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Theory of Dissipative Current-Carrying States in Superconducting Filaments
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A simple generalized time-dependent Ginzburg-Landau equation valid for dirty super-
conductors in the vicinity of T, is derived. For thin homogeneous filaments it exhibits os-
cillatory phase-slip solutions below and above the critical depairing current. The results
are compared with I-V curves observed in whiskers and microbridges.

Up to now there has been no satisfactory theory
of the current-induced transitions observed in
superconducting filaments near T,. Except very
close to T„where fluctuation effects dominate,
the normal state is approached through succes-
sive voltage jumps and hysteresis appears a few
millidgrees Kelvin below T, . The succession of
critical currents and intervening states have
been investigated thoroughly on "one-dimensional"
samples [transverse dimension of the sample
small compared to the coherence length $(T) and
penetration depth A(T)]: on tin whiskers by Meyer
and others" and on tin microbridges by Skocpol,
Beasley, and Tinkham. ' The jumps are now gen-
erally related to the appearance of localized
"phase-slip centers. '" The (dissipative) super-
conducting states with phase-slip centers appear
to exist above the "critical depairing current"
j „at which the lossless superconducting state
becomes unstable. " In fact, recent experiments
show that the occurrence of a phase-slip center
at a neighboring location. '4

!

It was shown recently that the simple time-de-

pendent Ginzburg-Landau (TDGL) theory exhibits
oscillatory phase-slip solutions for long thin fila-
ments in a very narrow range of currents below
the "reversible critical current" j, (which is low-
er than j,„).' The present Letter represents a
generalization of this work for dirty supercon-
ductors in the vicinity of T,. We derive general-
ized TDGL equations from microscopic theory
and discuss solutions relevant for long, thin cur-
rent-carrying filaments. The existence of period-
ic phase-slip solutions above j,„which can
carry an average supercurrent larger than j
is established rigorously for the first time. This
provides a theoretical justification of the phase-
slip-center concept and shows that a step struc-
ture appears even in a completely homogeneous
filament. '

We start from a set of equations describing
dirty superconductors near T, in the presence of
time-dependent electromagnetic fields (A, y)
which may be derived along the lines of Larkin
and Ovchinnikov (LO)' and Schmid and Schon (SS).'
The gap function 6, current density j, and charge
density p are determined from (with 5= 0 B = c = 1)

C
f dE(Rs&f+&N, f,) 6= $ (V —2ieA) 6+ 1—

0

! ~!'Q+ dE (N, '+N, ') Vf, -e ' +2N,Z,qafe 4T, 1 2 1

p= -2eN(0)(ey+ 5 dEN, f,),

where e=(T, —T)/T„$'=vD/8T, e, diffusion constant D=vFl/3, b 'o=8&'
T,
'c /gl( )3, N(0) is the nor-

mal density of states, normal conductivity v, =2e'DN(0), superfluid velocity Q=-(VG+2eA), and A
=!b, ! exp(-i8). One may set p= 0 in Eq. (3) as will be shown later on.

The real functions N, (E) and R,(E) are defined by

(4)N, (E)+in, (E) =o.(E), N, (E)+if',(E) =P(E).

Here n and P are the (retarded) normal and anomalous Green's functions defined by Usadel' in the no-
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tation of SS. For small deviations from equilibrium the static equations of motion' '

2D[n(V —2ieA)'P —PV'n] = (I/2Ts —iE)P —an, (5)

together with n'+ p'=1 may be used. In Eq. (5) inelastic electron-phonon scattering (7s is the inelastic
collision time) is included in the usual approximation where it leads to lifetime broadening of the ex-
citations,

Finally, we write down the kinetic equations for the odd and even distribution functions f=f, + Df [f,
=tanh(E/2T)] and f, valid for small deviations from equilibrium and slow time variations (0 «60):

DV'[(N, ' —R ')Vbf]+2D1V R Q ~ Vf —e 0 — —N —+—hf=Rsf, aA s i af, el~i
2 2 2 BE, Bt Bt T BQ BtE

Bf BA I Bf0 Bf 89
DV ~ (N, '+N, 2) Vf, —e 0 +2DN@2Q V 5f —N, —+—f +ey 0 —N l 4 2f + 0 —=0.

BQ Bt 7 BQ BQ Bf

(6)

(7)

8T,7~a/v (=0.271rea02/T, ) «1 (8)

seems sufficient to ensure the validity of all the
approximations made.

