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We use Anderson’s operator representation to obtain the radiative properties of a superconducting loop
with a single Josephson junction. We treat », the number of displaced pairs, and ¢, the relative phase across
the junction, as canonically conjugate operators. Since # is related to the voltage across the junction by
V=2en/# and ¢ is related to the current in the loop via the fluxoid quantization, the Hamiltonian for the
system, H=4CV2+4LI2— E; cose, can be reduced to operator form. By applying the Hamiltonian formal-
ism in the usual manner, the equations of motion are obtained. In the limit of small oscillation ({¢?) <1), the
Hamiltonian can be expanded and yields a solution which corresponds to a resonant frequency
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This mode corresponds to an “LC” oscillation of the loop modified by the Josephson junction. For physical
situations, the frequency of the oscillation can be adjusted to be as high as 102 sec™, with a purity of 1 part in
105 and at a power output of 10~# W. Under appropriate conditions, in addition to the modified LC reso-
nance, we obtain solutions corresponding to the familiar ac Josephson radiation as well as the metastable
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flux states of aloop with a weak link.

I. INTRODUCTION

N this paper, we report a theoretical study on the
radiative properties of a superconducting loop with
a Josephson junction.! The study shows that by self-
consistently including the inductance L and capacitance
C of the loop, and the properties of the junction, the
system can have radiative properties quite different
from that usually associated with an isolated Josephson
junction. In particular we obtain a solution correspond-
ing to a modified LC oscillation of the loop. Physically,
this resonant mode is possible only when the inductance
is small enough to allow a harmonic-oscillator approxi-
mation for the true Hamiltonian. Since the frequency
of the radiation can be as high as 10 sec™?, it may prove
useful in obtaining radiation in the experimentally
difficult Zwischenwellen region.

In Sec. IT we introduce the Hamiltonian for the loop
with a weak link. By using Anderson’s operator form-
alism we are able to rewrite the Hamiltonian in terms
of canonically conjugate operators and obtain the equa-
tion of motion for the operators. In Sec. III we present
solutions which represent two limiting situations and
correspond to whether or not we can make a harmonic-
oscillator-type approximation for the Hamiltonian.
For small oscillations of the system we find a modified
LC frequency. For large oscillations, the system be-
havior is similar to the usual ac Josephson situation.
In Sec. IV we calculate the power and purity of the
modified LC radiation. In Sec. V discussion is presented
concerning maximizing the parameters so as to enhance
the ability of the system to oscillate with the modified
LC frequency.
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II. THEORY-OPERATOR FORMALISM

The system we wish to investigate is represented in
Fig. 1 and consists of a superconducting loop of induc-
tance L interrupted by a single Josephson junction of
capacitance C and junction coupling energy E;. To
study the radiative properties of the loop, we make use
of Anderson’s operator representation? in which we
treat #, the number of displaced pairs, and &, the rela-
tive phase across the junction, as canonically conjugate
operators such that [ @,»]=1. In the operator represen-
tation, the Hamiltonian for the loop is given by
H=3CV*+3LI?—Eycosg where —E;cosg repre-
sents the Josephson phase coupling energy, V= (2en/C)
is the voltage drop across the junction in operator form,
and I is the current in the loop. For a thick loop, the
phase continuity condition implies @+ ¢=2mr(m=0,
+1, £2, --+) where ¢ is the phase associated with the
magnetic flux enclosed within the loop and is, therefore,
related to I by the relation?
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Fic. 1. A superconducting
loop of inductance L in- caeacirance
terrupted by a Josephson /
junction of capacitance C
with coupling energy E,.
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2P. W. Anderson, in Lectures on the Many-Body Problem,
edited by E. Caianello (Academic Press Inc., New York, 1964),
pp. 113-135.

