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We report x-ray diffraction measurements of the effects of electric fields on charge-density-wave
(CDW) structure in NbSes. For fields exceeding the CDW depinning field Er, the (01+Q0) CDW su-
perlattice peak shifts along b*. The shift increases rapidly with decreasing temperature, is largest near
the electrical contacts, and is in opposite directions in the two halves of the crystal. We show that the
observed CDW deformations are consistent with those required for phase slip and CDW-to-normal car-
rier conversion at the contacts. From the magnitude of these deformations, we determine the CDW

elastic constant.

PACS numbers: 72.15.Nj

Quasi-one-dimensional metals such as NbSes are un-
stable to formation of a charge-density wave (CDW), in
which the electron density exhibits a periodic modulation
[1]. This modulation is accompanied by a lattice distor-
tion of the form u(r) =u,coslQ-r+¢(r,z)], where |Q|
=2kr is the CDW wave vector and ¢ is the phase of the
CDW order parameter. In a perfect crystal, a CDW with
Q incommensurate to the reciprocal lattice would have no
preferred phase ¢. The CDW could then “slide” freely
through the crystal, resulting in collective charge trans-
port and a current I. < d¢/dt. Real crystals contain im-
purities and other defects which pin the phase, and the
CDW lowers its energy by elastically deforming. CDW
sliding thus occurs only for electric fields greater than a
threshold field E7.

Electrical contacts must play a crucial role in deter-
mining the structure of the sliding CDW state. Since
E =0 beyond the contacts, the CDW always remains
pinned there. CDW current flow thus requires a mecha-
nism for adding or removing CDW wave fronts at the
contacts, and for converting between collective current
and single-particle current. As in superconductors and
superfluids, this mechanism is provided by phase slip
[2-5], and is driven by gradients in the phase ¢ of the or-
der parameter. Unlike these other systems, however, the
gradients are determined not by the flow velocity but by
boundary conditions [3,4]. As illustrated in Fig. 1, depin-
ning between the contacts is expected to produce com-
pression of the CDW near one contact and expansion
near the other. The phase slip rate at the contacts, and
thus the time-averaged CDW velocity between the con-
tacts, is determined by the magnitude of these compres-
sions and expansions [4].

Here we report high-resolution x-ray scattering mea-
surements which provide direct evidence for phase-slip-
related CDW deformations in NbSes;. We observe longi-
tudinal shifts of the CDW wave vector which depend
strongly upon electric field and temperature. Most im-
portantly, we observe a systematic position dependence,
which establishes that the shifts are due to boundary con-

ditions. These results are in excellent agreement with
prediction [4] based upon recent electrical measurements
of phase slip, and allow a novel, model-insensitive esti-
mate of the CDW elastic constant.

The scattering measurements were performed on the
A-2 experimental station at the Cornell High Ener-
gy Synchrotron Source (CHESS). A double-bounce
Si(111) monochromator selected a wavelength of 1.5 A,
and a flat quartz mirror suppressed harmonics. The
second monochromator crystal was sagittally bent to
focus the x-ray beam in the out-of-scattering-plane direc-
tion. Ta slits produced a spot size at the sample of ap-
proximately 0.8 mm X 3 mm, containing 4 10'° phonons/
sec at a ring current of 100 mA. Scattered x rays were
collected using a Si(111) analyzer crystal and a Nal(TI)
detector.

NbSe; has a monoclinic unit cell with reciprocal lattice
constants of a*=0.6658 A~!, »*=1.806 A~! c*
=0.4264 A~! and $=70.53° (Ref. [6]). Independent
CDWs form at Tp, =145 K and Tp,=59 K, the former
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FIG. 1. Schematic illustration of the configuration used in
the x-ray scattering experiments. Current injected through the
contacts (black) leads to motion of the CDW phase fronts (dot-
ted lines) between the contacts. The x-ray beam width along
the b* direction was 0.8 mm, and the contact separation was
4.5 mm.
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FIG. 2. Typical scans along the b* direction through the
(014+Q0) CDW superlattice peak at 7=90 K and z=1 mm
for {/IT=4. Triangles and squares indicate data obtained for
positive and negative currents, respectively. Error bars repre-
sent counting statistics. The solid lines are guides to the eye.
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having a wave vector q; =(0,0,0) with 0 =0.243. We
chose to study the (01+Q0) CDW superlattice reflec-
tion of the T, CDW because it is nearest to the non-
dispersive diffraction condition for our Si(111) mono-
chromator. The resulting resolution (FWHM) of our
diffractometer at (014+Q0) is 5g =2.8x10 "4 A",

