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We report electric field induced phase displacements of the charge density wave (CDW) in a single
crystal of NbSe; using *>Nb NMR spin-echo spectroscopy. CDW polarizations in the pinned state induced
by unipolar and bipolar pulses are linear and reversible up to at least E = (0.96)E;. The polarizations have
a broad distribution extending up to phase angles of order 60° for electric fields close to threshold. No
evidence for polarizations in excess of a CDW wavelength or for a divergence in polarization near E; are
observed. The results are consistent with elastic depinning models, provided that the critical regime

expected in large systems is not observable.
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Depinning of bulk charge density waves above a thresh-
old electric field E; [1,2] is manifested in a variety of
interesting collective transport phenomena, including non-
linear conductivity and coherent current oscillations [3]. In
clean quasi-one-dimensional conductors such as NbSe;
and K;3;Mo0O;, CDW pinning is very weak and E7 is,
typically 0.1-100 mV/cm. In the pinned regime below
E7, these small depinning fields are associated with an
enormous low-frequency polarizability and dielectric con-
stants of 10% or more.

Many aspects of the pinned density wave response be-
low E7 remain poorly understood. In models that treat the
CDW as an extended periodic elastic medium pinned by
disorder [4,5], depinning at E; is considered a dynamic
critical phenomenon [6-9], but what this might mean for
the physical properties of systems such as CDWs remains a
topic of current interest [10]. In the context of these mod-
els, as the ratio f = (E — E;)/E; — 07, local CDW phase
displacements occur in regions of increasing size, and the
average displacement and polarization diverge according
to xy ~ f 7. Plasticity within rare regions of large CDW
strain [11], or arising from additional terms in the equation
of motion [12-14], could qualitatively change the behavior
near Er.

NMR spin-echo spectrometry provides a local probe
of CDW polarizations, and can, in principle, examine
the behavior near threshold and distinguish between elastic
and plastic models. Here, we report NMR experiments on
individual NbSe; crystals. We examine the temperature-
dependent response of the CDWs that form below the two
Peierls transitions (Tp; = 144 K, Tp, = 59 K), and focus
on the response to current pulses at 7 = 130 K. The CDW
polarization shows a nearly linear variation with E up to at
least (0.96)E;. The distribution of CDW displacements
within the sample at this field is broad, with an average
displacement of 22° and a width of 44° with no evidence
for displacements larger than 1 CDW wavelength. These
displacements are much larger than previously reported
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[15,16] and are consistent with low-field dielectric mea-
surements [2] and with elastic depinning models. However,
the critical regime predicted by these models may be
unobservable in a real CDW system.

NbSe; is the material of choice for studying CDW
pinning and dynamics. Its whiskerlike morphology, crystal
perfection and relatively small electronic anisotropy yield
the most coherent collective response of any density wave
or flux line lattice system [17]. Nuclear magnetic reso-
nance spectroscopy is ideal for probing local CDW struc-
ture and dynamics in the presence of electric fields, and
reveals bulk rather than surface or contact-related proper-
ties [15,16,18-20]. NMR spectroscopy combined with
in situ transport measurements in NbSe; [15,16], in the
blue bronze Ky3;Mo0O; [18,19], and in the spin-density
wave compound (TMTSF),PFs [21], have established
that the density waves in these systems are incommensu-
rate without discommensurations, and that the onset of
nonlinear conduction at Ey corresponds to bulk CDW
motion.

Previous NMR experiments on NbSe; have been ham-
pered by weak signals because of the crystal size and
morphology. Crystals have typical dimensions of 2 um
thick by 20 um wide by a few mm long. As a result,
both the number of >*Nb nuclei within the NMR coil and
its filling factor tend to be small. To obtain an adequate
signal-to-noise ratio, Ross, Wang, and Slichter (RWS)
[15,16] assembled a mosaic of crystals aligned along the
whisker (b) axis and sharing common electrical contacts at
each end. Accurately aligning the crystal axes orthogonal
to (b) is challenging. RWS directed the magnetic field
B || b to avoid complications from misalignment, but this
gave a small filling factor. A more serious problem is that
Er is thickness dependent and varies between samples. By
growing very large NbSe; single crystals and aligning the
whisker axis along the coil axis so as to maximize the
filling factor, we obtained “>Nb NMR signals from an
individual crystal. Two samples were examined and
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yielded qualitatively and quantitatively similar results. All
data presented here are for the second sample (S2), which
was examined in more detail. S2 had a length of 12 mm, a
width of 100 wm and a thickness of 11 um (determined
using the sample resistance from four-wire transport mea-
surements with I || b and the sample resistivity p =
0.19 mQ cm [22]). A coil of length 5 mm and inside
diameter ~130 pwm was wound using 0.001” wire coated
with Stycast 1266 epoxy for rigidity. Silver paste was used
to form four electrical contacts between the sample and the
printed circuit board on which it rested, with distances of
d; = 8 mm (d, = 10 mm) between the inner (outer) con-
tacts. The low value of E; = 24 mV/cm measured at T =
130 K indicates excellent crystal quality.

