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: EXPERIMENTAL EVIDENCE FOR QUANTIZED FLUX IN SUPERCONDUCTING CYLINDERS®

U Bascom S. Deaver, Jr.,and William M. Fairbank
- Department of Physics, Stanford University, Stanford, California
(0)) {Received June 16, 1961),
0 Wwe have observed experimentally quantized
o values of magnetic flux trapped in hollow super-
< conducting cylinders. That such an effect might
occur was originally suggested by London' and
m Onsager,? the predicted unit being Ac/e. The,
‘2 uantized unit we find experi .
but Ac/2¢ within experimental error.?
m 4.0t D
c e
sof °
© o S
® s ey T
2.0F o o ° M
8 z%o‘:" -
8 °
0 LO- LX) [ ::~ ° :"
Q. .
: ° 0.03 0.0 ol o2 oz 00 038 04 O
Q l ‘ . H—gouss .
! poad of flux, the extra unit being shoved out the side that the value of the trapped flux at the first
Resistance (Ohms) S. of the cylinder. This is especially probable for step is hc/2e + 20%. U the correction to the
: g ° o e ° ° o | ﬁ sample No. 1 since the x-ray photograph showed size of the cylinder due to the presence of the
i a B 3 S 5 a (< 2 break in the tin coating near the middle of the copper should prove invalid, an additional 11%
| a 3 ! cylinder. Also, it is known that flux can create error could arise for the large cylinder and 17%
| g ; — a normal region in a superconductor by shrink- for the small cylinder.

i ] » ® ing in size until the critical field is exceeded. 2. The data seem to indic i eps
a3 : ré In this experiment we were unable to measure athc/e, 3hc/2e, and Zhc/e. The points appear-
'_:':: e : -— independently the signals from the two coils. ing between these levels will be investigated

L ' However, in future experiments this will be done further.

«7_:. IS : to remove this ambiguity. It is interesting to note 3. The ratio of the fields at which the steps

;. o~ ; that no intermediate points are found outside the occur are approximately 1, 3, 5, and 7. In the
IS L : expected scatter of the data near the first step. first cylinder (for which the effective cross-sec-
e ! One point for which no flux was trapped was tional area of the cylinder is 2.33 times the area

found near the center of the first step with sample  of the hole), the first jump occurs when the flux
passing through the total effective cross section

o No. 1.
In conclusion, we find: of the cylinder in the normal state is approxi-
1. The flux trapped in a superconducting cylin- mately hc/2e.
der both in the presence and absence of an applied For cylinder No. 2 (in which the effective cross-
magnetic field is not continuous but exhibits a sectional area of the cylinder is 1.1 times the
step behavior, the first step occurring for area of the hole), the first jump occurs when the

&=hc/2, within experimental error in the data. flux passing through the total effective cross sec-
Considering all sources of error, we estimate tion of the cylinder in the normal state is approxi-
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AL PROOF CF MAGNETIC FLUX QUANTIZATION IN A SUPERCONDUCTING RING*

R. Doll and M. Nibauer
mission fir Tieftemperaturforschung der Bayerischen Akademie der Wissenschaften,
Herrsching/Ammersee, Germany
(Received June 19, 1961)
et et ettty

ical considerations, based on wave
1don® concluded that the magnetic

1 a twofold-connected superconduct -
T tube) should not have any arbi-

t only such values which are inte-

i a basic unit ¢,

2=4.12x107" gauss cm?. (1

magnetic {lux should be quantized.
‘hrieffer? also agreed with this con-

|

Resonance Amplitude, 3 .
é measuring Field
mm/be s
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e0080
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e
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’ o
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.
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/s °
S0 e ez a3 aloe
// HY

-1

‘esonance amplitude divided by measuring

+ function of the applied field #,. The
roportional to the frozen-in flux. Xx— First
nd run.

the lead tube, Eq. (2) predicts for the interval of
the magnetic field strength corresponding to one
flux unit a value of H =0.5 oe. The experimen-
tally observed interval, however, reaches OM"

0.2 oe, that is about 40% of the calculated vajy,
So far the reason for this discrepancy is not clegy
For example, an error of 60% in the dggrm_ )
tion of the lead tube’s diameter would explain the
difference, but such an error is improbable. ~

The experiments are being continued with highe,
fields H_ and other superconductors of various 'R
ameters.