Two high-purity (residual resistivity ratio > 300) Nb-
Se; single crystals were examined. Sample 1 had dimen-
sions of 8 mm (along $*)x40 yumx7 um, a 6 rocking
width [7] for the (020) peak of 0.008°, a threshold field
Er(T=90 K) of 42 mV/cm, a threshold current
I7(T =90 K) of 1.3 mA, and a current contact separation
of L=4.5 mm. Sample 2 had dimensions of 8 mmx 190
pumx11 ym and a width of 0.03°. The samples were
mounted using silver paint on an alumina substrate,
which contained a 3.5 mm hole to permit transmission of
x rays. Sample cooling with a temperature stability of
0.1 K was provided by a closed-cycle helium refrigerator.
To avoid Ohmic heating, sample currents were pulsed at
100 Hz with a duty cycle of 1%. All data presented here
are for sample 1, although similar results were obtained
for sample 2.

Figure 2 shows scans along * through the CDW su-
perlattice peak at 7=90 K, for two pulsed currents of
equal magnitude |/| =4[/ and opposite direction. Here,
[ is the total current, equal to the sum of the CDW
current /. and the single-particle current 7,. Relative to
the zero-field-cooled state, the peaks in the current-
carrying state are slightly broader and are shifted along
b*, the direction of the shift depending upon the direction
of the current [8,9]. The shift between the positive and
negative current-carrying states of the (01 —Q0) peak is
opposite to that of the (01+QO0) peak. In contrast,
currents do not produce any broadening or shift of the
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FIG. 3. Shift in CDW peak position AQ=75I[Q(+[1])
—Q(—[I)] at z=1 mm (circles) and phase slip voltage Vps
(solid line, from Ref. [14]) vs I/IT at T =90 K. Error bars rep-
resent a doubling of y2.

(020) Bragg peak [10,11]. These results indicate that the
CDW peak shifts are due only to changes in CDW struc-
ture. Furthermore, CDW peaks obtained using x rays
collected during the current pulses and those obtained
during the ~10 msec between pulses were identical. Be-
cause of this metastability, the current-induced states
could be characterized using x rays collected during the
full period of the current wave form. Significant relaxa-
tion of the current-induced states occurred only on a time
scale of tens of seconds. The relaxed (/=0) state was
reproducible, but was different from the zero-field-cooled
state. The I > Iy peaks were also completely reproduci-
ble and history independent.

Because the peak shifts are small, we define AQ
=3 [Q(+]1]) —Q(—|I])], in order to avoid systematic
errors [10]. Figure 3 shows this AQ vs I/Ir at T=90 K.
The mean CDW wave vectors were obtained by fitting
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FIG. 4. Shift in CDW peak position AQ at z=1 mm (cir-
cles) and phase slip voltage Vps (solid line, from Ref. [14]) vs
temperature for I/I7 =4,
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the CDW peaks with a pseudo-Voigt line shape using a
nonlinear least-squares algorithm. The shift is negligible
for |I] <|I7| and increases rapidly just above /7. The
shift either increases or decreases slightly as 7 is increased
further, depending upon the portion of the sample il-
luminated. Similar behavior was observed at all tempera-
tures studied.

Figure 4 shows the longitudinal wave-vector shift AQ
versus temperature for [/Ir=4. The shift increases
strongly with decreasing temperature. Figure 5 shows
AQ at I/I7=4 measured by illuminating different posi-
tions z along the sample. We define z=0 to be midway
between the contacts [12], and positive z to be in the
direction of the contact which has positive polarity when
+|1] is applied. The wave-vector shift varies monotoni-
cally with position, and has opposite signs in the two
halves of the crystal.

Field-dependent changes in CDW structure are expect-
ed as a consequence of impurity pinning [1,13]. Howev-
er, variations of the average structure or CDW wave vec-
tor on macroscopic length scales are not predicted.

