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F-irsiVmeasurcments of the time for the recovery of the critical

curren t at a phase slip s ite~~~ave been made by stud y inc~ the
frequency dependence of the h ys t e re t ic  rf  cu r r c n t — v o l t a q ~ charac-
ter is t ics  in the lOw power l imit .  The data are explicable by a
s imp l e quasi par t i c le  d if fusion model and are incompatible wi th
recent hot spot ~ode1s~~~~
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The pro duction and decay of noii-- r~qui 1ibriut~ states in

sup e r c o n du c t o r s  is c u r r e n t l y  of g rea t :  i n ter e s t .  In recent

studies , non—equilibrium states hnv e been produce d by

tunneling 1, laser excitation 2, thermal phonon injection3,

ultrasonic phonons4, conversion of normal to supercurrent~i

at superconducting boundaries5, rapid variation of the

supercurrent6, etc. In this paper we report the first

determination of the temporal response of the non—equilibri--

urn state generated by the phase slip process at a site in an

ultra—thin--film superconducting microbridge in a rf SQUID

configuration. The result~ are inconsistent with the hot

spot model7 but agree well with a modified guasiparticle

diffusion model8.

Our data were obtained using a broadband continuously

var ia ble nonreson ant mutual induc tance br id ge (10MH z —

1.8GHz) , a conventional 20MHz tuned S~UID biasing circuit,

and a 9.2 GHz spectrometer employing a resonant cavity.

In order to minim ize he at ing ef fects , we investigated

numerous thi n f i lm  cylindrical SQUIDS at 20 MHz and 9.2 GHz

and selected a very low critical current , near ly granular

niobium sai~ple. This sample allowed us to study the hyster—

— etic response over a wide temperature range with minimal

heating. The physical dimensions of this niobium weak link

are as follows : 3 micrometers in the direction of current

f low , by 40 micrometers wide , by 35 A ngs t roms thick , totally

covered by a 600 Angstrom insulating oxide layer. This

sample ha s a superconductin g critical temperature of 2.8 K.
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No chnnçjes in tho rf response were observed ~;ith the sample

crn er scc I  in l i q u i d  helium ju~;t above or below the hel ium ~
point  or in a vacuum can.

Insert (a) of Fig. 1 illustrates the detected rf I—v

characteristics of the sample for various frequencies at

2.167 K as observed with the broadband system. The tempera—

ture dependence of the critical current can be described in

terms of a moan field behavior. This behavior is indicative

of a current distribution which is relatively uniforrc. over

the width of the microbr idge .  Above a frequency of IZQ mlz

hysteresis develops in the critical currents., That is~

diss ipat ion persists  in the weak l ink below th& mean field

critical current until a sudden return occurs (down arrows~

to the uniform superconducting state. Note that the mean

field critical current (up arrows) is independent of ftc—

quency. . - 
.

This critical current hysteresis is similar to that

observed by SBT8 in the dc I—V characteristics of tth

microbridges and by Rachford et al.9 in the 9.) GEI~

microwave resp ons e of wea k lin ks of various geometries and

materials. This type of behavior follows10 from the

assumption that and I
~ 

are given by:

Ci a)

~ ~~~~

where is the mean field critical current of the micro—

bridge , y is the supercondu ct in g order pa r amet er , ~(T) is the

coheren ce leng th , and I~ is the minimum curren t necessary

to support Josephson oscillations across a distance compar—

: . .
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able to the in elastic scattering length A . The length A ~~~5

given by the ecjuation, A (Lv F T/3)
1”2 where £ is the elastic

length , V
F 

is the Fermi velocity , and ~ is the appropri-

ate inelastic scattering Lime. The ratio of the squares of

the critical currents is proportional to temperature;

(I~/I~)
2 [2A/ (~~~(0)/3)]

2(T—T )/T . (2)

To explain the frequency dependence of the hysteresis

(illustrated in Fig. 1, insert (a)], consiöor an incr easing

instantaneous rf current through the weak link. As the

magnitude of the rf current exceeds the moan field critical

curr ent , a phase slip site is rapidly established producing

non—equi l ib r ium quas ipa r t i cle s  and , hence , dissipat ion in

the sample. The quasiparticles depress the critical current 
—

so that at some point  in the decreasing current part of the

rf cycle (determined by A) the current becomes less than

this new cricital value. When the magnitude of the current

is less than the depressed cri tical curren t, the voltage

across the site vanishes , the excess quasiparticle popula-

tion is no longer sustained by the current and begins to

dece.y. The cri tical current recovers towards its insan field

value. On the next half cycle this time dependent critical

curr ent is exceede d , phase slip occurs , and the non—equi-

librium state is regenerated. If the rf period is long

compared to the decay time [see Fig. 2, insert (a)], the
rn

critical current will recover to the mean field value and no

time average lowering of the critical current (no hystere-

sis) will be observed.
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• ) T~~?ev er , it tli~ rf pe~ i. OcI ~~~~~ s~’or t COL’parecJ  to tJie

