifest the
behavior seen without change of carrier concentration.
It is of interest to note that effects analogous to the mag-
netoresistance have been very recently reported in the
piezoresistance of NbSes. Lear et al.'® have found that
stress increases the resistance substantially but Stillwell
and Skove'” have reported that ncpw, as determined by
NBN measurements under strain, shows no change with
stress. Rapid variations of resistivity with stress,'® how-
ever, is a familiar phenomena in semimetals, as is large
magnetoresistance.

In conclusion, we find that the magnetic field has little
if any effect on the CDW carrier concentration over the
temperature and magnetic field ranges that we have re-
ported. We believe that the conclusions of Ref. 7 are in-
correct by virtue of their neglect of contact resistance.
Our results confirm and extend the range of validity of
the preliminary results of Ref. 9. Since, on the other
hand, there is good agreement among the various groups
on the effect of the magnetic field on the resistivity this
current work compels a reexamination of the apparently

coherent picture of the effect of magnetic fields on ncpw
in NbSe;.
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