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On the Kinitics of DisruptinC
Superconductivity by a Variaole Fieald

by

I. M. Lifshits and F. I. Taikovich

Report by¶ contains ejuattoan , determining the kinetics of disruption of

superconductivity of a cylindrical sample by a lunCiýudihal Magattic field, and the

case of a constant field is discussed in detAil. In experiment [2] were -obtained basic

results for a variable fiald with consideration of the relaxation effect. This report

has the purpone of givicg i more thorough explanation of these results with considers-

tioa cI' sample curvuture and thermal effccts.

lar.l. Beaic Equations

In the plane case, when the thickness zeta of the norml phAse layer is =amll in

couprisoa uith the raius R of the sanple, the procese is described by following

eqUat ions (seeEan-a Oaz (t (

H H, o ti (1); ej€;

H - (6)T)[I

Fare a - squed of light; 0 - .%rmal conduction; Vo - rolaxatioa coeff'icienit of ajeed

diuensionj z-distanoe fron. surface of sntmple; F.,(t) - outr :Ieldl Hk(T) - critical

field; T - t%:perature ea bound.sry of phases* which is cor.ei•iored so far as a definite

function of time; to - c.,oments when the outer field, ta it rises, it attainh for the
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first ti~e vaLues r where " T(to) at t < to ;ho iaaple 1L in Supiroond~utive

state).

The outtr f3eld HO H, "" H..slfn (w)

is periodically acquiriag values, hight•r and crXier than the critical

(;/u To)--% I)

Thar.ks to the additional boundary condition (5) tckin, into coasiderat ion the

effect of supercad'-acctivity zone in disregarding the depth of fisld's ponetra-

tioa into the suporconductor (at tec'peratures not rery close to critical, 4'.- iO-5 cm).

the coinbination of equAtions (1)-() zynonfly!Uusly dotermiines the mianetir flele in a

normal layer, because the kinetics of phase transition dccs not eleperi upon the leoe-

trodynamica of superccnductive state. The v:-e of the Obhm law in equations (l), (5)

requires that zeta should be Sreater thbn the length L of the free migratton cf elec-

trons1 (3t temperatures under consideration LA40 3 cm). Consequently-, the plane approxi-

maticu has a zone of applicabili•tf rt M 1 L (in. the kýnwn to us experiunta H -.# 10"1 -

10-2 cm),

Thc m-achanisra of superconductive transition for further action *is non-essential;

it is only sufficier.t to ossumf) that ruperconductivity s•'cceeds in filly recovering

within a pirt of the pc.riod, when o 4. Hk. This assmrption needs ex=iwe ntal coafir-

mation, or it is p:incipelly possible , that at Ho/ Hk on the vurface is formd a

thin superco ductive film, isolating the magetic flux in normal layer and geventing

in this way further restoration of oaperconductivity.

Equetion= (1), (3), (4) and (5) can be written in fo.-= of one integro-differential

equat ion. By determining the electric field E from equations of electromanetic in-

dc tion and substituting. the current J a q 3 in the Mtaxwell equat ion for rotl, we have

Footnote to eq.(4)...l....at zeta' 4 ., which in case of lOW su9srowt1qa1neuu is
alwa;'s fulfilled (sce (2•)9 (22)).-

l1Cas3 where zeta / L was d iaesoneeedin

?D-TT-62.3716/1*2. 2



Integration of this equa ion by s by the use of boundary conditions (3), (4) gives
11 ' (z'.1 d,-' dz

From here it is easy and physically descriptively to derive an equation of motion of the

phase boundary in case of small supercriticalners, if we would write approzxte.3

H (T) .I(TO) (Te)

1Hk (T) - Ilk (To) (T - To) dll/dT _L , X (8)Hit (TO) B= i, (To) . . , =.•. X = .l 8

zeta'

and disregarding member 1xi'v of second smallness magnitude (delda xi' VO I

v (u</_-l), we obtain (

(9)

".'

