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Time of Nucleation of Phase-Slip Centers irWBa;Cu307 Superconducting Bridges
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Narrow YBaCuwO; films, excited by pulses of supercritical current, had their nanosecond electric
response monitored in zero applied magnetic field. Delayed voltage steps plus constant differential
resistance, characteristic of phase-slip centers (PSC), are observed at all temperatures. The duration
of the initial zero voltage state is well fit by Ginzburg-Landau based theories, with a gap relaxation
time controlled by phonon escape. At higher levels of excitation, PSC'’s give birth to slowly spreading
normal hot spots. [S0031-9007(98)06897-5]

PACS numbers: 74.76.Bz, 74.25.Kc, 74.40.+k, 74.50.+r

Superconductivity is perturbed, not suppressed, by and a critical temperaturg. = 89 K. Samples TO-34
critical current. Thanks to vortex motion, the growing and TO-S35, obtained by dc hollow cathode sputtering
phase differences of the order parameter wave functiof6], had similar electrical characteristics. Finally, sample
relax by multiples o7 [1], a process which allows the LZCYB77is a 35 nm thick film deposited by laser ablation
material to preserve long range order while sustaining6] on[100] Si covered with a buffer layer (70 nm YSZ,

a voltage. In filamentary structures, similar quantum10 nm CeQ@). Our bridge hadp (300 K) = 1.9 mQ) cm,
phase jumps occur in short, fixed, zones named phasend RRR= 2.6.

slip centers [2] (PSC). So, dissipation arises in a According to the standard PSC model [7], each phase-
way fundamentally different from a transition into the slip event produces a burst of quasiparticles, whose dif-
normal state. A second singular feature is the longusion eventually determines the length of the dissipative
persistence of the zero voltage state after the applicatiomone. Therefore, the idealV curves beyond, are made

of the supercritical current, much beyond the naturaup of segments of constant differential resistad®e/ di,
(picosecond) time:/A (Planck constant divided by the one for each PSC, linking successive voltage steps. Fig-
energy gap). Pals and Wolter [3] discovered this delayure 1 shows this for an YBCO film deposited on GeO
or PSC nucleation timet;, on aluminum film strips. covered sapphire. Notable features are the forked ascen-
Interpreting it as the time required to achieve completesion and the hysteretic voltage jumps of th& curves.
collapse of the order parameter, and using a time- To study the response on the nanosecond scale, we
dependent Ginzburg-Landau (TDGL) equation based onsed a coaxial circuit (impedanc& = 50 ()) capable

the nonequilibrium energy-mode gap relaxation time [4],0f 250 ps rise time in its most compact form, fed
they could account fairly for their experimental data. with electrical step functions. The sample is essentially

It would be difficult to make any predictions for cuprate current-biased so that, in its transient zero-resistance state
superconductors, due to their utterly short coherencep toz,, the sample carries a curreht= 2V;/Z,, where
length. Nevertheless, the dc current-voltdfe/) curves V; is the input voltage. However, when a voltage
of high-T. narrow bridges indeed display the steps anddevelops along the bridge, the current drops(a%; —
the expected response to microwave radiation [5] related’)/Z,, currently a correction of a few percent. As we will
to PSC’'s. This Letter reports on the first observationobserve below, this may cause a net decrease of the signal,
of the delayz, in epitaxial YBaCuw;O; thin films, and depending upon the location of the resistive singularity
its interpretation through TDGL. At the same time, we with respect to the probe. In any case, it was taken into
tackle directly the troublesome problem of heating in aaccount in the establishment of the/ relationship.
dissipative center. Figure 2 shows an example of the wealth of phenomena

Our experiments were performed in zero applied magachievable in this configuration. For current flowing
netic field onc-axis textured films with typical misorienta- from A to B in sample LL-109N, the critical value is
tion 0.5 degree of arc. Sample LL-109N is a 75 nm thickl, = 29.0 mA at T, = 60 K. With the sample excited
film evaporated [6] o100] MgO with cationic composi- by pulses of amplitude 29.7 mA, the response begins with
tion YBa; gsCus 04. Our bridge has resistivity (300 K) = an inductive peak preceding a flat part which is the Ohmic
350 w{) cm, a ratio RRR= p(300 K)/p(100 K) = 2.8,  drop at the gold-to-YBaCuO contacts (see the two bottom
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CURRENT (mA) Increasing the input current causes the dedgy to
0 10 20 30 40 30 shrink, until it falls to an unmeasurably small value when
d I exceeds about/. (seet), in the two top curves of

. Fig. 2). This general move goes along with an increase

e
/ of the plateau voltage until, at a time markegd, another
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structure appears, whose location betweemnd C’ is
. revealed bW, # V. During its development, the rising
V4 is the productR - I of an increasing resistance by a
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!
: 82K [ / decreasing current, whil€ merely monitors the decrease
7] of (2V; — V4)/Zy. This additional feature, expanding
over a characteristic time of ordérus, is, we believe,
a hot spot [7], to be discussed later.

