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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 Np&€90 K. The shifiy has been determined in the vicinity
of the contacts by applying direct currents. We observe a steep variatipnedr 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

Phase slippage is a common phenomenon [1] in con- Local CDW deformations under the influence of an
densed matter systems with complex order parameterslectric field have been studied by sevendirect methods
Phase gradients in the condensate, as originating, e.qg., frofhl], such as measurements of the shift of the local chemi-
external forces, cannot grow indefinitely. Beyond somecal potential along the sample using a laser probe [12],
critical value, the strain associated with the phase gradielectromodulated IR transmission [13], and conductivity
ent is released througbwr-phase jumps. The process is measurements on multicontacted samples [14—16]. Onthe
repetitive in time, with a rate dependent on the magnitudether hand, x-ray measurements yiélidect information
of the external force. Phase slippage has been intensivebn the spatial distribution of the CDW deformations. So
studied in narrow superconducting channels [2,3], in sufar, a single experiment has been reported on NHE4:
perfluid helium [4], and in quasi-one-dimensional charge¢he CDW deformation was monitored using a 0.8-mm-
density wave (CDW) systems. wide x-ray beam on a 4.5-mm-long sample. The data in

In the latter case, below the Peierls transition temperaRef. [17] suggest an approximately linear variation of the
ture Tp, the system is characterized by a modulated elecsatellite shift withx in the central part of the sample, but
tronic density;p(x) = po[1 + a codQox + ¢)]together experimental limitations did not allow the contact regions
with a periodic lattice distortion of the same wavelength,to be investigated.

27 /Qo = 27 /2kr Wherekr is the (generally incommen-  Hereafter we report high resolution x-ray scattering
surate) Fermi momentum. The new periodicity opens aneasurements of the variatigfix) of the CDW wave vec-
gap in the electron density of states and leads to new (satébr Q(x) = Qo + ¢g(x) of NbSe along the sample length
lite) Bragg peaks. CDW pinning by host defects fixes thewith special emphasis on the near-contact region. The
local phasep and destroys the translational invariance ofmeasurements have been carried out on the diffractometer
the CDW ground state. Application of an electric fidld TROIKA I (ID 10A) at ESRF (Grenoble/France) using an
above a threshold valu&;, sets the CDW in motion and incident wavelength of 1.127 AE(= 11 keV), provided
gives rise to a collective current [5-7]. by a single Si(111) monochromator. High spatial resolu-

Phase slippage is required at the electrodes for the comion was obtained by reducing the beam widtH®0 wm,
version from free to condensed carriers [8—10]. When thelown to30 wm in the vicinity of the contacts.

CDW is depinned between current contacts, CDW wave The requiredQ-space resolution was obtained by us-
fronts are created near one electrode and destroyed neag detector slits ofl00 xwm width, yielding a longitudi-
the other, leading to CDW compression at one end andal resolutionsQ = 6.8 X 10~* A~! at the (020) Bragg
stretching at the other end. In a purely 1D channel, theeflection of the sample. The mosaicity of the sample
order parameter is driven to zero at a distancéom the  was found to be about 0.015 The sample was oriented
pinning ends [8]. For samples of finite cross section, phaswith the @* + ¢*, b*) plane as the horizontal scattering
slippage develops as dislocation loops (DL) which climb toplane. All measurements were carried oufat 90 K, in

the crystal surface, each DL allowing the CDW to progresshe upper CDW statel, = 145 K; Qp = 0.2410™) cor-

by one wavelength [9]. responding to the Peierls condensation of type-lll chains
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[18]. A sample of cross sectidi) X 2 wm? was mounted deviates from linearity: the dc shift increases more rapidly
on a 100-um-thick sapphire substrate, providing homo- than the pc shift and reaches its maximatthe contact
geneous sample cooling as well as adequate beam trartsundary, while the maximum pc shift occurs at a dis-
mission (-50%). Electrical contacts were prepared by tance of about00 xm awayfrom the contact boundary.
evaporating wide2- um-thick gold layers onto the sample, These differences suggest a spatially dependent, relax-
leaving a free sample length of 4.1 mm between electrodestional behavior for the CDW deformations, the fastest
The use of a substrate and the comparably low thresholdklaxation occurring at the contact position. A linear fit
currentvaluelr = 2.16 mA) allowed measurements to be of the data in the regio.7 < x < 2.0 yields a slope
performed not only with pulsed currents (pc) (100 Hz, 1%0d(g+)/dx = —(2.0 = 0.1) X 10~%b*.
duty cycle) but also with direct currents (dc) up to 8 mA The accepted interpretation of the CDW distortions
(= 3.717) without signs of Ohmic heating. associated with current injection follows the argument
To erase any remnant deformation due to sample histor§17,19] that the energy U*q of the distortiong observed
we applied a procedure analogous to that used in demagt some effective stregs" is opposed by the elastic energy
netization or depolarization techniques, i.e., application of< K42, resulting ing « —U*/K. For a simple 1D case,
currents of alternating polarities and decreasing amplitudea constant gradientq/dx = ¢(, # 0 is obtained. The
We verified (see Fig. 1) that this technique succeeds in rdarge discrepancy between the present results and the strain
covering the originakero-fieldsatellite position as well as profile obtained from the models in [16] and [19] calls for a
the corresponding profile widths, alobg and perpendicu- new theoretical approach (a detailed account of the model

