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Phase slip and the spatiotemporal response of charge-density waves in NbSe;
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We have performed spatially resolved measurements of the charge-density-wave (CDW) response to bipolar
current pulses. These measurements directly yield the temporal evolution of the CDW elastic force profile and
the distribution of CDW phase slip. The steady-state elastic force profile is strongly coupled to the phase-slip
distribution. This coupling increases the CDW strain gradient near the current contacts, and reduces the size of
the region in which significant phase slip occurs. We describe a model for CDW dynamics in the presence of
phase slip that provides an excellent account of the complex spatiotemporal response.

In quasi-one-dimensional metals such as NbSe;, for-
mation of charge-density waves (CDW’s) results in a host of
interesting transport effects.’ A CDW consists of a lattice
distortion coupled to an electron density modulation Az (x)
=n,cos[Ox+ P(x,t)], where Q=2k; is the CDW wave
vector and ¢ is the phase of the CDW order parameter. In
the presence of impurities, the CDW becomes pinned
through spatial variations of ¢. For electric fields greater
than a threshold field E;, the CDW can depin from the
impurities and slide through the crystal, resulting in spatial
and temporal fluctuations of ¢ and a collective current
i.<dp/ot.

When CDW motion is induced between current contacts
(as in Fig. 1), the CDW well beyond the contacts must re-
main pinned. The CDW thus compresses near one comntact
and stretches near the other, resulting in a macroscopic spa-
tial variation of ¢ and a strain &,%d¢/dx.>™ As in super-
conductors, these phase gradients lower the barrier for phase
slip via formation of CDW dislocations, allowing conversion
between CDW current and single-particle current near the
contacts.2~*5~% The net phase slip rate is determined by the
strain profile, and determines the steady-state CDW current.
Transport measurements>'*~'2 are consistent with some fea-
tures of a model’ for thermal nucleation of dislocation loops
in the presence of a linear strain profile, and x-ray scattering
measurements’> have provided direct evidence for the COW
strains which drive phase slip.

CDW phase slip is of interest both as a fundamental CDW
process and as a prototype for analogous phenomena in su-
perconducting, superfluid, and pattern-forming systems.
Here we describe spatially resolved measurements of the
CDW response to bipolar current pulses. These measure-
ments probe the local CDW elastic force, and directly yield
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FIG. 1. Contact geometry used in the experiments. Numbers
refer to sample segments between adjacent contacts.
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the spatial distribution of phase slip and the temporal evolu-
tion of the CDW strain profile. While previous work has
shown that the strain profile determines the net phase slip
rate, we show that the distribution of phase slip strongly
affects the strain profile.!* We describe a simple model for
CDW motion in the presence of phase slip that accounts
quantitatively for many features of the measured response.
These results have important implications for our under-
standing of CDW transport.

High-purity NbSe; single crystals were held to alumina
substrates patterned with an array of 2-um-wide, 0.25-
pm-high contacts (shown in Fig. 1) using a thin polymer
film. Typical contact resistances were 300 (), roughly two
orders of magnitude larger than the sample resistance be-
tween contacts. Combined with NbSe;’s electronic aniso-
tropy, these resistances ensured that the contacts were essen-
tially nonperturbing.

Current pulses of alternating sign were applied to the
current contacts, and the response was measured for each
adjacent pair of voltage contacts. The total applied current
i« flows as single-particle and CDW currents, i(?)
=i (x,t)+ti(x,t). CDW motion thus reduces the single-
particle current below iy and changes the sample voltage by
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FIG. 2. CDW response in NbSe; at 7=90 K to a sign reversal
of an applied current |i,,)| =51, for each of the sample segments in
Fig. 1.
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where p, is the single-particle resistance per unit length, and T o - 2 108
the integral is taken between the voltage contacts. As first g
observed by Gill,>® the voltage immediately after a reversal sl log
of the current direction is smaller than jts steady-state value, {7t ° 8,8 B8 B8 00 © g
indicating that there is a transient excess CDW current. Gill : o =
suggested”® that the transient is due to CDW motion between B m 1< €
the steady-state strained profiles appropriate to the two cur- . :’: £
rent directions. el o 18 + &1ic lo (%’
Figure 2 shows the CDW response (Av) to a current sign o Rs (E<Er) o
reversal with |i,,|=~5I; (where I is the threshold current .
corresponding to E7) for each of the sample segments indi- © 0 90 160 230 300 370 440 510 580 650C
cated in Fig. 1. The response is symmetric about the mid- Position (um)

point between the current contacts, and has faster initial time
scales and larger transients near the current contacts. Unlike
the response measured for widely separated voltage
contacts,> the response of the segments is nonmonotonic,
especially near the current contacts. Transient CDW motion
is also observed beyond the current contacts.'® The steady-
state CDW current is largest in the middle of the sample and
decreases as the current contacts are approached, indicating
that phase SIiP occurs at significant distances from the cur-
rent contacts.'®