All of the “>Nb NMR results presented here are for the
central (1/2, —1/2) transition of this I = 9/2 nucleus.
NbSe; has three distinct chains within its unit cell, and a
distinct Nb site for each chain, named yellow (y), orange
(0), and red (r) [15,23,24].
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FIG. 1 (color online). Evolution of %Nb spectra [ =
(1/2, —1/2) transition] with temperature for an applied field
Hy = 6.8 T. Formation of the Q; CDW below Tp; = 144 K
broadens and shifts the NMR line of the yellow (y) site
[15,23,24]. Formation of the Q, CDW below Tp, =59 K
most strongly affects the orange (o) site, and least the red (r)
site. The heavy black curves represent spectra acquired at 7 =
130 K (44 K) with an applied electric field E/E; = 1.9 (5.5) that
depinned the Q; (Q,) CDW.

The effects of CDW formation for 7' < Tp;, Tp, on the
Nb NMR spectrum are shown in Fig. 1. For T > Tp,, there
are three sharp lines corresponding to the yellow, orange,
and red chains. Rotating the magnetic field in the a-c plane
yields spectral patterns for the yellow and orange sites that
are qualitatively consistent with the normal state Knight
shift and electric field gradient parameters reported by
RWS [15]. An analysis of the relevant couplings to the
CDWs will be described elsewhere [25].

Formation of the Q; density wave below Tp; = 144 K
most strongly affects the yellow site, and its spectrum is
consistent with an incommensurate distortion, as noted
previously [15,24]. We find that the resulting linewidth
increases with magnetic field, at least for H > 5 T and a
range of orientations [25]. From this, we conclude that the
broadening from the Q; CDW arises primarily via a modu-
lation of the orbital part of the Knight shift. Effects related
to nuclear electric quadrupolar coupling to the electric field
gradient (EFG) also contribute to the line shape and width,
but are less significant. In addition to a change in shape, the
yellow peak’s first moment shifts as 7 decreases below
Tpy, due in part to the decrease in spin susceptibility
associated with the CDWs [26]. Figure 2 shows how the
linewidths (6 ») and shifts (A v) of the NMR peaks from the
three Nb sites vary with temperature. The linewidth varia-
tion is compared with that of the CDW order parameter,
determined from the square root of x-ray superlattice peak
intensities (A, O) [27]. The yellow peak broadens as the
temperature decreases below Tp(, but then narrows again at
lower temperature. In contrast, the orange peak broadens
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FIG. 2 (color online). Linewidths (fop, 6v) and frequency
shifts (bottom, Av) of the “>Nb NMR central transition vs
temperature, at angle a,. = *60°. A substantial fraction of
the shift (Av) for T < Tp;, Tp, results from a decrease in spin
susceptibility [26]. Open symbols (A, O) indicate the lattice
modulation amplitude determined by x-ray diffraction [27].
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continuously below Tp,, tracking the increase in the order
parameter. The yellow peak’s unexpected behavior may
result from couplings (magnetic versus quadrupolar) of
opposite sign, but further investigation is necessary.
Following RWS, local phase (position) displacements of
the CDW superlattice with respect to the underlying lattice
in response to applied electric fields were probed using
spin-echo measurements. As shown in the top right of
Fig. 3, an electric field was applied along the chain (b)
direction during all or part of the evolution time of the
standard Hahn spin-echo sequence. If the CDW displaces
in response to the field, the local environment of each 93Nb
nucleus will change by an amount that depends upon the
coupling to the CDW and the magnitude of the local
displacement. The echo is recorded as a function of the
durations 7; and 7, during which E # 0. In most experi-
ments, only a single electric field pulse was applied, with
duration 7.

The main panel of Fig. 3 shows the echo amplitude at
T = 130 K as a function of the width 7 of an electric field
pulse E = (1/2)E, for magnetic fields corresponding to
the center (C) and the singular edge (E) of the yellow site
(see spectrum, lower right). These decays are corrected for
the background echo decay, which is Gaussian with a time
scale T, = 1 ms. The inset at the lower left of Fig. 3 shows
two echo decays for spectral component (C). In one (O), an
E-field pulse of amplitude E = (0.96)E; (O) is applied
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FIG. 3 (color online). fop right: Hahn spin-echo sequence,
labeled with times 7, 7,, during which electric field pulses
could be applied to displace the CDW phase. bottom right: Echo
spectrum with labeled components of width 10 kHz near the
center (C) and one edge (E) of the yellow peak. main panel:
Echo decays in the presence of electric field pulses E =
(1/2)E;, measured at the center (C, A) and edge (E, <) of the
yellow peak at 7 = 130 K. The solid lines are fits corresponding
to the distribution of CDW phase displacements shown in Fig. 4.
lower left: Same as main panel, but with £ = (0.96)E; applied
during 7; (O), and with E = (1/2)E; applied with opposite
polarity during 7; and 7, (%). The solid line matches the decay
in the main panel, but with the time scale reduced by factor two.

