
VOLUME 80, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 22 JUNE 1998
Direct Observation of Charge Density Wave Current Conversion by Spatially Resolved
Synchrotron X-Ray Studies inNbSe3
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We present results on the normal-collective current conversion processes and associated deformation
profile for a charge density wave in the sliding state. High resolution x-ray measurements of the satellite
positional shift have been performed on NbSe3 at 90 K. The shiftq has been determined in the vicinity
of the contacts by applying direct currents. We observe a steep variation ofq near the contact, modeled
in terms of dislocation loops (DL) nucleated at host defects. A small constant gradient in the sample’s
central part indicates incomplete conversion, consistent with DL pinning. [S0031-9007(98)06427-8]

PACS numbers: 71.45.Lr, 61.10.– i, 72.15.Nj
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Phase slippage is a common phenomenon [1] in co
densed matter systems with complex order paramete
Phase gradients in the condensate, as originating, e.g., fr
external forces, cannot grow indefinitely. Beyond som
critical value, the strain associated with the phase grad
ent is released through2p-phase jumps. The process is
repetitive in time, with a rate dependent on the magnitud
of the external force. Phase slippage has been intensiv
studied in narrow superconducting channels [2,3], in su
perfluid helium [4], and in quasi-one-dimensional charg
density wave (CDW) systems.

In the latter case, below the Peierls transition temper
ture TP, the system is characterized by a modulated ele
tronic density:rsxd  r0f1 1 a cossQ0x 1 wdg together
with a periodic lattice distortion of the same wavelength
2pyQ0  2py2kF wherekF is the (generally incommen-
surate) Fermi momentum. The new periodicity opens
gap in the electron density of states and leads to new (sat
lite) Bragg peaks. CDW pinning by host defects fixes th
local phasew and destroys the translational invariance o
the CDW ground state. Application of an electric fieldE
above a threshold valueET , sets the CDW in motion and
gives rise to a collective current [5–7].

Phase slippage is required at the electrodes for the co
version from free to condensed carriers [8–10]. When th
CDW is depinned between current contacts, CDW wav
fronts are created near one electrode and destroyed n
the other, leading to CDW compression at one end an
stretching at the other end. In a purely 1D channel, th
order parameter is driven to zero at a distancex0 from the
pinning ends [8]. For samples of finite cross section, pha
slippage develops as dislocation loops (DL) which climb t
the crystal surface, each DL allowing the CDW to progres
by one wavelength [9].
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Local CDW deformations under the influence of a
electric field have been studied by severalindirectmethods
[11], such as measurements of the shift of the local che
cal potential along the sample using a laser probe [1
electromodulated IR transmission [13], and conductiv
measurements on multicontacted samples [14–16]. On
other hand, x-ray measurements yielddirect information
on the spatial distribution of the CDW deformations. S
far, a single experiment has been reported on NbSe3 [17]:
the CDW deformation was monitored using a 0.8-m
wide x-ray beam on a 4.5-mm-long sample. The data
Ref. [17] suggest an approximately linear variation of t
satellite shift withx in the central part of the sample, bu
experimental limitations did not allow the contact regio
to be investigated.

Hereafter we report high resolution x-ray scatteri
measurements of the variationqsxd of the CDW wave vec-
tor Qsxd  Q0 1 qsxd of NbSe3 along the sample length
with special emphasis on the near-contact region. T
measurements have been carried out on the diffractom
TROIKA I (ID 10A) at ESRF (Grenoble/France) using a
incident wavelength of 1.127 Å (E  11 keV), provided
by a single Si(111) monochromator. High spatial reso
tion was obtained by reducing the beam width to100 mm,
down to30 mm in the vicinity of the contacts.

