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The oscillations observed here may be related
to those variations observed in very strong mag-
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We report the suppression by electric fields of longitudinal resistivity anomalies at
145 and 59 K in the compound NbSe;. Sample resistance was determined by conventional
four-probe dc measurement as well as with short current pulses, We attribute the ob-
served suppression to Zener breakdown across extremely small gaps introduced by the

presence of charge density waves.

The anomalous electron transport properties of
the transition-metal trichalcogenide, NbSe,, have
recently been reported.'> The dc resistivity
shows two peaks in the vicinity of 129 and 49 K.
These peaks have recently been observed also at
microwave frequencies.® In this Letter we re-
port the discovery that these anomalies are sup-
pressed by relatively low applied electric fields.
We associate these anomalies with gaps at the
Fermi Surface (FS) as a result of the formation
of charge density waves®* (CDW), which have also
been invoked to account for anomalies in the spe-
cific heat.? The measurements reported here
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were carried out by conventional four-probe dc
methods as well as with 5-uysec pulses. Non-Oh-
mic behavior sets in with decreasing temperature
below 145 K. The resistivity is observed to drop
when the electric field exceeds relatively low
values. The breakdown data agree remarkably
well with an analysis based on Zener tunneling®
across very small energy gaps of the order of
1075 eV. At the lower temperatures more than
one gap is required to fit the measurements.
NbSe, crystallizes in the form of fibrous
strands, which are easily separated. The struc-
ture has been determined by single-crystal x-ray
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diffraction.® Six Se atoms form the vertices of a
right triangular prism.with a Nb atom at the cen-
ter of the prism. Six prisms form the unit cell,
which measures (10.006 +0.005) xX(3.478 +0.002)
X(15.626 +0.008) A%, The distance between Nb
atoms is 3.478 +0.002 A along the b axis and var-
ies from 4.45 to 4.25 A in the a-c plane. The
compound was formed by the direct reaction
(without carrier) of Se and Nb in stoichiometric
proportions. The mixture was sealed in quartz
under vacuum and heated to 700°C for 15 days
before quenching. Experimental determination
of the composition of single crystals with a Cas-
taing probe yielded for Nb, 28.61 and for Se,
71.39, which compares favorably with the theo-
retical values of Nb, 28.17 and Se, 71.83.

The samples used were typically 7x0,05%0.01
mm? in size and were mounted on a quartz sub-
strate inside a continuous-helium-gas-flow cry-
ostat. Temperature stability was maintained to
+0.2 K during the course of a measurement,
Electrical contact was made to the samples with
silver paint. Although the measurements report-
ed here were performed with four probes, we
have also obtained identical results with two and
three probes. Also, our microwave conductivity
measurements® are generally similar to the dc
and pulsed measurements indicating that the con-
tacts are Ohmic and that carrier injection is not
important. Sample resistances ranged from 10
to 70  at room temperature, In the pulsed ex-
periment, pulses of 5-usec duration and 10-nsec
rise time were displayed on a storage oscillo-
scope. Increasing the pulse width by an order of
magnitude did not change the voltage measured at
any temperature. Typically the temperature was
held constant, and the voltage drop was measured
for the full range of current densities. For cur-
rent densities below 10 A mm "2 the dc technique
was used. Self-heating of the sample became im-
portant above this value, and the pulsed technique
extended the measurements to 100 A mm "2, The
possibility that the observed non-Ohmic behavior
is due to microheating of the sample induced by
marked current inhomogeneity has been investi-
gated theoretically. It can be shown that micro-
domains relax too fast to cause measurable tem-
perature inhomogeneities. Current densities
above 150 A mm "% were found to cause irrever-
sible changes in sample resistance, probably be-
cause of contact damage.