Here u describes the change in outer field, causing a phase transition, the remaining

members - internal phenomena in the superconductor, determining the rate of the boun-

darys xi xil-electrcignetic *braking 0 (Foucault currents), lambda xi'-relaxation,

v-thermal effects.

In inertialess (Vo = 0,2 0) and isothermal (To To, v 0) cases (9)

coincides with equations, obtained intl and [2J by decomposing into steps of small p-

remeter. If for the obtainent of these equations the field distribution in norral

layer had to be approximated by a linear function

IH = I-k (TO) I u - (1 - V- A ) - qj.
then in this report it was found sufficient a more rough approximation H const.

This is explained by the fact, that in (7) the field H stands under the sign of the

integral, so that its values are Oused 8 over the entire thickness of the normal lay

or 0L_ a Z zeta, while in (3) - (5). appearing as the basic ones in []and[23 the

boundary values H only 'participate'.
2e This zw'T was applied int43 to-the exceptional case of a constant field *isothermal

condition and inertialess solione

ifTD'TT-G2-1716/l' 3



Pare2olsothermal Case

This case takes place at sufficient heat transfer eithe: into the surrounding me-

dium (e..e when flushing the sample He-II) or in the deep areas of the sample,having

considwrable specific heat 1 . Since it is experimentall~y realizable, it permits full

mathematical investigstion, and that is why it is of most interest.

In the role of basic unit it is proper to select a period of the external fielkdp

ta 2 W.1 then ri , where
C (10)

depth of penetration of tihe variable field of frequency o into norml pbase

(skin depth*)* The equation of motion of the boundary

is integated in general form

The normal layer reaches maxaum thickness s a rlx½. at the moente l * deter

minable as the first one different fron root of equation u(r) s 0 (HO(t) H

afterwhich starts the restoration of superconductivity. If it does take place by reverse

motion the boundaries in conditions of "mageetic' supercooling the normal phase with-

out formation of new nuclei 2 * remain in, force the equations (11)'and (12), Then, if the

constanit component of the outer field is geater than the critical value (%o>O) the

result of each cycle is irreversible disruption of superconductivity in the layer of

definite thickness, so that during the period of the final number of cycles there is

total disruption in superconductivity. In an opposite case He L_ Hk(bm-uc% 0 ) toward

tho initial moment of the second cycle superconductivity succeeds in fully restoring

itself, and the process is periodic. When HONH + 4k (especially, when there is no

leIsothermicity criterion see par40.
2. FOa sufficiently high frequineies this hypothesis In highly probablegbeeauseo the

origination of a nuolq~as requires finite t*1O

iTD.,N62-m6/12 4



constant component) in each ceriod appears a cycle of diaruption-restoration of super

conductivity by the field of opposite direction, In the discussed case 4L-l' both

cycles do not cover each other*

From equation (12) are obtained two specific casesspuarely electromagnetic at zeta

1 and purely relaxation at zeta 1. It can hardly be expected that 1 should be

too much geater than the length of the free run of electrons (because TO by the order

of magnitude is not miler than 02 /4%6L, , 102 cm/seaI); it is most probable

that 1i L (1- 10"5 v 10 cm). Consequently, the parely relaxation case takes place,

apparently when zeta 4L- i.e. not in the zone of applicability of equation

(12); consequently, the actual condition of realizing a purely relaxation-case dif-

fering from zetawý-1, obtained from (12).

In pwrely electrom tIc cas

the frequency dependence of depth and rate of disruption of superconductivity

is obtained from deliber.tions of dimensionality and is not connected vith the small

ness of supercritical•eas (seeL2)). ,We rill underline, that these ratios take place

only upon disregard of sample curvature, by a change in its temperature and rela=a-

tion, thanks to which the nondimensional. forriulation of the problem does not Lnebue

R/r 1 and 1, dependi:.g upon to The obtained frequency dependence correspands to

the time dependence for the case of constant field (seealj), if it iU assumd that

The maximu- degth of superconductivity disruption

leHereas ;iell as for all other numerical evaluations and calculations, the condue-
tivity value was taken fee tinecl- 5oP1 0s 5 LeA For a majority of ymie metalst

is the aasse

l.-Tr-62-l1,76/1,2 .