The requiredQ-space resolution was obtained by u
ing detector slits of100 mm width, yielding a longitudi-
nal resolutiondQ  6.8 3 1024 Å21 at the (020) Bragg
reflection of the sample. The mosaicity of the samp
was found to be about 0.015±. The sample was oriente
with the (ap 1 cp, bp) plane as the horizontal scatterin
plane. All measurements were carried out atT  90 K, in
the upper CDW state (TP1  145 K; Q0  0.241bp) cor-
responding to the Peierls condensation of type-III cha
© 1998 The American Physical Society 5631
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[18]. A sample of cross section10 3 2 mm2 was mounted
on a 100-mm-thick sapphire substrate, providing homo
geneous sample cooling as well as adequate beam tra
mission (,50%). Electrical contacts were prepared b
evaporating wide,2-mm-thick gold layers onto the sample
leaving a free sample length of 4.1 mm between electrod
The use of a substrate and the comparably low thresh
current value (IT  2.16 mA) allowed measurements to be
performed not only with pulsed currents (pc) (100 Hz, 1
duty cycle) but also with direct currents (dc) up to 8 mA
( 3.7IT ) without signs of Ohmic heating.

To erase any remnant deformation due to sample histo
we applied a procedure analogous to that used in dem
netization or depolarization techniques, i.e., application
currents of alternating polarities and decreasing amplitu
We verified (see Fig. 1) that this technique succeeds in
covering the originalzero-fieldsatellite position as well as
the corresponding profile widths, alongbp and perpendicu-
lar to the chain direction (rocking width).

Figure 2 shows the shiftq of the s0, 1 1 Q0, 0d CDW
satellite using both pc and dc applied currents up toIyIT 
4. The x-ray beam is positioned100 mm away from the
current injection contact. In both cases, a shift of the CD
satellite wave vector is observed for currents exceedi
IT . The shiftq increases rapidly withIyIT but saturates
at higher currents. For pc and dc, 90% of the saturati
value is achieved atjIj  2IT . This behavior is in good
agreement with similar results in Ref. [17]. Here we find
additionally, that the application of a dc current produc
a larger shift (, 31.7) than a pulsed current of the sam
intensity.

Figure 3 shows the “double-shift”q6  Qs1Id 2

Qs2Id as a function of beam positionx along the left-
hand half of the sample (0 , x , 2) for applied (pc and
dc) currents ofjIj  4.6 mA  2.13IT . For both types
of current,q6sxd shows a linear variation with position
x in the middle section of the sample (0.7 , x , 2.0),
and no difference is observed between direct and puls
currents. Closer to the contact (0 , x , 0.7), q6sxd
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FIG. 1. Longitudinal satellite profiles atx  100 mm:
(1) Idc  0, (s) Idc  2.13IT , (3) Idc  0 after depolariza-
tion, and (n) Idc  22.13IT ; NbSe3, T  90 K.
5632
-
ns-

y
,
es.
old

%

ry,
ag-
of

de.
re-

W
ng

on

,
es
e

ed

deviates from linearity: the dc shift increases more rapid
than the pc shift and reaches its maximumat the contact
boundary, while the maximum pc shift occurs at a di
tance of about100 mm away from the contact boundary.
These differences suggest a spatially dependent, re
ational behavior for the CDW deformations, the faste
relaxation occurring at the contact position. A linear fi
of the data in the region0.7 , x , 2.0 yields a slope
≠sq6dy≠x  2s2.0 6 0.1d 3 1024bp.

The accepted interpretation of the CDW distortion
associated with current injection follows the argume
[17,19] that the energy~ Upq of the distortionq observed
at some effective stressUp is opposed by the elastic energ
~ Kq2, resulting inq ~ 2UpyK. For a simple 1D case,
a constant gradient≠qy≠x  q0

0 fi 0 is obtained. The
large discrepancy between the present results and the st
profile obtained from the models in [16] and [19] calls for
new theoretical approach (a detailed account of the mo
presented below will be published elsewhere [20]).

In NbSe3, in the upper CDW state, there are two type
a  i, e of normal carriers. The intrinsic carriers,a  i,
originate from the condensed bands with metallic sta
Fermi level density of statesNi

F . At T  90 K, they are
excited across the Peierls gap. The extrinsic carriers (Ne

F)
arise from uncondensed bands (on type-I and type-II cha
[18]). In the condensed state, the potentialVa experienced
by the carriers isVe  F and Vi  V  F 1 qypNi

F ,
with F the electric potential [21]. The electrochemi
cal potentials arema ø Va 1 dnayraNa