Mercereau and Vant-Hull® also tried to verify
London’s postulate of the quantization of magnetj,
flux in a superconducting ring. The result of they
experiments was negative.

The authors are indebted to Professor W. Meigs.
ner who made possible and promoted this work,
The authors would further like to thank Professqor
F. X. Eder for encouragement and helpful discus-
sions.

*Presented at the Conference on Fundamental Re-
search in Superconductivity, IBM Research Center,
Yorktown Heights, New York, June 15-17 (1961).

!F. London, Superfluids (John Wiley & Sons, New
York, 1950), Vol. I, p. 152.

3. Bardeen and I. R. Schrieffer, Progress in Low-
Temperature Physics (North-Holland Publishing Com~
pany, Amsterdam, 1961), Vol. II, p. 182.

3A. Einstein and W. J. de Haas, Verhandl. deut.
physik. Ges. 17, 152 (1915).

R, Doll, Z. Physik 153, 207 (1958).

35. E. Mercereau and L. L. Vant-Hull, Bull. Am.
Phys. Soc. §, 121 (1961).
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mately 0.6/¢/2e. 1In 2 following Letter, Byers
and Yang® conclude that in a thin ring the first
jump should occur at 0.5kc,/2e.

4. Since the time constant of our measuring
circuit is 25 seconds, this experiment gives
only a large upper limit for the time involved
in reaching these quantized flux values. Mer-
cereau and Vant-Hull” have reported a negative
experiment designed to observe quantized flux
ina l-mm ring cooled 6000 times per second
through the superconducting transition in a small
magnetic field. It is possible that the difference

in their results and the results of our experiment

are due to a minimum time necessary to estab-
lish equilibrium. We are planning to investigate
this relaxation time.

We have had the pleasure of discussing the
results of this experiment with N. Byers, C. N,
Yang, and L. Onsager, whose interpretation of
these results appear in the following Letters, %8
One of us (WMF) also wishes to acknowledge his
indebtedness to F. London and M. J. Buckingham
who greatly influenced his concept of the super -
fluid state. We also wish to thank F. Bloch, L. L
Schiff, and J. D. Bjorken for many stimulating

discussions of the experiment. We wish to ace
knowledge the invaluable assistance of M. B,
Goodwin,

*Work supported in part by grants from the Nationa)
Science Foundation, the Office of Ordnance Researcy
(U, S, Army), and the Linde Company,

'F. London, Superfluids (John Wiley & Sons, New
York, 1950), p. 152.

%1, Onsager, Proceedings of the International Cop-
ference on Theoretical Physics, Kvoto and Tokyo,
September, 1953 (Science Council of Japan, Tokyo,
1954), pp. 935-6.

33uch a possibility was mentioned by Lars Onsager
to one of us (WMF) at the conference on superconductivj.
ty in Cambridge, England, 1959 (unpublished).

!S. Foner, Rev. Sci. Instr. 30, 548 (1959).

*E. Burton, H. Grayson-Smith, and J. Wilhelm,
Phenomena at the Temperature of Liquid Helium
(Reinhold Publishing Corporation, New York, 1940),
p. 120.

$N. Byers and C. N. Yang, following Letter [ Phys.
Rev. Letters 7, 46 (1961)].

'J. E. Mercereau and L, L. Vant-Hull, Bull. Am.
Phys. Soc. 6, 121 (1961),

'L. Onsager, this issue [Phys. Rev. Letters 1,50
(1961)] .