Hare, fraction of thee periodwhich constitutes the time of disruption

in superconductivity, X' 0.65 (.see (18))- mean value of ýthe function Rt in this

interval, a - smaller or of the magnitude • * wnereby its ratio is: not disrupted even

at greater supercriticalnesses, when I changes into i-k, (see[2]). which grows

extraaely slowly, remaining of the order of 1 at all real values h The proportionality

of the depth a of skin depth 8 indicates Similarity in the disruption of superconduct-

ivity end penetration of the. field into normal metal, The fact is* both phenomena are

describe4 by one and the very same equation (1) and the boundary condition (5) on the

surface; only, the initial condition (2) and conditions (4) and (5) on the phase boun-

dary differ from the corresponding ccnditioni H/t 0o 0 and H/WýeF 0 for the case of

normal metal. However, if the field in normal metal decreaseseas it gets away farther

from the surface, quite rapidly, as is the case with the skin-effect, it is possible

to introduce by the order of magnitude thickness values zeta of the layer, in which

the field is localized, and then the phenanenon will be described by equations (1) -

(5), where it is only necessary to write, Rk 0. The .latter explains the dependence

of a upon the supercriticalnesa s.

The rate of the phase boundary
"U="

(15)

The inverse dependence of V upon zeta explains the basic experimental result -

divergence of orders of speed magnitudes at total transformation of the specimen in

to normal state (seethe) and during disruption of superconductivity by a high frequency

field in a thin surface layer (see F ). Ibysically this can be interpreted, as a much

easier Oreduction' by the electronagnetic field of. a thin norml layer, The average

rate C I

To give an idea about the. order of values a and lava, at varius frequencies we

present the following tables

FTDmT%,62-l7l6/+2 6



""*-- I o- j I 10 J 10' lo b Joe 1

0,54 1. I541-= - c. 1.7 54.10- 1,7 . 10 1.7- 5.410 17.10

The range of frequencies in which formLlas (14) and (16) are applicable, is limit-

ted by requirements LA. a R. i.e. aegL (R) 4, k Omega (L)l. where

QW(s) ' c"'44 9.

4W St Ica)

the frequency at which maxi-im depth of superconductivity disruption equals so At

R '•,10"1- O"2 cm, L,-' 10• cmo it gives

The dependence upon relative values of constant and variable components and the

critical value of the field (i.e.upon b and-t) is contained in )( and In this case

Sand4tare the function of A 0 b onlys

I ~FW (0 </f (01).
112 (0, 1)

t,. 1 .0.637 (0> < 1).

In fia.l are given graphs of functions s/a u'f- t),I and Wee/i SfiiS

The dotted line shown asymptotic curvesoThe corresponding approximated fo",.lass

See page 7a for equasions 19 and 20

1. In addition to isothermal conditions, which also represent a fre.yzency limitation
(see (53)9 (55)9(56)). The conditions of inertiAlessness a e1 ee &. Omega (1).
in conformity with above made statemnts, apparently, is covered by requiwement a , L.

rmD.T•-62-7m•.A+2 7



S otv pb .w (b .

2Vlc's' 1 ' (20)*
2 zis (b a.
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Fig.1o

In pure•y relaxation case

{= ud, = V Judt. (21)

The physical sense of this approximation is explained, if we c•nmp•ts the rate

of the boundary V= uV=V (22)

fl/z~zeta -:

A comparison witii formla Vo* "To of ordinary case shws. that equation

(21) disregards the difference between the values of the field on the phase boundary

and on the surface of the sample.

Maxim~m depth and average rate of superconductivity disruption are determined by the

follo lwg formulus s

cy4. 2Wt sov/i..V VC' X- Va. (231

Actually, 'the dependence upon frequency, superoriticalness and parameter 0 was obý

tained different, than in purely electromagnetic case (ccmlpare (14). (16). (19), il-

stead of the dependence upon conductivity a dependence upon To appeared.