To interpret our measurements we begin by considering a
simplified, one-dimensional version of the Fukuyama-Lee-
Rice model,17

J . &
y(,—‘f=(%)<E—EP>+K;9§}, o

where vy is the CDW damping constant, n is the CDW con-
densate density, K is the CDW elastic constant, E is the
applied electric field, and where the effects of CDW interac-
tion with impurities are accounted for by a phenomenologi-
cal pinning field E p, taken to be a function of i, . The mea-
surements fix the total current i,,, rather than the electric field
E. Using E=p,is and y=(en./Q)*Ap., Eq. (2) can be re-
written as
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where p, is the high-field CDW resistance per unit length,
i.=A(en./Q)d¢/dt, and A is the crystal cross-sectional
area.

The variation of Ep with CDW current magnitude
is very weak (except very near threshold), and the time
scale of its change in sign in response to changes in current
direction is much shorter than can be resolved in our
measurements.'® The transient variation of i, is thus due
only to K ¢". Consequently, the position-dependent pulse re-
sponse in Fig. 2 provides the temporal evolution of the CDW
elastic force profile.

The coupling between i.(x,t) and K¢”(x,t) implied by
Eq. (3) can be directly tested in the steady state. The steady-
state response in Fig. 2 gives i.(x,t—). The steady-state
response obtained when i, is injected through the outermost
contact pair in Fig. 1 gives (i) =[P+ ) 1(Psiror

FIG. 3. Comparison of measured values of i, and i2+ 6i. . Cur-
rent contacts are located at positions corresponding to the left and
right vertical axes. The single-particle resistance R,=v/i,, mea-
sured with E<FE 7 is the same for all segments and is independent of
sample history, indicating that the decrease of i .(x) near the current
contacts is not due to contact-geometry-related field variations or to
modulation of R; by CDW deformations.

—Ep), since K¢" is small for large contact separations.’’

The difference between the initial transient and steady-state
responses,

Bi (i) =[ic(x,t—) =i (x,t=07)]/2,
gives

en.\

1
) K" (x,t— ).
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In the steady state the elastic force hinders CDW motion
between the current contacts; when the driving current
iy changes sign, the elastic force initially aids CDW mo-
tion by an amount equal to its hindrance in the steady
state. Equation (3) thus predicts a quantitative connection
between the dc and transient CDW current profiles,
io(x,t—0)=i0+8i,.

Figure 3 compares measured values of i .(x,t—%) and
i2+ 8i.. The excellent agreement (with no adjustable param-
eters) confirms the coupling between the CDW current and
the elastic force. Furthermore, Fig. 3 indicates that phase
slip—which produces the conversion between i, and i near
the current contacts—has a dramatic effect on the elastic
force profile. For example, at 55 um from the current con-
tacts i, is only 10% below its mid-sample value, but this
increases the elastic force [measured down from i to
i.(x,t—o0)] by more than a factor of 3.

Because of this strong coupling between phase slip and
the elastic force, phase slip must be included in calculating
the transient response of Fig. 2.!* Consistent with previous
work,” we assume phase slip occurs at a strain-dependent
rate,

(enc) v,
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FIG. 4. CDW response to a sign reversal of the applied current
calculated using Eq. (5), for the contact configuration in Fig. 1.
R,(#) is the total phase-slip rate [G|r,dx normalized by its
steady-state value.

where V, and r, are related to the barrier height and attempt
rate for dislocation loop nucleation, respectively. Since the
CDW phase in the presence of phase slip is no longer well
defined, we solve instead for a “‘renumbered” phase variable
6(x,t) determined by

36 1 [en,
at

_Q—) Zc[itot’e(xyt)]_ f_mrps[e(x”t)]dx’: (5)

where [ i, 0(x,t)] is the solution of Eq. (3) using the elas-

tic force profile determined by 6"(x,t), the experimentally

measured E p(i.), and the applied current i,. i, calculated in

this way corresponds to the CDW current measured by Av.

The renumbering of the phase due to phase slip is given by
T ol O0(x',0)1dx’.

