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The transverse magnetoresistance of NbSe; at 1.2 K shows a large non-Ohmic reduction as a function of
electric field for magnetic fields in the range 50-230 kG. The magnetoresistance data in the temperature
range 1.2-43 K have been fitted to a Zener-tunneling model of the form o=oa, (H)+ o0, (1-E;/E)
xexp(—Ey/E) and give a value of Ey=0.47 V/cm and Er =0.066 V/cm at 1.2 K and 206 kG for a crystal
with a residual resistance ratio of 145. At 206 kG E; follows a temperature dependence of the form
Eo(T)=Ey(0) exp(— kgT/A) with A/kg=15.2 K. The threshold electric field for charge-density-wave
(CDW) motion is reduced at high magnetic fields and low temperatures while the magnetoresistance

behavior suggests that the CDW structure below 59 K is strongly coupled to the magnetic field.

We report on measurements of the transverse magne-
toresistance in NbSe; at a temperature of 1.2 K in a magnet-
ic field range 0-230 kG and make comparisons to magne-
toresistance measurements at higher temperatures. Two
charge-density waves!'? (CDW’s) form in NbSe; with transi-
tion temperatures of 144 and 59 K. At H =0 the conduc-
tivity below these transitions shows a nonlinear increase
above certain threshold electric fields®* due to the onset of
sliding motion’ of the CDW; however, at H=0 these
threshold electric fields become large at very low tempera-
tures.* We conclude that the threshold electric field Er is
lowered by the magnetic field and that CDW motion can
take place at very low temperatures and high magnetic
fields. )

At 1.2 K a reduction of the transverse magnetoresistance
as a function of electric field is observed which is very simi-
lar to that previously reported®? at 20 and 30 K. The data
over the entire temperature range can be fit quite well to
the functional form introduced by Bardeen® for electric-
field-induced tunneling of the CDW,

0'=0',,(H)+0',,(l—~ET/E)eXp(—EO/E) ,

where o,(H) is the magnetoconductivity and o, is a
magnetic-field-independent conductivity due to the tunnel-
ing channel. Er is the threshold electric field required for
CDW motion and- E, is related to the pinning gap. The
non-Ohmic magnetoresistance is observable above ten kilo-
gauss for sufficiently high electric fields and the tunneling
gap is of the same order as found for CDW motion, while
the threshold electric fields required for tunneling at high
magnetic fields and low temperature are greatly reduced
from the values expected at H =0.

The crystals grow in a monoclinic crystal structure with
the axis of the crystal along the b axis. The transverse mag-
netoresistance data have been measured with Illb and Hllc
although similar effects are observed for other orientations
of H. The crystals have residual resistance ratios (RRR) in
the range 60-160 and no major differences in the
magnetic-field effects have been observed except for the ex-
pecte;d changes in Ey and E7 as a function of impurity con-
tent.

The data shown here were recorded from a crystal with a
RRR of 145. Figure 1 shows the measured voltage along
the crystal for measuring currents in the range 2-100 mA as
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the magnetic field is swept from 0 to 230 kG at a tempera-
ture of 1.2 K. At less than 10 kG, the resistance is approxi-
mately Ohmic for the current range 2—-100 mA, while at 10
kG and above, the resistance becomes progressively more
non-Ohmic as the magnetoresistance term becomes larger.
At 230 kG, the resistance decreases by a factor of 4 as the
current is increased from 2 to 100 mA. This non-Ohmic
behavior is immediately evident from the direct data of Fig.
1 since, above 50 kG, the slope of the curve and the ampli-
tude of the oscillations show only a very slow increase as
the current is increased from 20 to 100 mA.
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FIG. 1. Voltage drop measured along the crystal as a function of
transverse magnetic field in the range 0-230 kG at 1.2 K. Curves
are shown for measuring currents of 2-100 mA. At magnetic fields
below ~ 10 kG the voltage increase with current is nearly Ohmic
while at high magnetic fields the voltage increase with current is
much less than required for Ohmic behavior.
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If the data in Fig. 1 are replotted as / vs V curves at con-
stant magnetic field then above 10 kG the resistance be-
comes nonlinear at progressively lower currents as the mag-
netic field is increased. The same data can be generated by
holding the magnetic field constant and varying the current
in the range 2-100 mA. In both cases the magnetic resis-
tance at 1.2 K shows a decrease characteristic of CDW
motion above a critical threshold electric field.