In general case (12) ( zeta,, 1) the rate

FrD-T?-62.-7.6/l. S



V = ON.; (/•(pWAMo. M (24)

(see (15). (22)). Maxinum depth and average rate

S=1[ .0) Vi]. Lr V F~l7
I~r ( 1w()j-.zgjVj)) (5=2*X:V..,)[" --- +1~-z (()- 6'zVc') (5

JI1. .7111711

are presented graphically in fig.2.The dotted lines represent the above discussed spe-

cific formualas (14)0 (16 and (23).. The- dasb-dots show curves, approximately considering

relaxation correction' ('! 1/aem - i(OlQ (OL) to formulas of purely electromgnetic

instance. The relaxation coefficient, presefting considerable interest for the micro-

scopic theory of superconductivity, can be determined with the aid of measuring a or

Vaver in the range of frequencies, permamSble for the present theory, provided, it will

be possible to make than quite accurateIr (uzmmary relative errors including also the

errors of the experiment as well as the Inaccuracy of our for•tlang should beg in azW

eveat,. much lower J/L).

Paro3oCalculation of Curvature

In the case of a cylinder it is suitable to adopt as basic unit its radius. r 1 .

f1 then to 45tSR2/o2 IR. in d1manis less variables the peobin acquires the

form oft3

nD-Tr.62-l71W140+2



Umm <I, ('p); (26)
S,(- ) - U . (27)

U1. 6 1  -(28)

~J-1.(30)

H V. ,)-- HA (r.)

U ) HAh(T) ,

r-current coordinate (radius in cylindrical system), aa(t) - radlma of superconduc-

tive corea disregarding the very same items, as in plano casso

To derive an approximate equation of motion of the boundary in case of low supercri-

ticalness we are employing the methodL2] . Tvansforming in equations (26) to independent

variables~1 we hay*

I~ d('L)+LU%1~ 0.(JimL

EZliminating the nonlinear menberýDb- and .by integrating twice with

consideration of the boundary conditions (27)o (28) we obtain

Now (30), (31) give

The very same result can be obtained by the method described in pamr1 of this re-

port.
Confining ourselmres to the isomeric case. we inte•are (33)s

'S'

As it actually shoul be ,at 1 u1Ll (33) and (.34) are, conerted into equations

(9) and ('12) of the Plane approxizzatioi, as discussed abave* t f 1 -. 1 at

J7iTU-n%2-:7l6/1+23



the relaxation member can be disregarded. Consequently, if for a sample of ordinary

dimensions (R • 1) arises the need of considering the curvature * we have then a purely

electromagnetic case

W~ ~ (4u3-)' W(ti"

(see (13)), where (w) is determined by the ratio

1 1 -- It(I- 2 n'V W. (36)

7he.graphs of functions Omega(w) is shown inz J. It decreases monotonously from

1 at w = 0 to 0 at v 1. dkmsga/dw at w = 0 and v 1 transforms into infinity, and at

Ome• = a = 0.37, w=l = 0.59 (bending point) has a mmn, equalling e/4 0.68.

Maxiimm thickness of normal layer-

S = R I I-- W" (2s'IR2)i =f R { I-- W" 129- (R)lwl} (37)

solid curve in figs3) is obtained reaterthan in the plane case (dotted curve). In this

respect there is an increase in Vaver.The coefficient of increase rise monotonously

frn m1 at S = 0 tof2 at S = R. Total disruption in superconductivity within a period

of one cycle takes place at frequencies ,samaller than

Re jix- (b <~ a).

el. R8 (4m)

(see (20)).

