VOLUME 13, NUMBER 1

PHYSICAL REVIEW LETTERS

6 JuLy 1964

3James C. Phillips, Phys. Rev. 113, 147 (1959).

4J. R. Hardy and S. D. Smith, Phil. Mag. 6, 1163
(1961).

SH. Bilz, R. Geick, and K. F. Renk, Proceedings
of the International Conference on Lattice Dynamics,
1963 (to be published).

$B. N. Brockhouse, Phys. Rev. Letters 2, 256
(1950).

"B. N. Brockhouse and P. K. Iyengar, Phys. Rev.
111, 747 (1958).

8T. I. Kucher, Fiz. Tverd. Tela 4, 992 (1962) [trans-

lation: Soviet Phys. —Solid State 4, 1747 (1963)].

5G. Dolling, Inelastic Scattering of Neutrons in Solids
and Liquids (International Atomic Energy Agency,
Vienna, 1963), Vol. II, p. 37; and private communi-
cation.

10T, 1. Kucher, Fiz. Tverd. Tela 4, 2385 (1962)
[translation: Soviet Phys. —Solid State 4, 729 (1963)].
113, Bhagavantam and J. Bhimasenachar, Proc. Roy.
Soc. (London) A187, 381 (1946).

124, J. McSkimin and W. L. Bond, Phys. Rev. 105,
116 (1957).

SELF-DETECTION OF THE ac JOSEPHSON CURRENT*
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Department of Physics and Laboratory for Research on the Structure of Matter, University of Pennsylvania,
Philadelphia, Pennsylvania
(Received 18 May 1964)

In carrying out current-voltage (/-V) measure-
ments on a large number of Pb-(Pb oxide)-Pb
superconducting tunnel junctions® exhibiting dc
Josephson currents,?”* we have observed a tem-
perature-independent resonance-shaped peak
at applied voltages V, less than the energy gap,
2A. This structure is only readily apparent at
low temperatures (1.2°K to 1. 6°K) and when the
sample is in a magnetic field large enough to
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FIG. 1. Typical experimental I-V curves obtained
for three different values of the magnetic field.

quench the dc Josephson current.® In Fig. 1 we
show a typical series of 7-V curves taken at 1.2°K
for several different values of magnetic field,®

the field being oriented in the plane of the junc-
tion. For our sample geometry, such charac-
teristic curves are generally independent of the
particular orientation of the field in the junction
plane. However, when the field is perpendicular
to the junction, the peak completely disappears.

From a detailed analysis of I-V curves such as
given in Fig. 1, we have been able to obtain the
following information:

(a) The voltage Vp at which the peak occurs is
approximately a linear function of the applied
magnetic field H,, the ratio Vp/HO being 0. 19
+0.02 when Vp is expressed in millivolts and H,
is expressed in gauss.

(b) The height of the peak is a strong function
of magnetic field and consequently of voltage.

For small voltages it varies as V, 2,

(c) The peak height for a given sample depends
upon the magnitude of the zero-field dc Josephson
current; the larger the Josephson current, the
larger the peak. Indeed, for high-resistance sam-
ples which exhibit a dc Josephson current of only
1072 to 107* of the maximum theoretical value,
no peak is observed (at least down to 1.2°K).

The behavior described in (a) and (b) above is
graphically presented in Fig. 2 where we plot,
for the same sample shown in Fig. 1, the posi-
tion of the peak as a function of magnetic field
and the height of the peak as a function of voltage.
Data are given only out to fields of order 10 gauss,
corresponding to voltages of about 6A/5, because
the peak becomes very small and badly smeared
at larger fields (see Fig. 1).
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FIG. 2.
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Experimental points and theoretical curves showing (a) the dependence of peak position Vp on applied

magnetic field, Hy, and (b) the dependence of peak height on Vp.