At fixed temperaturey; is a sensitive function of
especially just abové.(T), defined throughout this work
as the current giving the longest observable delay, that
is, 500 ns. Whilez, is always well defined at lowr,

- . the voltage response becomes gradually faint at higher
FIG. 1. dc current-voltage characteristics of bridge TO-S35 . - s
(length:200 wm: width: 20 wm; thickness: 90 nm) at tempera- temperatures, with a limit of readability around 70 K.

tures noteds, b, ¢, d, ande, showing the resistance jumps at 1ypical d'ata are plotted in semilog coordinates in Fig. 3.
each critical current. Note that all segments of cons#aftd! Following Pals and Wolter, we plot on the same graph
on a curve seem to originate from a single point onthe= 0 the function derived from TDGL in one dimension [3]:

axis (points also indexed, b, ¢, d, ande). ' A
2f%d
/1o =+ [ 14

, (@
curves of Fig. 2). Then comes a voltage jump, common o @2DUJIP = f*+ f° .
to probesA andC, at time markedy;. In the absence of where the adjustment constantis to be interpreted as
such a voltage at prob@ (not shown), one is led to locate an effective gap relaxation time. The dummy variafle
the dissipation between the geometrical poifitandD’.  stands for the normalized modulus of the order parame-
We call it PSC in consideration of three features: delayeder, and the integration boundaries express thajoes
signal, voltage jump rather than a smooth function of thefrom 1 to 0 within time r,. For sample LZCYB-
current, and stability after a short period. (Depending77, it can be seen that = 5 ns provides asymptotic
upon the sample, we could record up to three PSC’'aigreement for long delays. A similar fitting procedure for
within 15% excursion abovg..)
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FIG. 2. (Graphy, ¢, r, ands, from bottom to top). Voltage 0.1 1 : |
versus time across YBaCuO sample LL-109N (width: wm; 1 1.2 14 1.6 1.8
length: 3 mm) in response to a rectangular pulse of current at REDUCED CURRENT I/l

T =60 K. (p,q) Signals at probe€ andA for I/1. = 1.02,

showing the rise of a PSC at timg,. (r,s) Signals taken at FIG. 3. Delay r; at 4.2 K plotted as a function of /I,
the same probes fak = 2,381, showing the development of in sample LCZYB-77 (length50 pwm; width: 10 um; 1. =
a hot spot at time,;. The symbolsRy/ and 2R, mark the 72 mA). The solid curve is the functionFpy of Eq. (1) drawn
amplitudes of the voltage drops at terminal contacts. for 7 = 5 ns. Broken line derives from Eq. (2) with same
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samples TO-34 and LL-109N gave= 2 ns and 6.5 ns, 1.30 — 5

respectively. r o
The loss of validity of Eq. (1) for delays,; of the .. @ @ ol

order, or shorter tham, was pointed out by Tinkham 125 o

[8], who treated the case of arbitrarily fast gap variations.
Taking Eq. (64) of Ref. [8] in the limiT" < T, brings a
formula for ¢, having the same structure as Eq. (1), with
the numerator of the integrand replaced by

2f* + 1655 — 0.5(1/1.). 2 TN T T O N
The result of this refined calculation, assuming the same 115 i o s
choice ofr as before (5 ns), shows a striking agreement I 5
over the whole range of currents investigated (Fig. 3, P
dashed curve). This is surprising in view of the parame- 1104 ip- i i i i ei G iY i
ters of our experiment, since the PSC model was designed ?
for bridges having their transverse extension smaller than —
both the coherence length and the magnetic penetration :
depth [2,3]. However, from theory and experiment [9], it :
may be credited with broader validity, whenevefA is CAe
significantly shorter than the inelastic collision time. T
In order to capture the temperature behavior of 1.00 —
Eqg. (1) suggests to determing at constant values of 0 10 20 30 40 50 60 70 80 90 100
1/1.(T) or, equivalently, to measure at each temperature TEMPERATURE (K)