In a purely relaxation case (R 4i9;k, l.1 I

which coincides with equation (21) of plane approxithation in conformity with the

physical nature of this case. Total disruption in superconductivity occurs at fro_

quenaiese mller than

1ID.1-62-116/l. a1V
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Figo-3

Par.4.Thermal Effects

As result of enormous electro-end heat conductivity of a majority of pure metal..

at discussed temperatures ( x2 = r- 10i4 - 105, where D - heat conductivity

coefficient), the chang .in temperature can be determined from tho thermal balance

equation. 7he fact Los by solving equations of heat conductivity, carried out by .

for the special case of semispeco, it becemes evident, that a change in temperatur

is practically localized in a layver with a thicknesa .•.x zeta/- Tand is insigni-

ficantly lwe; consequently, at zeta ý7,iWi the temperature within' the limits of the

sample is practically constant, and at zeta x, when the therial balance

equation given an understated value v, this error is not subetantial- because they

are all equal to v4:.

In this eW7 a

•"r-C + a',,(,-).•, , (to) To0. (401

Here in the nimoreator is given the amount of beat,, 11tereed per unit of tim

in a unit of sample length thanks to phase conversion, Fucault -u*=ento Ind heat

exchange with outer medium (for the latter was adopted the Newton 1w -6-- * R M

g(T , - TO)), In the domina.,t-r - ,pecific beat per unit of leng*1 q n (,/J•)

flTD-r62-l7i6/lI 12



2•dHk/dT - heat of superconductivity disruption per unit of volume; K - heat conduc-

tion coefficientt C5 and Cn - epecific heat per unit of volume of superconductive and

normal phases respectively.

4,- .. . d\ dT2 + I ''e] C,.,r-71, -- 104 7Po j•

(k - criti al temperature). The temperature change of all introduced values * with

the exception of q, is disregarded. Considerations of the temperature dependence q(T)

I. 1 + T does away with the limitation v•4 1 (in this paragraph it was not assumed

that u LL 1), which offers the possibility of obtaining proper formulas (44)-(46).

In the dimensionless variables (r 1 = R, as in previous paragraph)

0( + On d-
*os u(re)=0. (41)S= -- zP + 0I -- p 0.

Here

C, T (dHh/dT")s IdlhjT 8RK___ - 'Rg
C2.6.' 2zC-, • - - - 2  (42)

dimensionless positive constantse At Tk - T Z. T i t 1, CL (- 1 1 -- ; forS/ /fo

tin a/T = Tic 3-7° = 0-67. t/T-- 20 • 0.2). The ratio ( decreases fron infinity
at T= 0 too at T •,• ~- at T, - ,-T; (Tk-T)/T at Tk - T•L.

In case of low supercriticalnes• / = -ii Is (see (32), (33) and the 3oule

heat is given by member 67L 'L ln11 of much higher order of smallness,

than the heat of phase transitions
Qic _ L rq,•"In I u -- _ •___ , (43
Qj a i+V a=• I+u "

1evertheless, by virtue of its irreversibility, the 7oule heat, together with othwer

thermal effects of second magnitude, at an ideal thermoinsulation of the specimen

would have qualitatively changed the process of the phenonenon over a duration of a

eeater number of cycles* Consequently, disregarding later on these effects, we will.

(even when discussing an instance of adiabatic condition) assume heat transfer as*

sufficient for the lead out into the outer medium a small irreversible part of the

FT-TT662-lm6/l4+ 3



liberated (absorbed) heat. In case where u,. 1 (43) gives, ° e-4/r/, :I/ so that

formuasa (44)-(46)p derived with disregard of Joule heat., are valid oar at X A

i.o.Tk-T 4ý Tke

During thermal Insulation of the sample Cji 0)
do (I+v) 0;

+ • + VI -- 0, -rl'J'2,.

To -totally disrupt superconductivity it is necessary, that the outer field should
exceed Hik (1 + Y u' a 0). Consequently, at an adiabatie condition a second critical

value of the magnetic field appears.

so that for Hk H• H'k the equilibrium appears to be a ftixed * state, when the

specimen consists of superconductive co-e with a radius

and normal outer layer.

In plane case (l1-~1 ) *.o and forrrle, (lu-i), (46) aequlr. the

form of

Equation (41) is simplified considerablys
v , • I V=• ,- - . U ( W • ( 4 9 )

and is interated in caimon form

'0 49(6 D OA

Z -T¶C(f ~ bd} (50).