Figure 1 shows the suppression of the high-
temperature peak. Above 145 K Ohmic behavior
is rigorously maintained. The phase transition
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FIG. 1. The normalized resistivity as a function of
temperature at five current densities near the higher
resistivity anomaly. The heavy line represents the lim-
iting resistivity with available electric fields. CW rep-
resents measurements with de current. The inset
shows the normalized low-current resistivity for the
full temperature range.

occurs at the same temperature, 145 K, for all
four current densities. In Fig. 2 data for the low-
er peak are shown. As in the higher-temperature
anomaly, the transition occurs at the same tem-
perature 59 K at all current densities., However,
the suppression of the lower peak is more dra-
matic. A 50% reduction requires only 3 A mm~
compared to 90 A mm? for the higher peak. The
effects of self-heating are evident for the highest
dc current densities. The dashed curve (for dc
37.38 A mm “2), for example, lies considerably
above the rest of the data at 60 K. It agrees with
the other data if it is shifted by up to 15 K to the
right, indicating that the sample is 15 K warmer
then the bath at 60 K. No such shift occurs at the
highest pulsed current density (100 A mm %), Re-
sults from measurements on four different sam-
ples show the same behavior and give the same
breakdown field at each temperature.

The suppression of both resistivity anomalies
in NbSe, has also been achieved by applying pres-
sure.? Inthe pressure experiments both the peak
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FIG. 2. The normalized resistivity as a function of
temperature near the lower resistivity anomaly at sev-
en current densities, The dashed line shows the effect
of Ohmic heating at the highest de current density. The
heavy line represents the limiting resistivity with avail-
able electric fields.

temperature and the amplitude of the lower re-
sistivity anomaly rapidly decrease with pressure.
The lower peak is completely removed at a pres-
sure of 6 kbar, while the upper peak is reduced
by 30% at 4 kbar. In this respect, the peak sup-
pression by pressure is similar to what has been
observed in NbSe,, where it has been shown that
charge density waves are responsible for the
small resistivity anomaly at 33.5 K and ambient
pressure.” The evidence for similar existence

of CDW’s in NbSe, is strong, although not conclu-
sive. The specific heat also shows an anomaly?
at 50 K in NbSe, similar to that in NbSe,® and
consistent with theoretical considerations based
on a CDW model.® An effort is being made to ob-
serve the CDW’s directly by diffuse x-ray scat-
tering.

The pressure dependence of the critical tem-
perature of the resistivity anomalies in NbSe, re-
ferred to above is consistent with a CDW inter-
pretation. In particular, the increase in strain
energy as well as the shift in FS caused by ap-
plying pressure decrease the critical tempera-
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ture 7, for CDW formation.” In contrast, the
breakdown of resistivity anomalies by applied
electric fields reported here does not affect 7,.
The field affects the nonequilibrium properties

of the sample, whereas the pressure alters the
equilibrium state. Below 7', gaps open up at por-
tions of the FS changing its area and topology and
leading to an increase in resistivity. Increasing
the electric field induces Zener tunneling across
these gaps. At sufficiently high fields the effect
of these gaps on transport properties may be
completely removed although superlattice struc-
ture persists. Using the familiar electric break-
down equation,® the conductivity may be written
as

o(T, E)=0o(T)+23,0,(T) exp| - E,,(T)/E], (1)
Eou(T)=78,%T)/ | e| 0, (2)

where the sum in Eq. (1) is over the gaps, A, is

the nth half-gap energy, and v, is the component
of the carrier velocity normal to the superlattice
Bragg reflection plane at the FS in the absence of
the »nth gap.

NbSe; undergoes two phase transitions. At 145
K a gap opens at the FS giving rise to the first
anomaly. Below the second critical temperature
59 K a new gap opens and causes the second larg-
er anomaly. In the vicinity of the high-tempera-
ture anomaly at 123 K the data can be remarkably
well fitted with Eq. (1) up to the highest applied
field with just one term in the sum. We have

o(T, E)=0y(T)+04(T) exp(- Ey3/E)
(T~123 K). (3)

Similarly at 54 K the breakdown data can be
equally well fitted with one term in the form of
Eq. (3) with 0, and E,, replaced by ¢, and E,,. At
49 and 40 K two terms are required in the sum to
give agreement with experiment. Labeling the
additional term by subscript 1, we write

o(T, E)=0,(T) +0,(T) exp(- Eq, /E)+0,(T)
xXexp(— Ey/E)+++ (T <50K). (4)

We stress that the term labeled by subscript 3 in
Eq. (3) should appear in Eq. (4). However, E,,
has increased to the extent that Zener tunneling
across the associated gap is no longer possible
at available fields, and our data do not give an
indication of E,; below 50 K. We show in Fig, 3
a semilogarithmic plot of the field-induced con-
ductivity as a function of inverse applied electric
field. The curves follow from Eqgs. (3) and (4)
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FIG. 3. The fit of experimental data by Zener tunnel-
ing analysis. The solid lines are the best fit to the da-
ta using Eq. (1) at three temperatures near the lower
anomaly. Inset shows the total conductivity versus
electric field in the low-field limit,

with E,, E,,, and E,, as parameters.