Equations (5)-(7) now lead to

E+i/2Te
[(Epi/2T )' —lgl']b' '

ilail
[(E+i/2T )'- l&l'] ''

1V, E (10)

N,ey+1V,Tele 1) &~f

N, +2N, Tel& sE '

This type of approximation was introduced for
stationary problems by SS.'

When inserting these results into Eqs. (1)—(3)
the following exact relations are useful:

r dE, N, +2T,]~lN,

(I - [I+(2..l~l)']-~ y, (12)

0 1 TE
(i3)

The inelastic collision integrals in Eqs. (6) and

(7) have been replaced by the "mutilated collision
operator" with ener gy-independent collision time"

Eq. (3) with p = 0 ha. s been used to eliminate
the scattering-in term in Eq. (7).

We now introduce a local equilibrium approxi-
mation for Eqs. (5)—(7) by omitting the gauge-
invariant space and time derivatives. This is
valid as long as the various quantities vary in
space slowly over the inelastic diffusion length

Ls=(DTs) ' and in time slowly over Te. The con-
dition Ls«$, i.e.,

Equation (3) now leads to

[1 zl(l2]~. @+ &+»

= ('(v —2ieA)'y+ (I —
l pl') y,

j = )1m[/*(V —2ieA) p] —$V p. ,

(15)

(16)

where u=~'/14&(3) =5.79, y=2Tsb, „g=r/a„p.
= 2eyto, and i, = ('/Du. Time and current density
are now measured in units of i, and j, = o,/2e&, $.
An equation of the same structure as (15) but
with different coefficients was introduced recent-
ly by Golub for short filaments. "

For y«1, i.e., (T,T~)'e «0.0266, Eq. (15)
goes over into the simple TDGI, equation. We
consider solutions of (15) and (16) for long, thin
current-carrying'filaments where A can be ne-
glected and all qua tities depend on x only, As
in the case y = 0 there exist two simple stationary
solutions'. the fully superconducting (S) state g
=f exp(iqx), p —= 0, which exists and is locally
stable for all j(j,„=0.385, and the normal (N)
state j =- 0, y, '= —j/$ which is locally stable for
all j&0. The stability of the N state, however,
becomes "weaker" with increasing y: The ampli-
tudes of the stationary threshold solutions which
separate decreasing from increasing solutions
(and which for the case y«1 exist in the range'

j&j,=0.335) decrease and j, itself increases
with increasing y. In fact, we find that for y&y,
= 5.5 the threshold solutions exist above j,„and
for y- ~ it is easy to show that they exist for all
values of j. This means that no truly reversible
S-N transition can take place (see Ref. 5) and

2T, li+(2T lal)']~'

which is negligible for e «1. Also, Eqs. (1) and

(2) go over into
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that there exists a stable solution besides the N

and S states.
Consequently we looked for oscillatory phase-

slip solutions which for y «1 exist in a very nar-
row range of currents j;„(j(j,(j~;„=0.326;
numerical methods similar to those of Ref. 5

were used). As y increases this range actually
increases to higher as well as to lower currents.
Clearly "isolated phase-slip solutions" where the
S state is approached asymptotically on both
sides can exist only below j,„. For these solu-
tions the electric field decays asymptotically
over the "quasiparticle diffusion length"

= ((1+@'f ')~'Wuf

t-(4T r~/Vt& f„)~' for y»1] (17)
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FIG. 1. Time-averaged voltage drop per period V
divided by the periodic length d is plotted as a function
of current density j for a periodic array of phase-slip
centers for d = 6, 10, 15, and ( and y= 10 and 20. The
curve for y= 20, d = 6( persists up to j= 0.76. within
simple TDGL theory (y= 0) phase-slip solutions exist
only in the narrow shaded region.

which may become much larger than the coher-
ence length. We find that solutions with a period-
ic array of phase-slip centers exist above j
Figure 1 shows I- V curves for such solutions for
@=10and 20 and various values of the periodic
length d (V= 6, p, = time-averaged voltage drop per
period). At low currents the curves join the S
state in the same way as for y«1 (see Ref. 5).
Above a fairly well-defined current the solutions

cease to be stable. Whereas the minimum cur-
rent is fairly insensitive to d, the maximum cur-
rent first increases with decreasing d and then
decreases again.