The essential features of our experimental data
can be explained by considering the coupling of
the Josephson ac current to the electromagnetic
modes of the junction. The ac current has a
spatial variation due to the external magnetic
field as well as a time variation due to the dc
bias voltage. This is apparent from the equa-
tions given by Josephson’ for the current density
between two superconductors separated by a thin
oxide layer:

j(Fyt)=jlsin(p(F,t), (1)

where j, is the normal-state current density at a
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FIG. 3. Infinite plane geometry used to determine
the coupling of the ac Josephson current to the elec-
tromagnetic field in the junction.
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junction voltage of 37A and ¢ is the phase differ-
ence between the two superconductors comprising
the junction. This phase is determined by

¢ _2eV, _Ee_d"
2205 v =S5, (2)

Here V is the total barrier voltage, both ac and
de, H the total magnetic field, n a unit vector
normal to the junction, and d =2x +7, where 2 is
the penetration depth and / the barrier thickness.
For a dc bias voltage V,, and an applied magnetic
field H, in the plane of the junction and oriented
along the y direction (see Fig. 3), Eq. (2) yields
¢ =wt -kz, where w=2eV,/% and k = 2edH ,/¥ic.

A simple calculation of the coupling of the ac
Josephson current to the junction fields can be
carried out if the junction is treated as two semi-
infinite pieces of superconductor separated by a
thin oxide layer. The thickness of the layer is
10-20 X so that variations of the field amplitudes
with the ¥ coordinate (see Fig. 3) in the oxide are
completely negligible. The E, component of the
field is screened in the superconductor so that
the integral of VxE=(1/c)(9H/8t) over the sur-
face abcd (Fig. 3) which extends into the super-
conductors well beyond the penetration depth is®

OE ©  (2x+l) oH ©
x Y

T e e @)

Here, E,° and H,° are field amplitudes in the ox-
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ide and the penetration depth A is defined by

J“’Hy(x)
A= L H dx. (4)
2 y

In a similar way, taking the normal of the surface
along the z axis,

8E ° (2r+1) oH °
X _ V4

Zay_ c ot (5)

The x component of VxH = (47/¢)j + (€/c)(8E /t)
in the oxide layer is

8H ° 8H ° 4rm €3E °
z y x

— :’—. - 6
dy 2z ¢ xtc ot (6)

where € is the dielectric constant of the oxide
layer and j, is the driving current density given
by Eq. (1). It follows from (3), (5), and (6) that
the ac voltage across the barrier, v = lExO, sat-
isfies
2 2 2 97

T m
where ¢ =c(l/de)/2.° Since the present experi-
mental data correspond to a region in which v/V,
<« 1, the drive term in Eq. (7) can be linearized
to (4nl/€c?)j,w cos(wt - kz). Representing the
losses (dissipative and radiative) by a @ factor,
the solution of Eq. (7) is

v =v,cos(wt - kz +6),

_ (41rl/€w )]1
Yo~ {1 - (kc/w)? P+ (1/Q)F} 72

o 1/Q
6 =tan m—)—z] (8)

The above ac voltage can in turn give rise to
a dc current.’® Since V in Eq. (2) is the total
voltage V,+v, the phase ¢ is modified by the ad-
ditional term™ (v,/V,) sin(wf - kz + 6) and the cur-
rent density becomes

j=j,sin[wt - kz + (v,/V,) sin(wt -kz +60)].  (9)

To first order in v,/V,, the dc part of Eq. (9) is

i (Y0 sing
I 40 -]l(Vo)sm

N ELUNY 1/Q
- 1<ewv§)n “ke/oyPr e (10

Equation (10) shows that the resulting dc cur-
rent has a resonance shape. The maximum at

(w/k) =T occurs when the phase velocity associ-
ated with the current-density distribution match-
es the phase velocity of the electromagnetic
fields. Using the previously given values for

k, ¢, and w, this phase-matching condition gives
rise to the following linear relationship between
the bias voltage at which the peak occurs and the
applied magnetic field:

Vp =(ld/€)V?H (11)

o
This equation is compared to our experimental
data in Fig. 2(a). Taking X to be'? 400 Aand1
to be 15 K,“’ the best fit at low voltages is ob-
tained for €=3.8. It should be noted, however,
that as the voltage increases beyond A, the ratio
Vp/Ho decreases and the current resonance
broadens. In this region the photon energy is
greater than 2A and absorption due to the break-
ing of pairs can take place. We believe this loss
mechanism is responsible for these effects.
From Eq. (10), one can also obtain the depen-

dence of the peak dc current on voltage. At res-
onance the current density is
(]dc)p =11Q4ﬂ171/€wVp, (12)

and since w =2eVp/h’, it varies as 1/V,2. This
dependence is compared to that experimentally
observed in Fig. 2(b) where we fit Eq. (12) to
our data. Using the previously derived value
for €, we find best agreement for @ =3.5. The
mechanism responsible for this low @ is being
studied.

Our theory also explains the dependence of the
peak height on the magnitude of the zero-field
dc Josephson current as previously described;
Eq. (12) shows that (jdc)p~j12.“ The disappear-
ance of the peak when the magnetic field is per-
pendicular to the junction follows from Eq. (10)
since k=0 for this case.

That this simple model works so well may
seem peculiar since it neglects the actual boun-
dary conditions appropriate to the experimental
junction. Furthermore, the wavelength of the
mode in a field of 1 gauss is comparable to the
junction dimensions in the direction of propaga-
tion. One might therefore expect that the de-
tailed mode structure characteristic of the junc-
tion geometry should enter. However, for @ ~ 4
and a junction dimension of 0.25 mm, the half-
width of the peak becomes equal to the mode
spacing at the resonant frequency corresponding
to a magnetic field of about 2 gauss. Conse-
quently, the geometrical mode structure is
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washed out in the region where present experi-
mental data were taken.

It is worth emphasizing the importance of the
role played by the constant magnetic field H,,.
Without it, the power transferred to the electro-
magnetic field is reduced by a factor @ 2. The
application of H, alters the spatial distribution
of the ac Josephson current density and allows
it to couple to a mode having an inductive field
extending into the penetration layer. This in-
ductance can “resonate out” the capacitance of
the junction.

It should be possible to construct junctions with
Q’s sufficiently large that v,/V,~1. Under these
conditions the power transferred to the field will
be of the order of microwatts. In this case, our
linear approximation of the drive in Eq. (7) fails
and the system of Eqs. (1), (2), and (7) must be
reinvestigated.

Finally, we mention that structure in addition
to the main peak has been observed in a few sam-
ples. This structure is presently being investi-
gated as well as the general effect of junction
size and geometry.
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Professor J. R. Schrieffer for helpful discus-
sions.
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EFFECT OF ELECTRON CONCENTRATION ON MAGNETIC EXCHANGE INTERACTIONS
IN RARE EARTH CHALCOGENIDES
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IBM Watson Research Center, Yorktown Heights, New York
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The magnetic moments of the lanthanides are
localized in the 4f electron shells and the ferro-
magnetic or antiferromagnetic interactions ob-
served in the lanthanide metals! and their metal-
lic alloys® have been interpreted by the Ruder-
man-Kittel-Yosida-type indirect exchange® re-
sulting from the polarization of the conduction
electrons. We have examined in semiconducting
lanthanide compounds the relationship between
magnetic transition temperature and electrical
properties which can be implied from the theory
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of indirect exchange via conduction electrons.
We reported previously experimental evidence
for such correlation in the bec ThyP, compounds
Gd,Se, and Gd,S;.* In these compounds doping
with excess Gd or Y up to 0.1 atom per molecule
increased the electrical conductivity by orders
of magnitude and changed the magnetic properties
of Gd,Seg continuously from antiferromagnetic
(T ;y=5°K) to ferromagnetic (T ¢ =80 °K) without
variation in crystal structure.

The magnetic exchange interactions in NaCl-