Substituting in (49) v u mi $I x1l -lambda xi(9) we obtaiin an squat: Ion
of motion of the boidaery with consideraticn of thermal effooets'

(u _ 4 {e,- .,)+ T (U -- 2j--) ,•' 0. V -- O.0,- 4)- 0(e - - ). ,

It permits the fivsti nteg•al

-- - ' u -- O.. -. 51)

rTD:,r,-&6-1,71l6/l+a 4



Unfortunately, at finite gamra values integration of (51) In qhadratures is Sm-

possible.We will therefore confine ourselves to specific cases.

When geZ2I-+ 4 b8 (51) gives

which represents already a known isothermal approximation (12). Considering in (51)

the alpha xi member, we obtain the following approximations

S= + V + 2•,)2 - (L + c/'y). (52)

*This equation is valid when u - xA xil - lambda xiL 4alpha xA, i.eexi,ýtgam•i

xi, which is fulfilled within a period including almost the entire time of disrupting

superconductivity (with exception of the initial stage) at

2 lo 29'7" 0a HiAcHf (J/-C:R). - (53)

It is evident from (52), that the thermal effects are not essential during

T>T (54)

or gamm alpha/xiae. The latter is realized practically in time at

*RVZ 1,T) €--.z h •""• il.

In this way (53) and (54) or (53) and (55) present sufficiently valid conditions

for isothermal description of the process as a whole on account of heat transfer into

the outer medium.This criterion is obtained from requirement vZu (see (50)).

'The change in temperit ure can be small also on account of geater specific beat

value, by which the absorbed heat is being distributede Even at thermal insulation

of the sample v4 u, if xi 4 xi v (see (47), (48). The latter is fulfilled within almost

the entire period os superconductivity disruption (with exception of the final stage)

atU,(LR>

The equation of motion of the boundary permits integr.tion in general forms when



-in (9)9 the member xI xil is less negligible, i.e. retardation with Fouoanlt currents

1s not substantiaL U-.+(ud-: )-asu=O. t W 0;

1, 1.

Such a cumbersome equation is obtained only in case where. lanbda xi'.,. Y (consequent

ly, •i•- lambda), which finds itself beyond the zono of applicability of the. present

theory. But if in (9) the basic role is assumed by one of the remaining members * (57)

is simplified ccnsiderably, trinsforming at vY4 lapbda xie (purely/ case)

into equation (21)8, and at Y •lamibda xi' (purely thermal cane) into

Under an adiabatic condition (58) gives xi xi-% i.e4the process represents a so-

quence of equilibrium states. 7he thickness of the normal layer rises, and reaches

2-z~ ,•,= R- •c.R. (59)
xnaxizm= va lue S = .C- R

it decreases and turns into zero together with supercriticalness. In this case no dif-

ficuilty is involved, in ~onaidering the curvaturle~se (46)]

The criterion of the quasista-tionary process has the form of u9,r,4 anrd

Ul Ctu/lambda. The firstL one of there conditions is equivalent

4.% , 32(60)

the second one is fulfilled within almost the entire time of. superconductivity disrup-

tion (with exception of the initial and fihal stages) at

SC.• (61)
4UeR'I. 5' I -j- 2/1

Since 4f%',~ il + 2/ 4 r, 2 R(see (1, conditions(621) and (61),, as It was, to be

expecte, are directly opposite (506.

For a periodic field with rectangular form of pulse it is possible to examine also

the case of frequencies, intermediate between (56) and (60), (61). Integation of

l.These frequencies lie beyond the zone of appicabilily of the glivn thecary

FTD-Tm62-1716/'2



equation (51) at V - O, u conat gives for the mximm depth a = d (2xi)

+rl in [I (S/3 6fags.

J.5

1..

Fig.4

The frequency dependence a in inertialess case is presented graphically in fig*4*

The dotted line indicates specific casess iuethermal (higher frequencies) and purely

thermal (low frequencies).
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