THEORETICAL CONSIDERATIONS CONCERNING QUANTIZED MAGNETIC FLUX
IN SUPERCONDUCTING CYLINDERS®
N. Byers and C. N. Yang?'

Institute of Theoretical Physi Department of Physics, Stanford University, Stanford, California
(Received June 16, 1961)

In a recent experiment,! the magnetic flux

through a_superconducting ring has been found
to be yuantized in units of ch/2e. Quantization
in twice this unit has be i iscus,

London® and by Onsager.? Onsager* has also

considered the possibility of quantization in
units ¢k /2e due to pairs of electrons forming
quasi-bosons.

The previous discussions® leave unresolved
the question whether quantization of the flux is
a new physical principle or not. Furthermore,
sometimes the discussions seem? to be based on
the assumption that the wave function of the su-
perconductor in the presence of the flux is pro-
portional to that in its absence, an assumption
which is not correct. We shall show in this Let-
ter that (i) no new physical principle is involved
in the requirement of the quantization of magnetic
flux through a superconducting ring, (ii) the
Meissner effect is closely related to the require-~

- —

N

ment that the flux through any area with a bound-
ary lying entirely in superconductors is quan-
tized, and (iii) the quantization of flux is an
indication of the pairing of the electrons in the
superconductor.

Macroscopic discussion. Consider a multipty
connected superconducting body P with a tunnel
O (Fig. 1). We shall gnly discussymacroscopic

FIG. 1. Multiply connected superconductor.
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MAGNETIC FLUX THROUGH A SUPERCONDUCTING RING

Lars Onsager”*
University of California, La Jolla, California

(Received June 15, 1961)

London® recognized that the magnetic flux
embraced by a superconducting ring ought to be
quantized. He argued as follows: The current
density is proportional to the average of

p-(Q/0)A,

where A denotes the vector potential and @ the
charge of the current-carrying particle. In the
interior of the superconductor the current den-
sity vanishes, so that the condition

FP-dx=-nh
for a single-valued wave function implies
$=F A-dx= -nhe/ Q.

Substituting @ = -e for the charge of the electron,
he arrived at the conclusion
&=nhc/e.

It is possible to recast London’s discussion in
a form which is completely Lorentz and gauge
invariant; the details need not concern us here.

London’s result inspired the suggestion® that
the quantization of flux might be an intrinsic
property of the electromagnetic field.

Not much later, Schafroth? pointed out that
electron pairs held together by attractive inter-
actions would obey Bose statistics and be capable
of superfluid (Einstein) condensation. A likely
source of the requisite attractive interaction—
by way of the phonon field—had been suggested
by Frohlich® and by Bardeen.® These ideas form
the basis of more detailed theories, which ex-
plain the various observed properties of super-
conductors so well that they have been generally
accepted.

Deaver and Fairbank® have found that the flux
embraced by a superconducting annulus varies
in steps of half the size proposed by London.
This is readily expiained by Schafroth’s theory,
which requires

Q= 2e,
& =nhc/2e.
The discovery of steps just this size provides

AL

a convincing direct proof for the pairing of elec.
trons.

The notion that the electromagnetic field it-
self might be subject to a similar condition Seemg
untenable now, for singly charged bosons exist
(deuterons) and a condition imposed on the elec-
tromagnetic field ought to be equally compatibje
with all charged particles.

Instead, we arrive at the remarkable result
that we can measure the magnetic flux (except
for an additive undetermined multiple of hc/ 2)
embraced by a given closed path without examin.
ing the enclosed field; a superconductor placed
along the path will respond with a supercurrent
which compensates the fractional excess of flux.
Complete Meissner effect in a multiply -connected
superconductor requires coherent ring closure,
We may infer that such closure will not take place

unless the free energy liberated by the matching
of phases exceeds the kinetic energy of the neces-
sary supercurrent plus the added magnetic field
energy. The detailed kinetic mechanism is not
yet known.