decay t ime , the  exces~i ~ u~~s i p ar  L i  d e s  w i l l  n o t  decay

s ut f i c i e n ~~iy Oc’ t:~.’een h a lt  cyc les .  In  t h i s  C~~~~~~ :e , t h e  cr i t i c a l

c u r r e n t  w i l l  not  have  t ime to r e c o v e r  to the ~~an f ield

va lue , and th er e w i l l  b e a n et low e r i n g  of ‘eh~ det ect ed 
-

c r i t i c a l  c ur r ~ent  as long as the  non~ c cj u i l i b r i~’:.~ st at e  is

cycl ical ly sus ta ined .  This  cond i t i on  w i l l  be ~ ain t a .i n cd

un t i l  the  r f  c u r r e n t  is reduced  be lo.~ I~~( t) [~ ec Fig .2

inser t  (b) ] . Thus the h y s t e r e s i s  depends on the re la t ive

values of the r f per iod  and the decay t ime fc’~ the e>;ccss

quasiparticle di.strihution. .1

In f i gu r e 1 ., the measure d v~luez of [1 1r 4 (f) 1
2

• are plotted as a function of temperature at v~rious frcquen— -
~~~~

• cies. Note: (1) that at each frequency the c~rrent rat~io

can be represented by straight lines extrapol~.ting to a

single ( c r it i ca l)  t empera tu re ;  (2 )  the re  is a t emp eratu re

• dependent  f r e q u e n c y  for the  Onset of the hy stcr es is ;  ~nd ~3)

tha t the linear slopes appro ach a constant lirS.t in g va lue at

higher frequencies. According to Eq. 2, the l inear behavior

imp lies that all the temper a ture dependence is con ta ined in

the coherence length and tha t  A is t en ip e ra lu r i  i n d e~~endcn t

over the range studied. The variation of the ~:)OpO S fol lows

from the frequency dependence of I ,(f) descrit2d above.
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• • In o rder  to account  for  the  f r e q u e n c y  dependence of

I , it is s u f f i c i e n t  to make  a simple  ex ten s ion  of the

q u a s i p a r t i cl e  d i f f u s i o n  m odc- l .  Assume that  the depressed

cr i t ica l  c u r r e n t  recovers as exp(+ t/ ld ) or , equivdlently ,

tha t  the q u a s ip a r t i c l e  d i f f u s i o n  d i s t an c e  A decays in time

as A = 
~~~~ 

exp (—t/
~ä
), where is a tempera tur e  independent

time constant. Also assume t ha t  the phase slip center is

established in a time short in comparison to the decay time.

The minimum rf amplitude , [I
+
(f)], necessary to cyclically

sustain the dissipative state at the phase sup site occurs

when the critical current (growing in time as~~ relax es)

tan~~~ tia1~~ meets the instantaneous rf current [see Fig. 2,

insert (b).3 Using this condition and the above assumptions,

t2 [see Fig.2, inserts (a) and (b)J can be iteratively

computed using t2 = t1 
— 

~~ln (sin~,t1/ sin~t2), where t1 is

given by t1 = (tan ’
~~

rd)/L~
. flaying found t2, the value of

can easily be obtained, where I
~ 

is row taken to

represent the saturated , high f requency value of the r educe d

critical current. Usir~j this resr • ~nd (t/I.)
2, the ratio

(If /
1 Jr)J is obtained.

• - The solid curve in Fig. 2 represents a fit of this

model to the experimental frequency variation of [I/I.(f)1
2

(solid circles) as determined by the slopes of the lines

• shown in Fig.2. Two parameters we~re used •in obtaining the

solid curve: the ratio EI/I,)
2 and the cons t~nt

The shape of the curve is determined from the nodel itself

and the assum ption of exponential decay of the non—equ i-

l ibriu m state. We f ind a satu rated value (1/ 1 412 ~
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• and a t c : up e r at u r e  i n d e pen d e n t  t i m e  c o n s tan t  =

nano seconds , and , t h e r e f o r e , by e q u a L  ion (2) 9.0.

E st ima t ing ~ (0 )  f r o m  th e bulk  
~~ 

by the f or i au l a

• ~(0) (~~0
L ) 1”2 , we find A

0 
= 2590 An g s t r o u ~s , and f rom

A = (Lv ~t/3)
h/2 we find a quasi particle inelastic scatter-

ing time t = 8.5 x10 11 sec. We expec t that t sets the time

scale for the establishment of the quasiparticle distribu-

tion , whereas is the time for the relaxation of the

non—equilibrium state involving the interaction of qu a si—

particles, 2A phonons, and pairs11 . 
• 

-

From the dissipation observed in the sample at 9 GUz we

can estimate the resistive length in the sample independent

of the hysteresis. Previously it has been observed that the

resistive length is approximately twice the quasiparticle

diffusion length A.9 In insert (b) of Fig. 1 we plot the

quasiparticle diffusion length , A R, obtained from dissipa-

tion measurements. Note that A R is independent of temper—

ature and is in excellent agreement with the value of A

obtained from the development of hysteresis.