3 For a junction thickness Ax(~10~7 cm), which is very small
compared with the loop dimension, we are safe in neglecting the
line integral across Ax. Except in Sec, IV and the caption of Fig. 2,
we have let c=1,
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where LI is the flux in the loop and &, is the flux quan-
tum &/2e. Substituting for I and V the operators ¢ and
n, the Hamiltonian obtained can be put into the form

2¢? 72
H=—w?+——¢*—E; cose,
C 8e2L
=Hpc—Ejcose, (2)
and H ¢ can be written as
Hic=3%hope(NH3?), 3)

where wre=1/(LC)'” is the usual resonance frequency
and
‘I>=<p/po, N=90N) [¢7N]=7’ (4)

BT

By applying the Hamiltonian formalism in the usual
manner, the equations of motion obtained are

de [o,H] 4en 2V

with

e L (60)

dt ih #C I3

dn [nH] —# E;
—=——=———p——sing (6b)
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The first equation is the same as in the usual ac
Josephson effect.? The second equation, however, is new
because we have included the inductance of the loop.
Equation (6b) reduces the usual dc Josephson equation

Jr= (ZGEJ/h) Sin(p

when the inductance L is large. In addition, if we ask
for the steady-state solutions of Egs. (6a) and (6b),
we obtain the conditions

(Es/#) sing=[—1/(2e))L]e, V=0; )

which are the equations for the metastable current-
carrying states of the loop with a single Josephson or
“weak” link.> The exact time-dependent solutions to
Egs. (6a) and (6b) are difficult to obtain because of the
nonlinear coupling term (E;/#) sing. In the usual ac
effect, harmonics and subharmonics occur in substantial
proportion because of the contribution of higher order
terms of ¢ in the expansion of sing.® Equations (6a)
and (6b) are quite general equations of motion for the
loop with a weak link and contain, under appropriate
conditions, all the previously discussed solutions. (In
the presence of a magnetic field at the junction, terms
involving the gradient of the phase must be included in

4B. D. Josephson, Phys. Letters 1, 251 (1962).

5 A. M. Goldman, P.(] Krelsman and D. J. Scalapino, Phys.
Rev. Letters 11, 495 1964); B. B. Schwartz (unpublished) ;
J. Mercereau (unpubhshed)

$D. N. Langenberg, D. J. Scalapino, B. N. Taylor, and R. E.
Eck, Phys. Rev. Letters 11, 294 (1965).
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the Hamiltonian. This field can be important in de-
termining the resonant modes of oscillation of the
junction treated as a cavity.”)

III. APPROXIMATE SOLUTIONS OF THE
OPERATOR EQUATIONS

Equations (6a) and (6b) are a set of highly nonlinear
operator equations whose solutions are quite difficult
to obtain. From the Hamiltonian equation (2), how-
ever, we see that the contribution of these higher order
nonlinear terms depends critically on whether or not
the operator (Ej/#) cose can be replaced by the
approximate operator

(Es/W)(1—36),

which is valid for small oscillation in phase. In the calcu-
lation which follows, we assume we can make such an
approximation. After obtaining the new Hamiltonian
and equations of motion we will return to ask: under
what conditions was the expansion of the operator cos¢
valid? Replacing the operator cosg by (1—3¢?), the new
Hamiltonian can then be written

H&/ﬁ[,c—_‘ %hd)Lc(Nz-l-&)z) y (8)
where
are=[wrc*+ (2e)*E;/#*C]'12,
§)= 90/50; N=ﬁoN, [qD:N]:z;
with

_=[ (2ep/C ]"4
"L epny+E, )

Equation (8) is a good approximation when (¢?)<1.
We can simply determine the ‘“‘root-mean-square”
value of ¢, which we denote by ¢ms=(¢*)!'?, by
realizing that the average ‘“potential” or “kinetic”
energy of a harmonic oscillator is just half the energy of
the system, so that

1 tho<C192>

Ye=3hdrc(l+3)
and N
po(P) 2= po(I43)' 2= p1<1. ©

Equation (9) gives the restriction for which we expect
the harmonic approximation to be a good one. Thus,
whenever Eq. (9) is satisfied, the system obeys a
harmonic equation and oscillates at a modified LC
frequency

Prms™—

ére=(wrc*+ (2e)*E;/Ch)2.

It is important that one should not confuse the expan-
sion in powers of ¢ with treating the coupling energy as
a perturbation.