during 7. In the other (%), two equal duration electric field
pulses of magnitude |E| = %ET are applied with opposite
polarity (%) during 7, and 7,. If the CDW’s phase dis-
placement varies linearly with electric field, then doubling
the magnitude of the field or applying pulses of opposite
sign should double the displacement, and thus halve the
echo decay time. The solid line is identical to the decay for
(C) and E = (1/2)Ey in the main panel, but with the time
scale reduced by factor two. The agreement with the data
strongly suggests a linear phase displacement response.

To interpret these results in more detail, we assume the
CDW coupling to the Nb nuclei is magnetic, that the CDW
lattice distortion at the ith nuclear site is u;(x;) =
uglcos{[Qqx; + ¢(x;)]}, and that the resulting frequency
shift of the ith spin has the form

Sv; « du,(x)/dx,. (1)

The spin-echo amplitude (A) is determined by evaluat-
ing

A= Zcos[cb,-], 2

with @; = [w,; — wy;]7;. Here, w};) (wy;) is the spin
precession frequency while the electric field pulse is (is
not) applied, and 7, is defined as in Fig. 3. If w;; = wy;,
there is no suppression of the echo. However, displacing
the CDW during 7, but not 7, leads to w,; # w,; and
defocusing of the transverse spin precession. In that case,

Wi — Wy * Ou;, 3)

with du; ~ %{;‘) 6 ¢; for small CDW phase displacements
8¢,

If the phase displacements  ¢b; at each site are the same
throughout the sample, then the echo decays will exhibit
pronounced oscillations. In Fig. 3, any evidence for oscil-
lations is weak, and this requires a broad distribution of
phase displacements. The smooth curves through the data
points in Fig. 3 (main panel and bottom left) are generated
from the distributions P(6¢;) of phase displacements
shown in Fig. 4.
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FIG. 4 (color online). The distribution of phase displacements
used to generate the spin-echo decay curves (solid lines) in Fig. 3
(main panel), where E = (1/2)E; (bold line) and E = E; (thin
line) is applied for duration 7.
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The data and fits shown in Fig. 3 demonstrate that the
response is approximately linear with electric field for £ =
Er. Doubling E from 0.5E; to E or applying a bipolar
pulse sequence with |E| = 0.5E; produces an echo that
decays roughly twice as fast, corresponding to a phase
displacement distribution with twice the mean value. The
mean and width of the phase distribution are 10 and 22 deg
at E = 0.5E; and 20 and 44 deg at E = E7y.

These values are much larger than the 2 deg displace-
ment at £ = 0.75E7 reported by RWS [15]. The most
likely cause of the difference is our use of a single crystal
with a uniform cross section and sharp depinning thresh-
old, rather than an aligned sample of multiple crystals with
different thresholds. Although the displacements are rela-
tively large, they are smaller than the 90 or 180 deg ex-
pected in a single coordinate model (depending upon the
choice of pinning potential). The maximum phase dis-
placement even for bipolar pulses is less than 90 deg.
Displacements near threshold larger than 1 CDW wave-
length (360 deg) have been predicted [28], but they may
occur in too small a volume fraction to be detectable in our
experiment.

The subthreshold CDW polarizations inferred from
NMR can be compared to results from bulk transport
measurements. Impurity pinning is responsible for both
the threshold field E; and the low-frequency dielectric
constant €. In the single-particle model with a sinusoidal
potential, the product €gEy = 4emn | with n; the number
of chains per unit area (SI units). For both CDWs in NbSes,
the right side is 7.8(10)° V/m. Transport experiments give
5% 108 V/m (8 X 10%) V/m for the Q, (Q,) CDW [2].
The phase distribution obtained from echo decays com-
bined with the measurement of E; gives 1.5(10)° V/m.

The present results show no evidence for diverging
polarizations near threshold, that might be expected if
CDW depinning were a dynamic critical phenomenon.
One possibility is that the critical regime is confined to a
very small region (< 0.1E7) around threshold and that the
response outside is linear. Another possibility is that the
experimental samples are too small so that the critical
regime is removed by finite size effects. The observed
polarization magnitude near E of 20 deg—a factor of 10
larger than obtained in previous NMR measurements
[15]—is much more plausibly consistent with a largely
elastic CDW depinning. The feasibility of NMR spectros-

copy on individual NbSe; crystals creates new opportuni-
ties for precision studies of local CDW dynamics. New
simulations of realistic elastic models could allow detailed
comparison of predicted phase distributions with experi-
ment, and more carefully quantify any critical behavior in
the pinned state just below E7p.
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