F , wheredna is
the local imbalance between electron and hole conce
trations for each carrier typea. The relative “normal
density” risT d and the relative “condensate density” [21
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FIG. 2. Change of satellite position,q, for pulsed (100 Hz,
1% duty cycle) (s) and direct currents (d) of varying
intensities. The measurements are performed at a dista
of 100 mm from the current injection contact. Beam width
100 mm; NbSe3, T  90 K; dashed lines are guides for
the eye.
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FIG. 3. Double-shiftq6sxd  Qs1Id 2 Qs2Id (in units of
bp) for direct (d) and pulsed (s) current (IyIT  2.13).
The full line shows the exponential fit from Eq. (4) near th
contact (0 , x , 0.5) and a linear dependence for0.7 , x ,
2. The dash-dotted line extrapolates the exponential fit into t
central section. The vertical dashed line represents the con
boundary; the horizontal dashed line, the line of zero shi
NbSe3, T  90 K.

rcsT d  1 2 risT d change fromri  1, rc  0 in the
metallic state tori  0, rc  1 at low T . At the same
time re ø 1 stays constant (until the second CDW trans
tion at TP2  59 K). Fast equilibration of quasiparticles
always leads locally tomi  me ; mn. The inhomoge-
neous electrochemical potentialmn determines the normal
currentjn  2sn≠mny≠x, wheresn  si 1 se is the
normal conductivity.

We separate the total charge densitydntot and current
densityjtot into their normal and condensate counterpart
dntot  dnn 1 dnc and jtot  jn 1 jc, with dnn 
dne 1 dni, dnc  wxyp, and jc  2wtyp; wx 
≠wy≠x  q and wt  ≠wy≠t stand for the local space
and time derivatives of the CDW phasew. We define
the longitudinal CDW stress2U as the energy per chain
paid to distort the CDW elastically by one period.U, as
well as the strainqyp, refer to one electron in the ground
state. With this choice,U and the CDW driving force
F  2≠Uy≠x are additive toF and E  2≠Fy≠x,
respectively.U includes contributions from three sources
the elastic stress, the stress provided by the excess c
centration of intrinsic carriers, and the electric potential,

U  sqyp 1 dnidyNi
F 1 F . (1)

The forceF is equilibrated either by the rest pinning force
Fpin for E , ET or by the friction forceFfrcs jcd for E .

ET . The equationF  2Ffrcs jcd and its inversejc 
JcsF d are obtained from theV -I or I-V characteristics of
the sliding CDW.

The local electroneutrality condition [22] implies tha
the variation of the carrier concentrationdnn images the
e

he
tact
ft.

i-

s,

:
on-

t

CDW wave number variations [12]:dnn  2dnc 
2qyp . With this relation and expressions forV andU,
we can expressq, at anyx andt, as

gqypNi
F  mn 2 U ; h , (2)

with g  1ysg21
i 1 bed, gi  s1 2 ridyri . be charac-

terizes the screening of the CDW deformations by t
extrinsic carriers. g is the normalized elastic constan
since the total static energy density of the strained stat
sKy2d swxypd2 with K  gyNi

F . We see that the CDW is
deformed whenever the stressU does not coincide with the
electrochemical potential of the normal carriersmn. The
quantityh measures this mismatch, and hence charac
izes the excess or lack of normal carriers, which is me
sured directly byq. The exchange between the norm
carriers and the condensate results finally in the equilib
tion betweenmn andU, a process taking place via nucle
ation and growth of DLs.

Equation (2) must be supplied with boundary cond
tions and with a law for the current conversion due
DL nucleation. At the contactsx  6a: jns6ad  jtot,
jcs6ad  0. The second condition, far from the contact
distinguishes our picture from other recent treatments, e
[19]: the condition thatall partial currents are stationary
in the sample bulkimplies theabsence of current conver
sion,all types of carriers being in equilibrium, withequal
chemical potentials.

The balance between the different types of carriers
controlled by the injection and extraction rates from t
electrodes and by the conversion rateR between normal
and condensed carriers. The stationary distribution of
CDW deformation is obtained from Eq. (2) as

≠h

≠x


≠mn

≠x
2

≠U
≠x

 F s jcd 2
jtot

sn
1

jc

sn
, (3)

which follows from the definition ofU and the current
partition jn  jtot 2 jc. Equation (3) should be com
bined with the relation≠jcy≠x  Rsh, jcd which results
from the carrier conservation law≠sdncdy≠t 1 ≠jcy≠x 
dsdncdydt  R with ≠sdncdy≠t  0 in the stationary
case.