To enhance the possibility of observing the modified
LC oscillation, the parameter po should be as small as
possible so as to justify the small-oscillation expansion
even when [ is large, viz. p;<1 even if >>1. Physically

7R. E. Eck, D. J. Scalapino, and B. N. Taylor, Phys. Rev.
Letters 13, 15 (1964).
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realizable values for C and L are 10 cm and 10~% cm
(cgs units), respectively which, for a junction coupling
energy E; on the order of a few electron volts, results
in a value for gy~ 1072 (see Fig. 2). These same values
of L and C produce an LC frequency wre~ 10" sec™?
which for most physical situations (Es<S5 eV) is
larger than Anderson’s term

((2e)*E;/Ch)!1?

in the modified frequency. Therefore, one is able to
excite the system to a state /=10% and still remain in
the small oscillation limit p;= pof'’?=+%. The transi-
tions from states (I—/—1) will give rise to dipole
radiation at the modified frequency. The magnitude
and purity of this radiation is discussed in Sec. IV.

The oscillations of a Josephson junction in an open
circuit (L= ) was considered earlier by Anderson.?
In that case gy is typically on the order of 1 or greater
so that even the zero point motion of the system violates
the requirement of small excursion in ¢. Since both the
capacitance and E scale linearly with the junction area,
the value for g, cannot be decreased. Only by including
the inductance term can the value of 5o be adjusted to
be less than one.

The situation opposite to that discussed above is the
limit 1. In this case higher harmonics cannot be
neglected and a solution of the full operator Eq. (6b)
is required. Differentiating Eq. (6a) and inserting the

Fi1G. 2. The figure indicates schematically, but not to scale, the
optimum specimen in which the modified LC resonance will be
significant. The inductance L is given by 4w4/hs, where A; is
the area of the loop and 4y is the height of the loop, which is also
the length of the junction. The area of the loop 4; is approximately
2\w;, where 2) is twice the penetration depth and w; 1s the width
of the loop. The capacitance C is given by 1/4r (4 s/1;), where 4 s
is the surface area of the junction and /; is the thickness of the
oxide. The area of the junction 4 s is equal to wshk,s, where ws is the
width of the junction and A is the length of the junction. Thus,
wre=c/(LC)'2 and in terms of the dimensions above is equal to
c(s/2zwmw )2, For 2A~10"% cm, w;=10"% cm, w;=10"° cm,
and /;=10"" cm, wrc~10" sec”L. For these same values of L and
C, with %y equal to its maximum effective value 1071 cm (approxi-
mately twice Josephson penetration depth 2\;), po=~1072. We
have assumed E; is on the order of a few electron volts.

LC-TIME BEHAVIOR OF WEAK SUPERCONDUCTING LOOPS
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F16. 3. A schematic representation of a half-cycle in the time
behavior of the loop when %;>1. Note there are two main fre-
quencies: wy=2¢eV /% and wpc=1/(LC)'2.

result into Eq. (6b) we have
o) dt+ 2o/ LC+[Es(2¢)/C] sing=0. (10)

Equation (10) corresponds to the equation of motion for
a pendulum in a gravitational field suspended from the
center of a coil spring.? If Eq. (10) is treated classically,
then for times such that (#2/LC)¢(f) is small compared
to Ej(2e)?/C, the behavior is precisely that for the
usual ac Josephson effect. In this situation, the system
oscillates at a frequency determined by the instan-
taneous voltage across the junction according to
2¢V (t)/ k. For times such that (#*/LC)h(f) is greater
than Ey(2¢)%/C, Eq. (10) reduces to the motion for the
usual LC oscillation of the loop. A sketch of the motion
is presented in Fig. 3.

The restriction on the magnitude of 5; has a very
physical meaning. One can determine the ratio of the
maximum allowed Josephson frequency to the LC
frequency @re, or what turns out to be equivalent, the
ratio of the maximum enclosed flux to the flux quantum.
Since the mean-square value of the number and phase,
or equivalently voltage and current can be related to
the energy of the system, we have

OV =3L{I)+HIEe*)=30rc(+3).  (11)

Using Egs. (11) to obtain the ratios we get the re-
markable result

2e[(VHT2 2w L[(I2) ]

hoLe Dy

(12)

= pz.