lar to the chain direction (rocking width).
Figure 2 shows the shifj of the (0,1 + Qy,0) CDW
satellite using both pc and dc applied currents ufyfe =

presented below will be published elsewhere [20]).
In NbSe, in the upper CDW state, there are two types
a = i,e of normal carriers. The intrinsic carriers, = i,

4. The x-ray beam is positioneth0 um away from the originate from the condensed bands with metallic state

current injection contact. In both cases, a shift of the CDWFermi level density of stateS;. At T = 90 K, they are

satellite wave vector is observed for currents exceedingxcited across the Peierls gap. The extrinsic carrigf9 (

Ir. The shiftg increases rapidly with /I but saturates arise from uncondensed bands (on type-I and type-Il chains

at higher currents. For pc and dc, 90% of the saturatiofil8]). Inthe condensed state, the potentiglexperienced

value is achieved dif| = 2Iy. This behavior is in good by the carriers i/, = ® andV; =V = & + ¢/7N},

agreement with similar results in Ref. [17]. Here we find,with ® the electric potential [21]. The electrochemi-

additionally, that the application of a dc current producescal potentials argi, = V, + 8n./p.Nf, Wheredn, is

a larger shift ¢ X1.7) than a pulsed current of the same the local imbalance between electron and hole concen-

intensity. trations for each carrier type. The relative “normal
Figure 3 shows the “double-shifty+~ = Q(+I) —  density” p;(T) and the relative “condensate density” [21]

Q(—1) as a function of beam position along the left-

hand half of the sampléd(< x < 2) for applied (pc and

dc) currents oflI| = 4.6 mA = 2.13I7. For both types M

of current, g-(x) shows a linear variation with position (I) . |1 . |2 . ? . ‘I‘
x in the middle section of the sampl6.1 < x < 2.0), O ~- -0 3 -
and no difference is observed between direct and pulsed i - e dc ]
currents. Closer to the contacd € x < 0.7), g+(x) or B o pc A
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FIG. 2. Change of satellite positiom, for pulsed (100 Hz,
1% duty cycle) O©) and direct currents &) of varying

intensities. The measurements are performed at a distance
of 100 um from the current injection contact. Beam width:
100 um; NbSe, T = 90 K; dashed lines are guides for
the eye.

FIG. 1. Longitudinal satellite profiles atx = 100 um:
(+) 1;, =0, (O) 1;, = 21317, (X) I, = 0 after depolariza-
tion, and (\) 1,, = —2.1317; NbSes, T = 90 K.
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1,4 CDW wave number variations [12]6n, = —dén, =
1o 1 —g/m. With this relation and expressions f&rand U,
150 we can express, at anyx ands, as
o 1 8 8q/mNp = pn —U =1, (@)
2 g 1165 withg = 1/(g;' + B.), gi = (1 — pi)/pi. B charac-
' i 5 terizes the screening of the CDW deformations by the
= J12 = extrinsic carriers. g is the normalized elastic constant
¢ 1 = since the total static energy density of the strained state is
% 4 {8 2 (K/2) (@,/m)* with K = g/Nj.. We see that the CDW is
° 1 = deformed whenever the strelSsdoes not coincide with the
1 4 electrochemical potential of the normal carrigrs. The
o 10 quantity » measures this mismatch, and hence character-
] izes the excess or lack of normal carriers, which is mea-

sured directly byg. The exchange between the normal
carriers and the condensate results finally in the equilibra-
FIG. 3. Double-shiftg-(x) = Q(+1) — Q(—1I) (in units of  tion betweenu, andU, a process taking place via nucle-
b*) for direct @) and pulsed @) current (/I = 2.13).  ation and growth of DLs.