the ratio I(T, t;)/1.(T) which produces selected values . ) )
FIG. 4. Properties of bridge LL-109N in the range 4.2 to

of 14 (see Fig. 4 forry = 50 and 100 ns). ' If we reckon 8 K, for current flowing between probes A and D (see inset
data dispersion as the typical uncertainty (0.5%) affecting Filg. 2). Plot of the ratiosi(T, ,)/1.(T), where I(T, ;)

pulse height measurements, the main information is that @ the current producing a voltage jump at timg Here,
given r, requires a constant ratity/, up to about 60 K, ¢, =50 ns andz, = 100 ns. For linesA and B, see text.
which in turn defines atrictly 7-independent prefactor l!:tsiﬁt CCLIIREieC?SlICUW?ntﬁ versgus Téa*'/:Zr]CJTvitg ;0 5;)/5,2 }t<he
c = ¢ —a - N ] = [l
g. As a check of accuracy, we mana}ged to _bracket th » =9 67.5 MA, @ (;).1, and b = 0.077. From 50 1o 70 K,
ata (Fig. 4) between a couple of horizontal linegind 70 tookZ, = I'[1 — 6/ with I* = 121 mA.
B defined, through Eq. (1), with two similar values of
(There is one such couple for each seleatell To define
A and B in sample LL-109N, we used, respectively, thewell with determinations ofr, based on the decay of
times 7 = 6 and 7 ns which flank correctly the 6.5 ns photoinduced resistance in similar YBCO-on-MgO films
used to fitt; vs I/, in this sample (sesuprg. (4 ns for a 48 nm film [12] up to 81 K; 2.4 ns for a 30 nm
Our 7's turn out to be orders of magnitude longer film [14] throughout the range 1.3 to 50 K). Sample
than any known quasiparticle inelastic lifetimes as soor,ZCYB-77 (35 nm), with a comparatively large =
as T > 10 K. We note that these are expected to5 ns, is no contradiction since it comprises two matching
vary considerably with7 (proportionally to 772 for  layers between film and substrate.
the electron-phonon interaction [10]). Therefore, we The constant differential resistand® /dI observed in
believe gap relaxation is limited not by intrinsic relaxationthe dc characteristics (Fig. 1) also shows systematically
mechanisms, but rather by the rate of phonon removah the pulse mode (Fig. 5). An important quantity/is
from the film, so that film cooling actually sets the pacedefined byV = (dV/dI)(I — Iy), which represents the
of gap relaxation [11]. In the case of epitaxial YBCO time-averaged superconducting fraction [2] traversing the
on a crystalline substrate, several authors [12—14] havdissipative structure for total curreht The ratioly/I. is
independently measured cooling times (a) proportional taefinitely nonzero (0.48 for sample LL-109N; 0.71 and
film thickness and (b) independent Bfpractically up to  0.72, respectively, in TO-34 and LZCYB-77), proving
T.. Theoretically, such properties derive from the phonorthat a sizable part of the current is carried as a superfluid.
radiation model, so called with reference to the optical On the other hand, the differential resistandé ()
blackbody, according to which the power transferred goefrom the graph), equivalent to aboué xm of normal
asT* (Stefan’s law), in proportion to the lattice energy material is difficult to interpret quantitatively. If this
[ cdr, whereC = BT? is the Debye specific heat. In figure is to correspond to twice the quasiparticle inelastic
that way, in Eq. (1) should be identified with the phonon diffusion length [7] (vrl.72/3)"/? with vy the Fermi
escape time, . velocity, £, the mean free path, and, an inelastic
The results of the present work & 6.5 and 2 ns, lifetime (7, = 7, = 6.5 ng), it is too long by a factor
respectively, for 75 and 30 nm films) compare veryof about 5. This is a severe discrepancy which might
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T T | T to be homogeneous, this growth should meet no other
1 YBaCuO LL-109N =1 limit than complete transition.
T=42K In summary, YBaCw;O; narrow bridges passing a

sl | overcritical current get striated by one or several stable

’ phase-slip zones, with a nucleation timg well-fitted
~ by the TDGL expression which was designed for low-
2 06— — T. materials near their transition temperature. On the
§ . other hand, the intrinsic mechanisms of gap relaxation
5 o are concealed by phonon bottleneck, and are therefore
S 04 RO —|  unattainable.

/.’ We are indebted to B. Riajs for stimulating dis-
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FIG. 5. Voltage on top of the first PSC plotted versus current. ) ) . 3
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