Equation (12) is by no means accidental and may be
understood as follows: The Josephson junction prefers
to oscillate at its own resonance frequency while the
loop has its own LC frequency. If 52>1, then v >wic,
and the pairs oscillate many times across the junction

8 A unit-length pendulum with mass C#2/4¢?, coil spring con-
stant k2=7%2/4¢2L in a gravitation field with g=4Ee?/C#? has
the same equation of motion as the loop with a weak link.
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by the Josephson mechanism before the LC oscillation
has a chance to commence. Equivalently from Eq. (12),
when p>1 the system encloses many flux quanta and
oscillates by converting one flux quantum of field into
potential energy in the form of voltage across the capaci-
tor or vice versa. On the other hand if 5;<1, then
ws<wre, and the system oscillates at the modified
LC frequency &r¢. In terms of the enclosed flux argu-
ment, for p; <1, the system encloses but a fraction of a
flux quantum (actually O fluxoid) and therefore
Josephson oscillation with the concomitant change of
the fluxoid is impossible.

The conditions on p; can be understood quite well by
considering the analogy with the pendulum® in a
gravitational field. When 52>1, the pendulum has a
large amount of total energy compared with the possible
gravitational energy. As a result, the pendulum rotates
through many angles of 27 before the coiling of the
spring becomes effective so as to transform some of the
kinetic energy of the moving pendulum (potential
energy of the capacitor) into potential energy of the
spring (kinetic energy due to current). These rotations
of the pendulum through 27 correspond to the usual
ac Josephson effect. When 5,<<1 we have the situation
of small oscillation of the pendulum system. We can
then make the harmonic approximation and obtain a
modified frequency which is related to the sum of the
effective coil spring and gravitational constants.

IV. POWER RADIATED

To calculate the power output of the spontaneous
radiation, we carry the operator formalism still further
by introducing the oscillator-radiation-field interaction
of the form

1
H rad="Y"° A )
c

(13)

where we assume that A interacts with the oscillating
current only at the junction and we define the effective
dipole moment operator u to be

u= (2e)n(Ax)ets (14)

with (Ax)ees(=>Ax) as the effective displacement (in
cm) of the dipole and

dn
u=(2¢) (Ax)eff5= (A%)ersI (1)

For a radiation field of frequency w, with unit vector of
polarization &, A is given by

A=2(2rh*/w) et exp(—i(k-r—wl)),  (15)

where a,* is the photon creation operator and k=w/c.
For the frequencies and junction thicknesses of practical
interest, we are safe in using the dipole approximation
exp (k- r)~1. The radiative transition probability v (7)
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of state / is given by

2w ®
v0==3 [ a1
hor<i)y
XHmd l l,0w>| 26(61"" € — hw) ,
where p(w) is the density of final states for the photons
o(w)d(hw) =47 (hw)2d (hw)/ (2rhc)®. (16)
If we choose 1<I</, and pol'2<1071(5l,=1), then
e 2

1(2e)
YO =y (= (= 1)) ~———1] (Ax)ere|?
ﬁp0263

(17)
where we have used
[(4—1] (dn/d)) | 1)| =@rc]|{I—1)|n]|l>| =F"aLc.

For the relative content of the higher harmonics, it is
sufficient to calculate the ratio y(! —» —3)/y(— 1—1)
which for 5o/t2<10~! becomes

Y= 1-3)/y(1—1—1)=[1/(312(pl2)*< 1075, (18)

which implies that the intensity of radiation at fre-
quency w=3&¢ is only one part in 10 of the funda-
mental frequency @rc. This is to be contrasted with
the usual ac Josephson radiation in which harmonics
abound by virtue of the high degree of nonlinearity
inherent in the coupling.

Taking (Ax)ess= (Ax) of the junction would imply
that the charges are polarized at the oxide-superconduc-
tor interface. However, since the displacement field
may extend into the superconductor to a distance on
the order of the penetration depth A(=~10—% cm), we
can only say that (Ax).¢ takes a value somewhere in the
range Ax< (Ax)ess< (20 4-Ax) or more precisely 10~7
to 10~% cm. For @r¢ typically on the order of 10* sec™,
I1=10% po=1072, and (Ax)es=10~% cm, we obtain
y()~10"18 W,

V. CONCLUSIONS

Since the power is relatively small, the modified LC
radiation does not have any special advantage over the
usual ac Josephson radiation insofar as power output is
concerned. It does, however, have a clear advantage
over the latter in its coherence properties as given by
Eq. (18). The power output cannot be increased much
further by changing the system to higher / or by in-
creasing &r¢. The coherence requirement (5o/!/2<1) and
the condition® I,.x<I, of the junction restricts the
maximum possible /, and practical geometry restricts
the value of &z¢. .