The magnetic resistance transition is not sharp and occurs
continuously from low currents up to current values where
the magnetic resistance approaches saturation. The continu-
ous magnetic resistance transition is demonstrated in Fig.
2(a), where the magnetic resistance at 230 kG and 1.2 K is
plotted as a function of longitudinal electric field. Data ob-
tained from the same crystal in 206 kG at 20 and 30 K are
also plotted in Fig. 2(a). The ratio R (E)/R(0) has been
plotted where R (0) is the magnetic resistance value deter-
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FIG. 2. Magnetic resistance at electric field £ divided by magnet-
ic resistance at E =0 vs applied electric field. (a) Data above 200
kG at 1.2, 20, and 30 K. The solid curves are fits to Eq. (1) with
values of Ej generated from the temperature dependence shown in
Fig. 4 and consistent with a substantial reduction from the values
measured at H=0. (b) Fits to the same data as in (a) above, but
using the largest values of Er allowed by the data points at high
electric fields. Values of Ey, E;, and o0, /0, (H) are listed in each
figure.

mined for the lowest measuring current. In all cases, the
reduction starts at low electric fields and approaches satura-
tion at progressively higher electric fields as the temperature
is lowered. The solid curves represent fits to the functional
dependence expected for the Zener tunneling model.

The non-Ohmic reduction of magnetoresistance could be
interpreted as due either to the opening of a new current
channel which does not contribute to the magnetoresistance,
or to a similar electric-field-induced electron-tunneling pro-
cess, which modifies a direct contribution of the CDW to
the magnetoresistance of the normal electrons. In either
case, a similar functional dependence of the tunneling pro-
bability on electric field at constant magnetic field and tem-
perature would result. In the case of CDW motion at
H =0, Bardeen’s® 10 proposed Zener tunneling model gives
Icpw= Gb(E—ET)e_E"/E, where G is the CDW conduc-
tance, Er is the threshold electric field required for CDW
motion, and E, is a constant related to the pinning gap.

The magnetic resistance data above 200 kG at 1.2, 20,
and 30 K have been fit to the Zener tunneling model using
the following expression for the relative resistance change as
a function of longitudinal electric field:

-1
Ty [I—ET —EO/E]

o.(H) E

R(E) _
R(0)

1+ , (1)

where o,/0,(H) is the ratio of the CDW associated con-
ductivity to the magnetoconductivity observed at low electric
field. The best fits to the present data are obtained with
very small or zero values of E7. The solid curves shown in
Fig. 2(a) are obtained with small values of Er as listed in
the figure. This is consistent with the bell shape of the
magnetic-resistance curves, which do not exhibit the sharp
onset expected for large electric field thresholds. Three
parameter fits obtained by requiring the largest values of Er
consistent with the data at the higher electric fields are
shown in Fig. 2(b). It is clear that the three parameter fits
with small Er values as shown in Fig. 2(a) give better fits to
the data at low electric fields. Even the largest values of Er
used in Fig. 2(b) are still significantly lower than those mea-
sured at H=0. For example, at 20 K, Erz=0.1 V/cm at
H=0, while at H=206 kG the fit in Fig. 2(b) gives
Er(max)=0.035 V/cm. At much higher temperatures,
where Er is already small at H =0, the magnetic field does
not produce a strong modification of Er as demonstrated in
Fig. 3 for data recorded at 43 K. Using the value of
E;=0.013 V/cm measured at 43 K and 206 kG and assum-
ing the same temperature dependence of Er as derived for
E, below, we are able to generate a good fit to all of the
data using the values of Eq and Er as listed in Fig. 2(a).
The temperature dependence of E, follows the functional
form Eo(T)=Ey(0) exp(— kg T/A) as shown in Fig. 4 with
Ey(0)=0.50 V/cm and A/ kg=15.2 K. If this is interpreted
as a fluctuation term, then A is an energy on the order of
10~ ergs (~1 meV). The same temperature dependence
has been used to generate values of Fr at low temperatures
and high magnetic fields, as also shown in Fig. 4. The mea-
sured value of Er=0.013 V/cm at 43 K and 206 kG has
been used giving a value of Er(0)=0.070 V/cm at T=0.
This analysis implies that the ratio Eyo/ Ey is a constant in-
dependent of temperature and equal to ~— 7.0. The values
of E, derived from the above fits are in close agreement
with those measured by Brill and co-workers® at H=0 for a
NbSe; crystal with an RRR of 173. They obtained
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FIG. 3. Magnetic resistance at electric field E divided by the
magnetic resistance at £ =0 vs applied electric field at 43 K. Solid
curves are fits to Eq. (1) with computer-generated values of the
parameters Eg, Ep, and o,/0,(H), as listed in each figure. (a)
H=230kG. (b) H=0kG.

Ey(20 K)=0.125 V/cm and Ey(30 K) =0.075 V/cm, while
their values of E; were Er(20K)=0.050 V/cm and
E; (30 K)=0.040 V/cm, significantly higher than the values
required to fit the present data at H =206 kG [see Fig. 2(a)
for comparisons].