Assuming a velocity at the FS of v=10" cm
sec™ we compute a half-gap at 123 K of 5.4 x107°
eV (0.63 K) and at 54 K of 1.3x107% eV (0.15 K).
These extremely small gaps are quite incompat-
ible with a BCS-type relation:

A=1.TRT,. (5)

For T,=145 K, Eq. (5) requires A,~2x107% eV,
which is three orders of magnitude larger than
the measured value. However, if both s and d
electrons are present in NbSe,, as in the case of
Cr,'°! then the d-electron FS drives the super-
lattice phase transition while the s electrons
dominate the transport properties. The weaker
coupling of s electrons to the CDW would result
in a much smaller gap than given by Eq. (5), and
it may be possible to account in this way for the
discrepancy in gap size.

It is at first sight surprising that a gap much
smaller than 27 can so strongly modify the con-

ductivity, particularly since the probability that
a state is occupied can be little affected by the
presence of such small gaps. In the absence of
phonon excitation across the gaps, the origin of
the anomalies is clear. And since phonon exci-
tations induce transitions in both directions they
cannot produce a predominance of carriers above
the gap as required to suppress the anomalies.
On the other hand, an electric field large enough
to induce tunneling can do precisely this,
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New results of He and Ne atomic beams scattered from the (001) face of LiF are pre-
sented. The angular distribution of the inelastically scattered intensity shows pronounced
minima that are identified with the occurrence of bound-state resonances for inelastic

processes.
at the surface is discussed.

It has been suggested'’ ? that inelastic scatter-
ing of atomic beams from crystal surfaces could
be one of the most useful tools to investigate sur-
face phonons. Most of the measurements made
hitherto employed the diffraction method, where
the intensity of the non-Bragg-scattered beam
was measured; whenever structure in the scat-
tered distribution appeared, it was correlated
with some feature of the phonon spectrum.? *

We present detailed measurements of this type
on the (001) face of LiF, in order to show that the
inelastic reflection probability is strongly affect-
ed by the presence of bound-state resonances,
which play a more important role than hitherto
recognized in the scattering process of atoms
from a surface. We have attempted to use the
selective character of the inelastic resonances
to analyze the excitation spectrum at the surface.

For one-phonon inelastic processes the usual
conservation rules of energy and momentum for
a gas atom of mass M, incident with a wave vec-
tor k; = (K, ,%;,) and scattered from a surface at
z =0, with an outgoing wave vector k, (Kf,k,,) s
are

kP2 =k 2Mw/h, K=K, + G Q, (1)

where G is a surface reciprocal-lattice vector
and w and Q are the phonon frequency and momen-
tum parallel to the surface respectively.

In the diffraction method, the angular distribu-
tion of the scattered intensity I(Q;) is proportion-
al to

@R Jdwd®Q) dw (@)

or to an integral of the reflection probability (a@r/
dwd®2) along a line w’(Q) which is defined by Eqgs.
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The extent to which the effect can be used to determine the phonon spectrum

(1) for a given incident wave vector E,- and a final
direction ;.

The detected atoms are inelastically scattered
by phonons whose surface-projected dispersion
function w = ws(Q) crosses the line w’(Q), this
line, for in-plane scattering, is the parabola

£2Mw! /B =k? - (K; +G,,,x Q)%/sin%,. (3)

In Fig. 1 the lowest part of the excitation spec-
trum of the (001) face of LiF is sketched and
w’(Q) is drawn for scattering in the (100) plane,
around the (0,0) peak. The lowest acoustic branch

w (arb. units)
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FIG. 1. Lowest part of the surface~projected disper-
sion function at the (001) face of LiF, around the (0,0)
reciprocal vector. w’(Q) is an integration line for the
intensity scattered at a certain angle 6, in the (100) azi-
muth.