The optimum specimen in which to observe the
modified LC resonance is schematically presented in
Fig. 2. The requirement of small L (to make py<K1)
leads to a practical shape for the loop which looks very

9 For the parameters of interest [(/2)]'2 is on the order of
10¢(l43)1/2 statamps which for /=100 is 10° statamps. That is

below the critical current of the junction which is typically 107
statamperes.
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much like a Josephson junction of variable oxide thick-
ness connected by a short. Thus, even ‘“normal”
junctions, (which usually have a nonuniform oxide
thickness and many times contain shorts) may display
the modified LC resonance.!

10D, N. Langenberg (private communication).
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Perhaps the best way to excite or “energyze” the
superconducting loop, in order to force it to oscillate,
would be to place it in an external field and then quickly
turn off the field. The decaying field inside the loop
produces a voltage, which in turn will stimulate the
resonance oscillations of the system. This process, of
course, can be repeated many times per second.
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The usual derivation of Maxwell’s equations for magnetic materials rests on the assumption that the
sources of magnetic field within the material can be split up into a magnetization density M and a current
density j. In metals the same electrons (the conduction electrons) contribute both to M and to j, and one is
forced to consider the question of what one means by M and what one means by j. In this paper we answer
the question for systems in equilibrium, using a thermodynamic approach. The separation of sources of mag-
netic field into M and j is to a large extent arbitrary, but can be done in such a way that M is uniquely re-
lated to the local magnetic field and j is zero for a normal metal in equilibrium, while in the mixed state of
a superconductor it satisfies the force-balance equation (jXB)/c+P=0, P being the pinning force. The
stress tensor for a magnetic system is derived from first principles (not assuming the field equations), and
used to obtain the force-balance equation by an alternative method. Finally, two-dimensional systems such
as superconducting thin films and surface sheaths are examined by similar methods.

I. INTRODUCTION

HE magnetic properties of substances in equi-
librium are governed completely, as far as a
macroscopic description is concerned, by Maxwell’s

equations
divB=0, @
curlH=4rj/c, (2)

together with the corresponding boundary conditions,
the equations relating B and H, and the condition that
in equilibrium the current density j is zero. Maxwell’s
equations are not regarded as basic; they can be ob-
tained from the assumption that the field at any point
is the sum of three contributions, the field applied to
the system (which obeys the free space Maxwell’s
equations), a contribution from a transport current with
density j, and a contribution from a distribution of
magnetic dipoles with density M. One is led naturally’
to the existence of two fields B and H, satisfying (1)
and (2), and related to each other by the equation

B=H-+47M. 3

The use of Maxwell’s equations, then, involves a num-

* Work supported in part by the Office of Army Research
under Contract No. DA-31-124-ARO(D)-114.

1C. A. Coulson, Electricity (Interscience Publishers, Inc., New
York, 1961), Chaps. 6 and 7.

ber of assumptions: that the sources of magnetic field
in a material can be divided in a definite way into
currents and magnetic dipoles, that the currents are
zero in equilibrium (even in the presence of a magnetic
field), and that the magnetization density is a definite
function of the magnetic field. These assumptions are
plausible for an insulator, where the sources of the
magnetic field can be considered as localized on partic-
ular atomic sites. It is not at all clear, though, why they
should be applicable to metals. In this case part of the
magnetism (the Landau diamagnetism) is due to the
conduction electrons, and these are the same electrons as
participate in the conduction process when an electric
field is applied. None of the assumptions mentioned
above is obviously justified. One other point is partic-
ularly worth mentioning: The j occurring in Maxwell’s
equations is not in general equal to the local average of
the microscopic current density.2

The main purpose of the present paper is to discuss

2To see this, note that if we ignore spin paramagnetism,
the part of the magnetic field outside a metal due to the conduction
electrons can be written in the form (1/¢)curl S* (§'/7)dV, where §’
is the current density with fluctuations on an atomic scale aver-
aged out. Since the Landau diamagnetism of the conduction elec-
trons does influence the magnetic field outside the metal, j must
certainly be nonzero somewhere (in fact it is nonzero in a layer
near the surface of width of the order of the cyclotron radius).
The j occurring in Maxwell’s equations, however, is everywhere
zero in equilibrium, so that j and j’ must be different.