I am indebted to F. Bloch for a discussion
which clarified the closure probiem, and to
B. Deaver and W. M. Fairbank for the communi-
cation of their unpublished results.

*Permanent address: Sterling Chemistry Laboratory,
Yale University, New Haven, Connecticut,
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M. Frohlich, Phys. Rev. 79, 845 (1950); Proc. Roy.
Soc. (London) A215, 291 (1952).
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®B. Deaver and W. M. Fairbank, this issue {Phys.
Rev, Letters 7, 43 (1961)].

voLuME 9, NUMBER i

PHYSICAL REVIEW LETTERS

EEY

Juiy 11962

OBSERVATION OF QUANTUM PERIODICITY IN THE TRANSITION TEMPERATURE
OF A SUPERCONDUCTING CYLINDER" .

W. A. LittleT and R. D. Parks?

Department of Physics, Stanford University, Stanford, California
(Received May 10, 1962; revised manuscript received June 15, 1962)

Deaver and Fairbank® and Doll and NabXuer?
have shown experimentally that the flux which is
trapped in a superconducting cylinder is an inte-
gral multiple of the unit hc/2e. It has been pointed
out™ that this result follows because the free en-
ergy of the superconducting state is periodic in
this unit of the flux if the electrons are paired in
the manner described by the Bardeen-Cooper-
Schrieffer (BCS) theory.® The free energy of the
hormal state, on the other hand, is virtually in~
d}‘DGndent of the flux. Consequently, the transi-
noTx temperature T, which is the temperature at
which the free energy of the normal and super -
Cﬂflducting States are equal, must also be a peri-
odic function of the enclosed flux ¢. The magni-
tude of the change in T was calculated for a thin
ylindrica) sample using the BCS model in which
mi‘m possi!)le Pairing of particles with net momen-

Was included. This calculation showed that

::"_b.lndig Snergy of each pair was reduced by
1€ amount of gnergy required to provide the
M—

mass motion necessary to maintain
the fluxgiq -
—2o,

’

- [SNAY
{' /\’\7 E

1 - 2e-

7 (mv +—A)-ds, =
4 S c

e

FIG.-2. Lower trace: variation of resistance of tin

an integer. Each integer » corresponds to a dif -
ferent superconducting state characterized by a
particular pairing arrangement and a different
transition temperature. The transition tempera~
ture is found to vary as

__m 2e ?
ATC T16 m‘Rol (h—c¢ ”‘) .

The choice of » which gives the tightest binding
and the highest transition temperature switches
from O to -1, -1to -2, etc., when ¢ is given by
slhe/2e); Yhc/2e), etc. We note also that the
binding energy of the pair is a minimum at these
points and varies periodically with the flux. At
the transition temperature the penetration depth
becomes infinite and consequently the flux ¢, en-
closed by the cylinder, is determined entirely by
the external field. T is given by a periodic array
of parabolas, each of which is centered on a flux
unit (see Fig. 1). One can estimate the expected
magnitude of A7 by taking m® =m, and a reason-
able diameter of say 1 micron for the cylinder.
AT is then approximately 5x10~* K° which is of
measurable magnitude in the liquid helium tem-
perature range.

We have observed such an effect with a thin

- Enlarged view of parabolic variation of the
ylinder for pairs in quantum states
Straight line is magnetic field variation
at the center of the picture,

cylinder at its superconducting transition temperature

38 a_function of magnetic field, Upper trace: magnetic 10, ang +1.
field sweep, it z0p fielq
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ON POSSIBILITY OF THE SPONTANEOUS MAGNETIC PLUX IN A JOSEPHSON JUNCTION
CONTAINING MAGNETIC IMPURITIES
L.N.Bulaevskii, V.V.Kuzii and A.A.Sobyanin,
P.N.Lebedev Physical Institute, Loscow, USSR
(Received 15 January 1978 by V.M.Agranovich)