There are two extreme scenarios forRshd. The first
refers to an ideal host crystal, both in the bulk and at t
surface, where only homogeneous nucleation is presen
a spontaneous thermal [19] or even quantum [23] sup
critical fluctuation, so thatR ~ exps2h0yjhjd, valid at
jhj ø h0. Another extreme refers to samples with a suf
ciently large density of defects acting as nucleation cent
for supercritical DLs, the simplest form for this case bein
R ~ h. Both scenarios are of the “passive” type, whe
the CDW motion itself plays no role.

A plausible “active” scenario emerges for a fast enou
CDW motion when the DLs are created by the CD
sliding through bulk or surface defects:R  Rsh, jcd
such thatRs0, jcd  Rsh, 0d  0 with R ~ hjc as the
simplest version.
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For homogeneous nucleation, withR ~ exps2h0yjhjd
we findq ~ sln jx 2 ajd21. This is an extremely slow de-
crease, which results in an incomplete carrier conversi
and a large linear gradient across thefinite sample length.

Assuming heterogeneous, passive nucleation of DLs, t
solution of Eq. (3) gives in the simplest case, taking th
CDW driving forceF s jcd to be linear,

q  p
J0l

Dng

∑
exp

µ
2

jx 1 aj

l

∂
2 exp

µ
2

jx 2 aj

l

∂∏
,

(4)

with the contacts atx  6a. J0 is the current applied
at the contacts,l the characteristic length scale of the
phase slip distribution, andDn  snl2 the normal carrier
diffusion coefficient withl the normal carrier screening
length. Equation (4) shows that for a long enough samp
there will be no linear gradient in the central part of th
sample. The carrier conversion will be complete, and th
CDW deformation will be reduced to zero.

Applying Eq. (4) to our dc data, one obtains a ver
satisfying fit of the spatial variation ofq6sxd from the con-
tact positionx  0 to x  0.5 mm with the characteris-
tic length scale of the phase slip distributionl  375 6

50 mm (at ICDW  2.1IT ). However, the observed lin-
ear variation ofq in the central part of the sample (Fig. 3
suggests that the conversion rate may be suppressed by
ning of the DLs, below some finite nonequilibrium thresh
old ht : R  0 if jhj , ht. In this latter case, the carrier
conversion is blocked, and the normal and collective cu
rent densities,jn and jc, are fixed at values above (jn)
or below (jc) their equilibrium values. We then see from
Eq. (3) that≠hy≠x  h0  constfi 0, thushsxd  h0x,
and thereforeq ~ x, in agreement with the data in Fig. 3
More generally, numerical simulations of stationary solu
tions of Eq. (3) can be obtained for various types of co
version mechanisms and for thejc dependence ofF s jcd
obtained from experimentalI-V curves [20].

The conclusions we derive from our high resolution x
ray measurements and from the above qualitative theore
cal statements are as follows: for a long enough sample
largeqsxd values near the contacts decrease exponentia
(in the simplest case) towards zero at the sample’s cen
The large gradients observed in earlier multicontact stu
ies [16] can now be reinterpreted as due to an extreme s
effect: the distance between contacts is so short that o
a small part of the applied normal current is converted,
that the currentsjc andjn stay far from their equilibrium
values. In such a case, Eq. (4) is close to linear with on
small contact increments. In contrast, earlier x-ray expe
ments [17], performed on longer samples (4.5 mm) cou
not resolve the contact region and what was observed
a bulk gradient coincides with our remnant distortionq0

0
from pinned deformations.

An important observation is the fact that this gradien
does not change between dc and pc experiments, indic
5634
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ing that the associated deformation is quenched. A relat
pinning phenomenon is observed in thecontactregion in
pulsedexperiments. Noting that 99% of the x-ray inten
sity is accumulated during the passive intervals betwe
current pulses, we conclude that the observed pc shifts c
respond to pinned deformations, which remain quench
on the time scale of the pulse interval. At very long times
thermal climb, similar to vortex creep, will allow for DL
propagation and for the eventual decay of the deformatio
Our preliminary results on the dependence ofq on pulse
frequency are in favor of this scenario.
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