The I- V curves exhibit significant almost-linear
portions which may be parametrized approximate-
ly by V = (j —Pj,„)A/$ with A =7.5$(T) (inde-
pendent of d and y) and P = 0.6 and 0.46 for y = 10
and 20 (independent of d). Thus each phase-slip
center acts like a piece of filament of length A

through which a time-averaged normal current of
magnitude j —Pj,„ flows. The maximum current
up to which the solutions exist appears to increase
until d becomes approximately equal to A. Thus
solutions with an I-V curve steeper than in the N

state should not be observable. Note that A and A,

have different temperature dependence.
These results agree in many respects with

experiments on Sn, ' ' where, however, approxi-
mately temperature inde-Pendent values of A and

P are found. Very recent measurements by
Dolan and Jackel" have revealed the local struc-
ture of a phase-slip center. Their measure-
ments of A. z on Sn agree with Eq. (17) when taking
T~ = 2 x10 "sec which is obtained from a theo-
retical estimate' (f„=1). This restricts the
validity of our theory to e (0.4&&10 ' [see Eq.
(8)] and here the temperature dependence of the
measured differential resistance is indeed con-
sistent with our results whereas for e a0.7x10 2

the temperature dependence becomes weaker.
The agreement should be looked upon with some
caution for the following reason: According to
Dolan and Jackel" the high-temperature data tend
to overestimate A because these data sample d V/
dI only for low values of I where I- V curve is
nonlinear.

An extension of the calculations to lower tem-
peratures seems highly desirable, Unfortunately
one then probably has to solve the full set of Eqs.
(1)—(7) which is a rather cumbersome task. Note,
however, that the local equilibrium approxima-
tion can be expected to hold for the asymptotic
region of a phase-slip center, as described by
Eq. (17), in the larger range Lz«A. , which is
equivalent to ~«u '.
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on Ni(111) and Pt(111)

J. E. Demuth, ' H. Ibach, and S. Lehwald
Institut fur Grenzftachenforschung und VahuumPhysih der Kernforschungsanlage Julich, 51 70 dulich, Germany

(Received 5 December 1977)

High-resolution electron energy-loss measurements of ethylene on Ni(111) and cyclo-
hexane on Ni(111) and Pt(111) show an extra CH stretching vibration-~Iot found in free
molecules or organometallic compounds —which is strongly broadened and shifted to low-
er frequencies relative to another, more typical CH stretching vibration. Tlris softened
and broadened CH frequency is attributed to a new electronic interaction with the surface
which we relate to the mechanism of hydrocarbon dehydrogenation.

Despite many recent advances in understanding
the bonding of atoms and molecules to surfaces' '
and experimentally determining reaction products
on surfaces, "little information exists regarding
the physical mechanisms for surface reactions.
Of the only detailed studies to investigate mole-
cular reaction mechanisms, namely the dissocia-
tive adsorption of methane on W' and Rh, ' the
mechanism is disputed.

Here, we report new results which provide evi-
dence that vibrational spectroscopy permits the
detection of changes in vibrational potentials
which are important to the chemical transforma-
tion of molecules on surfaces, and that suggest
a specific interaction mechanism for dehydro-
genation reactions. Namely, using high-resolu-
tion electron energy-loss spectroscopy, we ob-
serve that adsorbed ethylene on Ni(111) and cyclo-
hexane on either Ni(111) or Pt(111) show two sets
of CH stretching frequencies. One frequency
(2900-3000 cm ') is reasonable for CH stretch-
ing vibrations as found in free molecules, ' ad-
sorbed hydrocarbons, "or organometallic com-
pounds, ' while the second CH frequency (2590-
2720 cm ') is unusually low and broadened by 200-

300 cm '. This latter CH stretching frequency
and frequency broadening have not been observed
previously" ' and appear to be directly related
to the ability of these particular molecules to de-
hydrogenate on the surface at higher temperature
tures.

We present evidence that this CH vibration sof-
tening and broadening arise from an electronic
interaction between some of the molecule's hydro-
gen atoms and the surface, similar to that occur-
ring in hydrogen bonding. We postulate that this
interaction not only modifies the shape of the CH
vibrational potential but also lowers the activation
barrier to CH bond rupture so as to make dehy-
drogenation the preferred reaction path at higher
temperatures. Such a surface interaction has
not been detected by other techniques and may
provide a physical basis for understanding other
chemical reactions on surfaces.

Electron energy-loss spectroscopy (ELS) was
performed with a two-stage analyzer/monochro-
mator which typically allows 65-80-cm ' (8-10
meV) energy resolution and provides a low, uni-
form background as described elsewhere. ' The
choice of primary beam energy and (total) scat-
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