The Josephson junction containing localized magnetic
moments in a dielectric layer between two superconducters

is considered, Conditions are studied

[mum i3 equal %o ¥ (su
addition we cons
part (2) of which is
1) being the usual Josephson junction (¢~

Josephson

1
unction one
the other

under which the phn-
£] n

e
3 on _we call
ider "one-dimensionalr

r =Junction,

junction). Conditions are found under which in such a
system there is a spontaneous vartex with the centre at

the boundary between the

parts 1 and 2 and magnetic flux

associated with this vortex, The vortex appeares by se-
cond order phase transition as temperature decreases

from T, .

7 ~junction
Realization,

Let us consider first a Josephson
junstion with magnetic impurities wi-
thin the dielectric layq between two
superconductors A and B ' ,The tunnel
Baailtonian for =ucs g Junction can be
witten as follows <7¥:

He 2 [teder Tl b

Liss

ot tu': S:Jl‘)] d‘." IA'J" +he ’

were of, (£,,)is a creation operator
for the conductivity electron with the
wve vector £ and spin s of the su~
Mroenductor 4 (4/, o, is the operator
:2 the localized spin in the dielectric
ayer in gite # and 5 are the Paull
WMirices,

According to 3»4 the matrix ele-
nts vy, and %y, take into account
the electron tunneling from supercon-
‘“Ctor B to superconductor 4 via magne-
te impurities:

QD]

.k +*
Lo (U &) Abn Bin,

b, - K-dea 4o 4t (2)
wn EJ/Z‘Q} Aka 3‘;‘1

v
. !bere tus (%,,) is the matrixr element

@ dectron tunneling fram the locali-~

i 2 atate 3n site 4 to the superconm=

wior A (B), & is the emergy increa-

¢ 0% the system when one electron has

tunneled from a locallized state to a
superconductor and #-¢/ is the ener-
gy ipcrease when one electron has tun-
neled from superconductor to a localiz-
ed state (the energy # is dependent
on the Coulomdb and exchange interacti-
on of electrons in localized state,the
exchange interaction being absent if
S df2 ). The matrix elements 7, ,
include all other types of tuunneling
from superconductor B to i except for
tunneling via magnetic impurities,
With the tunnel Hamiltonian (1) we
obtain expressions for the stationary
Josephson current density , and Jo-
sephsog energy demsity of the junc~-
tion :

£
T i dir £ )
(et Friiner, |
pom [Tl 2 (S
. l‘l ma

tho “ahe

rat, GHS RIS,

where ¢ is the phase jump in the Jose-
phson junction, F/¢4/ 1is the anmo malo=-
us GCreen's function Zor superconductors
A and B, the angular brackets mean quan-
tum and thermodynamic average over the
spin systenm, .
For calculating < we assume firs-
tly that direct tunneling from one su-—
perconductor_ to the other ome as well
as the tunneling via magnetic impuriti-
es are almost diffusive, Hence in the
sum over magnetic sites m, 4 we omit

all the terms with a#2 . Owing to diffu-~

sive nature of tunneling the dependence
of the matrix elemenmts /. , /iy, and

b
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tiun on the wave vector difference ¢
is very week and we substitute quanti-~
ties [t/ 4 [Fun/t  and [f,./* by their
mean values at the Fermi surface ¢, y¢
and #'¢ respectively.