One interpretation is that the observed wave-vector
changes are associated with the CDW phase slip neces-
sary for CDW-to-normal carrier conversion at the con-
tacts. In a simple 1D model [3,4], the CDW wave vector
varies between the contacts according to

8¢ _ P
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Z
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Here z is the position measured from the midpoint be-
tween the contacts, L is the contact separation, ep. is the
CDW charge density, and K, is the CDW elastic con-
stant. The phase slip voltage V', is the additional voltage
(beyond that needed to overcome pinning forces) required
to produce this wave-vector variation; its magnitude
determines the phase slip rate and CDW current. As in-
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FIG. 5. Shift in CDW peak position AQ vs the position of the
x-ray beam on the crystal (z) for I/Ir=4 at T=90 K. The
solid line indicates the fit of Eq. (1).

dicated by the solid line in Fig. 5, this linear wave-vector
variation provides a good qualitative description of the
data. Since the CDW compresses (AQ > 0) near the pos-
itive contact, the CDW’s charge must be negative, as ex-
pected.

Detailed electrical measurements of the phase slip pro-
cess in NbSes; have recently been reported by Maher et
al. [14] using a method introduced by Gill and by Mon-
ceau et al. [15]. The variation of the CDW current [,
(proportional to the phase slip rate) with the phase slip
voltage Vps and temperature was found to be consistent
with the predictions of Ramakrishna et al. [4] for CDW
phase slip by dislocation loop nucleation. If the CDW
deformations observed here are due to phase slip, then
Eq. (1) implies that the AQ-I, relation should have the
same form as the Vps-I. relation. The solid line in Fig. 3
indicates a fit to the data of Maher er al. for NbSe; at
T =90 K. The qualitative agreement with the x-ray data
is very good. The solid line in Fig. 4 indicates the data of
Mabher et al. for the temperature dependence of Vo at
I/IT=4. The strong increase in ¥y, with decreasing tem-
perature (attributed to the thermal activation of the
phase slip) [4,15] is also in good agreement with the be-
havior of the wave-vector shift. These results provide
compelling evidence that the observed CDW deforma-
tions are associated with phase slip.

The effects of electric fields upon CDW structure have
been investigated in several previous studies [16-19].
The implicit focus of these studies has been structural
changes related to impurity pinning. In the first such
study, using NbSes, Fleming et al. [16] did not observe
any field-dependent effects. Using Kg3MoOj3;, Tamegai et
al. [17] found broadenings and shifts of the CDW dif-
fraction peaks transverse to the CDW wave vector for ap-
plied fields above threshold. These effects depended upon
both the direction and the magnitude of the field, and
persisted long after the field was reduced below E7.
Similar effects, as well as a longitudinal broadening, have
been observed in Ko 3MoO3; by Mihaly, Lee, and Stephens
[18] and by Zhang et al. [19]. Interpretation of
Ko.3M0O3 experiments is difficult because, unlike NbSes,
electric fields and current densities within this material
tend to be highly inhomogeneous; Tamegai et al. [17]
showed that these inhomogeneities were responsible for
most of the structural changes they observed. However,
based upon some similarities with the behavior described
here, we suggest that phase-slip-related deformations
may have played an important role in these previous ex-
periments as well.

The present results allow a model-insensitive estimate
of the CDW elastic constant K, in NbSe;. This is a cru-
cial parameter in all theories of CDW pinning and dy-
namics, and no reliable experimental estimate is currently
available. From Eq. (1), the elastic constant determines
the magnitude of the wave-vector shift produced by a
given applied voltage V. Thus, using measured values
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of 8(AQ)/8z=(2.8£0.3)x10™* A~ "/mm and V,s=4.9
mV at I/I7=4 and T =90 K together with p. =1.9x 102!
cm 73 yields K, = (1.7£0.25)x10 "2 eVA ~' [20]. This
value is roughly 5 times larger than that obtained from
mean field theory, but is consistent with the estimates of
McCarten et al. [21] based upon a weak pinning analysis
of transport measurements.

In conclusion, we have observed electric-field-induced
deformations of the CDW state in NbSe;. We have
shown that these deformations are a consequence of
boundary conditions, and are consistent with present
models for CDW phase slip and current conversion at
contacts.
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