With E¢(0)=0.50 V/cm the electric field breakdown gap
can be estimated from Eo=wE2/4he*vr. With e*=e and
the Fermi velocity vy=10% cm/sec, this gives E,=~10~1
ergs. With Bardeen’s proposed expression e*=em®/
(m*+ Mp), where m* is the band mass and My is the
Frohlich mass associated with ion motion, the gap would be
much smaller and, in either case, E; is much smaller than
kg T. In Bardeen’s theory®!? of CDW depinning this prob-
lem is resolved by considering the transmission of the entire
CDW. This would involve energies much larger than kgT
since E; must be multiplied by a large factor in considering
CDW tunneling rather than electron tunneling.

The above data suggest the need to consider several pos-
sibilities. The magnetic field can cause a change in the Fer-
mi surface and a change in the ratio of normal to conden-
sate electrons. Magnetic-field-induced fluctuations of the
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at low temperature. In either case, motion of the CDW
nearly quenches the magnetoresistance in the same way as
the resistance anomaly at H =0 is quenched, and therefore
suggests an enhanced current flow associated with the CDW
motion in a magnetic field.

In order to examine the CDW motion problem in further
detail, selected data from these experiments have been re-
plotted in Fig. 5, which shows the resistance at 206 kG as a
function of temperature at constant electric fields of E=35,
25, 64, 80, and 150 mV/cm. At H=206 kG and E=5
mV/cm, little or no resistance depression is observed over
the entire temperature range. The resistance as a function
of temperature at H=0 and £E=1 mV/cm (where no CDW
motion takes place) is shown for comparison. Comparing
the two curves at 206 and 0 kG calls attention to the point
that the magnitude of the magnetic-field-induced resistance
increases at intermediate temperatures and reaches a max-
imum at — 30 K. The two curves at H =206 kG and H=0
show a systematic shift at all temperatures indicating an
enhanced magnetic resistance not exhibiting the usual w.7
dependence expected for the normal electron conduction
system.

The systematic decrease of the magnetic resistance as a
function of electric field at 206 kG is evident. The maxima
occurring at 30 K indicate the conditions under which the
magnetic increase in resistance becomes overbalanced by
the increased CDW tunneling at higher temperatures for a
given electric field and the accompanying decrease in resis-
tance. At 30 and 43 K for £=100 mV/cm the magnetic-
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FIG. 5. Temperature dependence of the resistance at 206 kG at
constant electric fields of 5, 25, 40, 64, 80, and 150 mV/cm. (m)
The temperature dependence of resistance at H=0 and E=1
mV/cm is also shown. (A ) At the lowest electric fields the magni-
tude of the magnetoresistance can be seen by comparing the
H =206 kG and H =0 curves represented by the two main parallel
curves. At higher electric fields, the resistance curves at 206 kG
develop maxima at 30 K which decrease until at £=150 mV/cm
the resistance shows a monotonic increase with temperature reach-
ing values at 30 and 43 K nearly equal to the resistance at £ > 100
mV/cm and H=0.

field-induced resistance has been nearly quenched and the
resistance at 206 kG has decreased to values nearly equal to
those observed at H =0 and £ =100 mV/cm. This suggests
that both the magnetoconductivity and the conductivity in
high electric fields above threshold are effectively deter-
mined by CDW motion which quenches the CDW structure
contribution to both the resistance and magnetoresistance.

Below 25 K the magnetic resistance at £=150 mV/cm
crosses over the H =0 resistance curve since at lower tem-
peratures electric fields greater than 150 mV/cm are re-
quired to obtain further reduction of the magnetic resis-
tance. So far this has only been achieved at 1.2 K, where
electric fields up to 500 mV/cm at 206 kG can be applied
before reaching the effective power-dissipation limit due to
contact heating. At £=1500 mV/cm and 1.2 K the magnetic
resistance is reduced by an additional 60%, as indicated in
Fig. 5.

The data as analyzed above indicate a strong coupling of
the magnetic field to the CDW structure and resistance ano-
maly. The magnetoresistance as a function of temperature
does not follow the dependence, Ap/p(0) ~w.7", and
reaches a maximum at — 30 K. This magnetoresistance is
nearly quenched at high electric fields due to CDW motion
and at low temperatures the threshold electric fields re-
quired for motion are reduced by the magnetic field.
Changes in the Fermi-surface gapping or magnetic field-
enhanced CDW fluctuations could play a role in reducing
the threshold electric fields. A detailed mechanism will
have to be worked out and further experiments and analysis
will be necessary. However, the high-magnetic-field experi-
ments clearly make it possible to study a range of CDW
phenomena at low temperatures which would not be accessi-
ble in transport experiments at zero magnetic field.
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