~ Secondly, all the locallzed spins

» are considered as free, Ia order to
this condition be fulfilled the comcent-
ration ¢ of magnetic impurities in the
dielectric layer between superconductors
should be small enough, ¢<« 1 (here c¢=
= Mg /W ot s where Ay is the total
number of magnetic impurities in dielec-
tric layer between superconductors,4 is
the total number of metal stoms at the
surface of the superconductor inside the
junction), More precisely we assume that
¢ 1is so small that spin ordering tem-—
perature is lower than the temperature

under consideration,

.The spin correlation funciion
(3;/:/;,/!/) vanishes at #~eo due to spin-
lattice and spin-spin interaction. We
assume at third that the corresponding
relazation time is much greater than
the time of Cooper pairs tunnellng
through the junction of order #/4fy ,
where 24fs/ is the energy gap of the
superconductors at 7=/ . This condi-
tion may be e??ly ful)ﬁlled i c« 1,
50 _we take 7] 4) =
_(/,L.;(;,j/ ‘U‘Z(énd in (3)

S a
;ay writien as
_es e iHlpa Y ®

where ///l/ is the density of states near
Permi level. .

Now we note that the value can
be made negative hy taking the energy
£g sufficiently small. The quantiti-
es /tus/ ana [4,, 74, decrease expo-
nentially as functions of junction
thicimess doexsl-2d) and  exs(-2,d)
respectively, the exponents £, andZ; 5
being ap; roximately equal each other
So we estimate [Zy, than/= £/ is ’
where £, 1s the order of atomic energy
(several V). Thus for Ey<<& we obtain
IZER and hence _;Zqﬂ; /cE?
So in order to obtain 4« the condi-
tion &/c €2 «f must be performed. In
addition, as mentioned above, one must
have the concentration ¢<c 1, It seeams
to us that these two conditions can be
fulfilled experimentally,For example,
the cholce &, = 1 eVy &= 0.1 eV,
¢ = 0.05 may be appropriate,

Neglecting the term #¢ in (4) we
obtain finally

P L

We emphasize once more that the nega-

© BN,
tive sign of , results from ¢ o
tions Ej/tf.‘«/l y L4, ::?}i

and nonzero difference bgtween
Sias8(51) and 5 O,

In the caze 4 <& the Josephgon
energy as well as current have oppogy.
te signs compared to the omes for tye
usual junction (see (4) with c.y
The tate of the junction wit)'

onds to the phase jpm

ol

.2, Spontaneous Vortex in the Infinite

Josephson Junction o

Previously 1

the bulk superqon
T [ —Junction,
We have ghown is Iar-

e_eno the system ¢an possess spon-
Zaseaua electlc current 3nd magnetls % and magmetic
flux
“—"™n the present work we deal with
the Josephson junction one part (1)
of which is ¢ -junction the other
part (2) being r -junction (see Pig,
1) .Let us show at first that if the
width £, of the part 1 as well as
the width L; of the part 2 satisfy the
conditions 4, @A, , Lp>A; (A and
are the Josephson lengths of the

Az
rts 1 and 2 respectively e _sSpod=
ggne a ars at th 3 -

Ty between parts 1 and 2 and sgesses
the magnetic ux_equa o 2
woere b =xeh/e s e magne
flux quantume

Indeed, in the absence of the
external magnetic field all the currents
in such a system vanish far from the
boundary. We draw round the boundary
the closed contour taken within super-
conductors forming the junction and
so to cross the parts 1 and 2 far
enough from the boundary (in distan-
ces much greater than. the lengths ‘,
and A; )o The variations of phase ¢
along the contour under cons deration
can be written as

irp -2 f -yl a0
in bulk superconductors,

Ay - 2e (T4 = lmm&,/{}sﬂ

[ .

in junction part 1,

A?,—-%E-f;idl =uma&,/4} =7
in junction part 2, where Py is the
phase gradient, 4y, are the phase
jumps in junctiony 4., fi2 aTe the
Surrent demsities, A4 is the vector
potential of magnetic field, the
coefficients § , 4,, a3re propor¥ic
nal to the density of superconducting
electrons, Summing the phase changes
along the contour and equating this q
sum to 278 (a4 is an integer) we fin
the magnetic flux thrompthe contgur
P=(2n+1) /2 , the state

we have considereq

i
|
|
|
[

!
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el

| L

regian {
? p-2

4

Fig.2. Phase diagramm of finite Jo-
sephson junction, The shaded re-
gion is that for vortex states,
The regions ¢/ and r corresgond

to homogeneous states without vor-

tex. The straight lines represent
the ways of variation of parame~
ters / , /4 as the temperature
decrease from 7, for diffe-
Tent fixed values of the junc—
tion widths L/ and g .
and 2 the homogeneous states of the
junction are realized,