The full line shows the exponential fit from Eq. (4) near the Equation (2) must be supplied with boundary condi-

e Qash.dotted line extrapolates the exponenial it mto thdC1'S and with a law for the current conversion due to
central section. The vertical dashed line represents the contagal‘_?uc'eat'on' At the Contact§_= ta: ju(Xa) = o,
boundary; the horizontal dashed line, the line of zero shiftJc(=a) = 0. The second condition, far from the contacts,

NbSe, T = 90 K. distinguishes our picture from other recent treatments, e.g.,
[19]: the condition thagll partial currents are stationary

in the sample bullkmplies theabsence of current conver-
sion, all types of carriers being in equilibrium, widnqual
chemical potentials.

The balance between the different types of carriers is
controlled by the injection and extraction rates from the
electrodes and by the conversion r&tebetween normal
and condensed carriers. The stationary distribution of the

p(T) =1 — p;(T) change fromp; = 1, p. = 0 in the
metallic state tgp; = 0, p. = 1 at low 7. At the same
time p, = 1 stays constant (until the second CDW transi-
tion at7p, = 59 K). Fast equilibration of quasiparticles
always leads locally tow; = w, = u,. The inhomoge-
neous electrochemical potentja), determines the normal

currentj, = —o0,0 dx, whereo, = o; + o, is the e .
normal ](:nonductiCit)IjL.n/ ! l ¢ CDW deformation is obtained from Eq. (2) as

WQ separate thg total charge density,,, and current an _ dpn U _ N L de 3
density . into their normal and condensat(_e counterparts, ox  ox ox Flje) o, o’ ®3)
dny = 6n, + én, and jio = j, + j., with én, = ) o
Sne + dni, dn. = ¢,/m, and j. = —¢,/m;, @, = Which follows from the definition ofU and the current

d¢o/dx = q and ¢, = d@/at stand for the local space Partition j, = ji — je. Equation (3) should be com-
and time derivatives of the CDW phage We define bined with the relatiord j./dx = R(#, jc) which results

the longitudinal CDW stres3U as the energy per chain from the carrier conservation lai(én.)/dt + djc/dx =

paid to distort the CDW elastically by one period/, as ~ d(dn.)/dt = R with 3(én.)/dt = 0 in the stationary
well as the straiy/ 7, refer to one electron in the ground Case. _ .

state. With this choicel/ and the CDW driving force ~ There are two extreme scenarios fBr(n). The first

F = —aU/ox are additive to® and £ = —ad/ox, refers to an ideal host crystal, both in the bulk and at the
respectively. U includes contributions from three sources: Surface, where only homogeneous nucleation is present as
the elastic stress, the stress provided by the excess cod-Spontaneous thermal [19] or even quantum [23] super-

centration of intrinsic carriers, and the electric potential, Cfitical fluctuation, so thaR « exp(—no/[n]), valid at
|n| < no. Another extreme refers to samples with a suffi-

U= (q/m+ 5ni)/1vjp + P . (1) ciently large density of defects acting as nucleation centers
for supercritical DLs, the simplest form for this case being
The forceF is equilibrated either by the rest pinning force R « n. Both scenarios are of the “passive” type, when
Foin for £ < E7 or by the friction forceFi. ( j.) for £ > the CDW motion itself plays no role.

Er. The equationf = — F..(j.) and its inversg,. = A plausible “active” scenario emerges for a fast enough
J.([F) are obtained from th& -/ or I-V characteristics of CDW motion when the DLs are created by the CDW
the sliding CDW. sliding through bulk or surface defect® = R(7,j.)

The local electroneutrality condition [22] implies that such thatR (0, j.) = R(n,0) = 0 with R « 5j. as the
the variation of the carrier concentrati@n, images the simplest version.
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For homogeneous nucleation, with « exp(—no/|nl)  ing that the associated deformation is quenched. A related
we findg o (In|x — a|)~!. Thisis an extremely slow de- pinning phenomenon is observed in thentactregion in
crease, which results in an incomplete carrier conversiopulsedexperiments. Noting that 99% of the x-ray inten-
and a large linear gradient across fimte sample length. sity is accumulated during the passive intervals between

Assuming heterogeneous, passive nucleation of DLs, theurrent pulses, we conclude that the observed pc shifts cor-
solution of Eq. (3) gives in the simplest case, taking therespond to pinned deformations, which remain quenched

CDW driving force F( j.) to be linear, on the time scale of the pulse interval. At very long times,
thermal climb, similar to vortex creep, will allow for DL
__JoA [ [<_ lx + a|> B ;<_ lx — a|>} propagation and for the eventual decay of the deformation.
q=1 ex ex , -
Dyg A A Our preliminary results on the dependenceyabn pulse

(4) frequency are in favor of this scenario.
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