Figure 4 shows the response calculated using Eq. (5) for a
driving current equal to that of Fig. 2 assuming V,=35 mV,
K=9.1x10"2% eV A2, and ry=3X10" s~ m™!, roughly
consistent with previously reported values.'%*2

Figure 5(a) shows the predicted temporal evolution of the
CDW strain profile corresponding to the response of Fig. 4.
As discussed above, the measured transient response Av
o i, gives the elastic force K¢". Thus, the strain at each of
the contacts can be determined from Ay and the measured dc
I-V characteristic 2 as

= —————(pc:sp';) (%".’.) (g Avn_JCcpsi(c))’

where x,. is the position of the contact and the sum is over
the response v,, for contact pairs located between x=0 and
x=x.. Note that this gives the exact strain at each contact,
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* FIG. 5. (a) Calculated and (b) measured CDW strain profiles in
response to a current sign reversal, in units of ueV A2 atr=0,1,
5,10, 15, 20, ..., 190 ws. Current contact positions are indicated
by the dotted vertical lines. The measured strain is determined only
at the voltage contact positions (indicated by dots); the solid lines
are guides to the eye.

not a spatial average. Figure 5(b) shows the resulting time-
dependent strain profile. The correspondence between the
calculated and measured profiles is very good.

The model thus reproduces most of the important qualita-
tive features seen in Figs. 2 and 5(b), and provides insight
into their origin. Just before the applied current changes sign,
the elastic force opposing CDW motion is largest near the
current contacts (segments *=4), where phase slip produces
a smaller steady-state CDW current. Just after the sign
change, the elastic force aids CDW motion, and thus drives a
larger transient CDW current (proportional to Av in Fig. 2)
near the current contacts. This motion is quickly held back
by the section of the CDW beyond the current contacts (seg-
ments *+5), leading to a rapid decay of the CDW current and
to an increase in strain near the contacts. As the strain near
the contacts builds, it eventually becomes large enough to
induce significant phase slip. Phase slip increases the CDW
current from its minimum at the “dip” towards a larger
steady-state value, and limits subsequent growth of the strain
near the contacts. Since CDW motion beyond the current
contacts (segments *5) is only driven by this strain, the dips
observed just inside.the current contacts (segments *4)
nearly coincide with the peaks observed just outside (seg-
ments *+5). Near the middle of the sample (segments 0,
+1), the CDW moves independent of the region beyond the
contacts for a longer time, producing a slower transient. The
response here is monotonic, since phase slip is already oc-
curring by the time the middle region’s elastic force changes
sign.

The most significant discrepancy between the calcula-
tions and experiment is in the distribution of phase slip.
In the calculations essentially no slip occurs at distances
greater than 90 um, whereas in the experiment roughly 4%
of the slip occurs there. The origin of this discrepancy is
unclear.
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Finally, we emphasize a few important results of the
present work.

(1) Phase slip strongly affects the transient CDW re-
sponse, especially near the current contacts.

(2) The phase-slip-related decrease of CDW current near
the current contacts enhances the CDW strain gradient there,
producing a ponlinear strain profile.

(3) The enhanced CDW strain gradient reduces the dis-
tance from the current contacts at which significant phase
slip occurs. Assuming a linear slip profile between the cur-
rent contact and segment 4, we estimate that at least half of
the slip in our experiment occurs less than 25 um from the
current contact.

(4) The coupling between phase slip and CDW strain has
important consequences for many aspects of CDW
transport,?! including the form of the CDW current—phase-
slip voltage relation;>™*~'2 the interpretation of the phase-
slip voltage; the form of the CDW current-voltage character-
istic near threshold; the transient and large-signal ac
responses; and the voltage and temperature dependences of
coherent oscillations and Shapiro steps.!
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(5) The transient evolution of CDW deformations extend-
ing beyond the current contacts affects the response between
the contacts. Nearly one-third of the mid-sample phase dis-
placement under the conditions studied here is due to defor-
mations beyond the contacts.

(6) Previous analysis*** of the CDW response to bi-
polar current pulses equated the charge A= fgli.(f)
—i (t—)]dt with the CDW displacement between steady-
state configurations of opposite deformation. This charge and
displacement are not equivalent because the total CDW cur-
rent is a mix of polarization and phase-slip currents, and the
polarization current is significantly larger than the transient
excess during most of the transient. From our simulation
with conditions as in Fig. 5, the CDW displacement between
current contacts is a factor of 10 larger than that correspond-
ing to the charge Ag.
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