Recently, hysteresis in the dc I—V characteristics

of weak links has been explained in terms of a simple hot

spot model7’~
2. A straightforward applicatio;-i of this

model pre dicts that the temperature difference AT between

the ba th and the hötspot should decay as 1 — e
t/T
.

A more detailed analysis of the heat balanc e equation ,

_o_i~~~~~ ‘~~~~~~~~~~~ -- -- - ~~~~~~~=—-~—--~~~~ -~~~ ••



w h e r e  t h e r e  is h~ a~ m y  on~ y if the  in s tan  ~r~aou s  t em pe r a t u r e

exceeds T
~ 

or if the  r f  c u r r e n t  exceeds the t e m p e r a t u r e

dep endent  c r i t i ca l  c u r r e n t , s t i l l  r e su l t s  in an asymptot ic

r e l a x a t i o n  of AT. Any a s y m p t o t i c  r e l axa t ion  of AT and ,

hence , the local c r i t i c a l  c u r r e n t  to the m ean f i e ld  value,

wi l l  r e q u i r e  t h at  the  t e m p e r a t u r e  at which  hys te r e s i s  is

f i r s t  observed is indepen dent  of f r equency . This result

is inconsistent wi th  our observat ions  (see F i g.l .) .

In the low power regime , we may expect that qua sipar—

tid es will  be trapped by Andre ev—1 ike 13 scattering iii the

v ic in i ty  of a phase slip si te  due to a local reduction of

• the average superconduct ing gap in th i s  region. The scale

of the region of t r app ing  wi l l  be set by inelastic scatt~er—

ing processes of the quas ipa r t i cles  and will shr ink to •zero

as the excess local excitations relax. If this is true,

then A can be i den t i f i ed  wi th  the wid th  of the quasi—

particle trapping region which re laxes  in a characteristic

time td. • 

- - 

-

In our exp er imen ts, the phase slip process is synchron-

ized with the rf cycle; whereas , in dc I—V c~periments,

phase slip proceeds at the Josephson frequency. In most

cases the Josephson per io d is fas t wi th resp ect td and the
-
• observed hys teres i s is consis ten t wi th the usua l analysis

with a temperature independent A. However, if the critical

curren t is small and if the voltage across the site produces

Josephson osc i l la t ions wi th a pe r iod of the or der of

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • ~~~~~~~~~~~~~~~~~~~~~~~



then  a vol t :aye d e p en d e n c e  of A w i i i  b seen. ‘ih is e f f e c t

s imply  r e f l ec t s  t h e  f r e q u e n c y  (t i m ’ ) ci ~~n duncc  of A di•scussed

above.

In summary , we have presen ted the f i rs t  i~~a surciuent

of the broadband temporal response of a ‘~iea~ l ink” . Our

• r e su lt s  have been in t e r p r et e d  over the entire ~:em p er a tu re

range  by a sii~ple extens ion  of the qu asi p~ r t i c l o  d i f fu s ion  
-

• - 

model. 
- 

The data are  inconsistent  ~‘iLh  simple hotspot theory

or any modcl which p red ic ts  an asymptot ic  recovery of thc

cr i t ica l  cur ren t  to the mean f i e ld  value.  • Fro~ our measure—

inents we have de te rmined  t ime s char act e r ist ic ’of the

dynamics of the non—cquilibritm stat;c produced by the phase

slip process. - 
- • - -
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F 3 G U E E  Ct-~P Ti ON S -

Fig. 1. (I +/I+ (f))
2 obtained f r o m  data such as shown in

insert (a) is plotted as a function of tcrapor~~ure. Insert

(a) shows the observed development of h y s t e r esi s  in the

de tect ed  I•-V curves  as f requency  is increased.  Inser t  (b) -

show s the temperature independence of the h a l f— l e ngt h , 1~R , - • 

-

of the dissipa tive re gion as i n fer ed  fr o ~a the 9 .2  GHz • 

-

• 
di ssipation measurements. 

- 
• • 

-

Fig. 2. The slopes, d [ I + /I + ( f ) ] 2/dT~ f r o m  the  pr ev ious  f igu r e  
-.

are plotted as a f u n c t i o n  of frequency (solid circles). The

solid curve is calculated fr o m  the mode) . descr ibed in the

text  wi th  = 5.5 nsec. and (If/I+)
2 

= 3.87. In insert s (a)

and (b) , t1 is the t ime at which the m a g n i t u d e  of the rf

c u r r e n t  (solid l ine )  exceeds the t ime dependent  c r i tica l

current (dashed line) and t2 is the time at w h i c h  the rf

curr ent is less than I + ancL I.~~
( f )  is the lowest ( f requency 

-

dependent)  cur rent  that wi l l  cycl ica l ly  sus ta in  the diss ipat ive •

state  shown in (b ) .  • - 
• -
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