For the magnetic flux in the vor-
tex states near the lower phase tran~
sition line we obtain at fixed ¢ and

il e ke were’ 4
_ux 2% a2
P0,4) =0t g =222 1) /00

O'=ly~ A2t #(in2t, Ji1-22)2
deesd, di

Near the apper phase transition curve
we find the expression for /4 ,/,
at fixed 4 and small aifference -
L-te =t —.m?(lﬂl,} which may be obtain-
ed from (12] by exchangi 4 -2
t,-—/,Th and A—4- L0
e square-root dependence of ¢
on variable 4 -4, is typical for the se-
cond order phase transition, The magni-
tude of the spontameous magnetic flux
can be congidered in this case as the
order parameter of the phase transition,

In the case which seems most plausible
experimentally 4>/ , 4«7 (the
}:‘.mit of such a case is the A~junc-
tion sk;;):.‘?ied _/by superconductor) we ob-
tain -4_21 ¢ -4/, where

by =2~ .

JOSEPHSON JUNCTION CONTAINING MAGNETIC IMPURITIES

Vol, 25, %
vary with temperature and n -
perconductor, transition tem;:::s::: s
one has AL v
perature decreasesfrom 7 the yap, T
tion of values Z, /4 can 'be es Tlas
by movement of point (4, ¢) affm;?;“
straight line from the arigin of ot
coordinates as it is showa in Pig 2.
(the temperature dependences of [
and 4, are the same), ¥e see frog p
2 that as the temperature decreasesttd'
junction initially will be at the pop.,
geneous state, then at some temperat:“
re 7,< T, the magnetic flux spontane:
ously will appear if the value of [
or L; is large enou, Por L -T«7, '
the flux P~ 1T . ! ‘
The difference in the free ener
between the vortex state near the lower
curve in Pig,2 and the homogeneous sta.
te gi/=0 is equal to .

AF = fﬁe,/,l Li-tae 13)

D
Prom (13) and the expressions for /
, near [, (N

,,-4,,1,-4,_(14.1,) . O
4 4 AT ,(T' 7))

be=b07), 4,-4(%)

we can find the specific heat jump at
the phase transition point 7, for lo-
wer curve of Pig,2

Ac = ik .4.(___”'" R A
] D‘ 47 T 2 77
In the particular case when / =/4
(in Fige.2) this line concerns both pha-
se transition curves at the origin of
coordinates) the temperature of the phase
transition to the vortex state 7, coim-
cide with the superconducting critical
temperature [, . Here the magnetic flux
e~ (F-T) near 7, .

So’we bhave considered here the pos-
sibility of appearance of the sponta~
neous current and magnetic flux in the

-r Josephson junction., It wds
shown that the vortex appear by the
second order phase tramsitiom, It is
an interesting example of the phase
transition on the bondary between two
parts of complex system,

Tt should be remarked inm comglu~
sion that all these Interesting p!f‘
Bomena could De ved 1L the X =
u. could ongt

Whe r it is r not remalns

o =
the main question %o be solved expe—

I£ the junction widths /, and rimen®aIl
are fixed the parameters / and /, w{\‘il R
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The Josephson effect in superconductors with heavy

. CAL REVIEW B VOLUME 36, NUMBER 1 1 JULY 1987
termions PHYSI
V.B. Geshkenbein and A. I. Larkin Vortices with half magnetic flux quanta in “heavy-fermion” superconductqrs
L. D. Landau Institute of Theoretical Physics, Academy of Sciences of the USSR
(Submitted 12 February 1986) V. B. Geshkenbein and A. I. Larkin
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The dependence of the Josephson current that flows between an ordinary and A. Barone
extraordinary superconductor on the temperature and on the angle between the Dipartimento di Fisica Nucleare Struttura della Materi ¢ Fisica Applicata, Universita di Napoli, Napoli, Italy
surface of the contact and the crystal axes is determined. and Istituto di Cibernetica del Consiglio Nazionale delle Ricerche, Arco Felice (Napoli), Italy
(Received 23 June 1986)
rotation around which results in the multiplication of the order parameter by 1, . ) o
N It is show heavy-fermion” superconductors a new VOftex state can occur characterized by

the existence of half magnetic fux quanta. Vortices in polycrystals should exist even i the absence
: of an externally apphed magnetic field. The internal structure of the vortices is also investigated.

1(p) =AImf(n)e'?,
where f(n) for different representations is:
cubic group (UBe,,)
. LT L) o SV S SR .
A,.nxnynz{nx ny}(ny . n:}/nz n?/ 3 Ay nx"yn:, ‘ .
E: nx"y"z(m(n: +e~ 211/3,.; + ezm/sn:) - (n; + ez"‘/3n; t+e— 2::/3,';,) ;

. 2,2 2. . .
Faimnfnl -nl)+ (0] =) + myn (0 i Fimn t a4 agn ;

tetragonal group (CeCu,Si,) hexagonal group (UPt,) S A A
- P S

. 2 ap2)g 2. 4y
Ay "x"y"/"x ny/.A,. n; Ay "z/": _3"x";){"; -3nynx), Az:n;

. .B.. 3 2y, .
B,: n A5 Byt nfn} n;), By: ,,;..3,,)(,.;; B,: n;-3nyn;,
E: Th"y"hﬂx; E,: hma, ~mn,;

g FIG. 1. Sketch of a sandwhich structure S.P-S (see text)
Ey:om ":’"x - i"y £ -n, ,,‘/,,x +in y}i closed by a Superconducting loop.

For other than the one-dimensional representations, the possible values of the
parameters 77, are given in Ref. 2. For some phases these values are ambiguous. In this
case, domain walls can exist in the bulk of the crystal. As to whether these domain
walls interact with the surface requires further study. If we are dealing with a magnetic
phase and a complex order parameter, we will have /(@) = / 1 cosp + I, sing, where
ID=1; + 13

The minimum energy of the contact does not always correspond to the point
@ = 0. If, for example, a plate with an odd phase between two contacts is inserted into
a superconducting circuit, the vector n and hence the energy of these contacts will
have opposite signs. If, for example, a plate with an odd phase between two contacts is
inserted into a superconducting circuit, the vector n and hence the energy of these
contacts will have opposite signs. If the minimum energy of one contact corresponds
to the phase difference ¢ = 0, the minimum energy of the other contact will corre-
spond to the phase difference @ = . This circuit will therefore have a half-integer
number of fluxoids. P

Telo

The absence of this effect in a UPt, single crystal may conceivably stém from such
positioning of the contact plane relative to the crystal axes at which the Josephson
current vanishes. The presence of a current in the Josephson junction of an ordinary
superconductor with CeCuSi, does not mean that there is an ordinary pairing in this
contact

We wish 1o thank L. P, Gor'kov for useful discussions. FIG. 2. Values of the order parameters at the grain bo¥*
daries.
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Franse, J. Appl. Phys. 57, 3054 (1985).
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Conventional vortex °

e X
Observed T dependence of a Half-vortex b
%

z
half-integral flux quantum mz jl//a

10pum

80K 85K 90K

e Flux spreads out near Tc without any abrupt changes
e  dy/2 integrated flux for 0.45K < T < 88K within experimental error

In zero field, the order parameter of optimally doped YBCO is i
the temperature range from 0.45 K to 88 K in two samples with Tc = 90 K.




