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Modulated microwave absorption spectra from Josephson junctions on a scratched niobium wire
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Modulated microwave absorption~MMA ! spectra from Josephson junction formations on a scratched Nb
wire have been studied at 9.3 GHz and 4 K. The peak-to-peak separation,dH of the Josephson lines was found
to vary linearly withP1/2, whereP is the applied microwave power, in contrast to a recent interpretation of
junction formation in pressed lead pieces by Rubins, Drumheller, and Trybula. The interpretation of the MMA
data on Nb are given in terms of the theory of Vichery, Beuneu, and Lejay for superconducting loops
containing weak links.@S0163-1829~97!05118-7#
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Modulated microwave absorption~MMA ! spectra, con-
sisting of many sets of narrow, regularly spaced lines, w
reported originally by Blazeyet al.1,2 in a single crystal of
the high-temperature superconductor Y-Ba-Cu-O, and att
uted to Josephson junctions occurring at~110! twin planes.
Similar spectra have been reported from this material
other noncrystalline conventional superconductors, such
PbMo6S8, Nb, In, and Pb.2–7 Some features common to th
experimental work are the following:1,2,4–6,8 ~i! a constant
separationDH between neighboring lines;~ii ! the existence
of a microwave power thresholdP0, below which no spec-
trum is observed;~iii ! the approximate independence of t
intensity of the MMA signal on the microwave powerP for
P.P0; ~iv! an increase in the peak-to-peak splittingdH of
each line with increasing microwave power;~v! an increase
in dH with temperature for a givenP; ~vi! the occurrence of
additional sets of lines as either the microwave power
temperature is increased. Other features associated
single-crystal Y-Ba-Cu-O spectra have been listed by Vi
ery, Beuneu, and Lejay5 ~hereafter denoted VBL!. Blazeyet
al.1 demonstrated the geometrical origin of the line sepa
tions by observing a doubling ofDH when the crystal
cleaved into two halves.

The Josephson junction spectra to be described in
work were obtained from a 3-mm length of 0.0039 diameter
Nb wire, scratched with a razor blade. The MMA signa
were produced by a Varian E 109 series EPR spectrom
operating at 9.3 GHz, with temperatures regulated by an
ford Instruments ‘‘flowthrough’’ cryostat and temperatu
controller. The sample was placed at one end of a cylindr
cavity operating in a TE 102 mode in a position of maximu
magnetic and minimum electric field. The sample could
rotated about a vertical axis, while the external magne
field was fixed in a direction perpendicular to the microwa
magnetic field at the sample. Many sets of signals were
served at all orientations of the sample with respect to
steady magnetic field. The sharpest occurred when the
kHz modulation was adjusted to the lowest available value
5 mOe peak-to-peak amplitude.
550163-1829/97/55~18!/12662~4!/$10.00
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Several quite distinct theories have been proposed to
plain these spectra. Xia and Stroud9 used a superconductin
glass model in which a changing magnetic field cau
‘‘phase slips’’ in loops of weakly linked superconductin
grains. The ensuing voltages created between neighbo
grains produce energy losses through the normal resista
of the Josephson junctions. Blazey, Portis, and Holtzberg4 in
their later work, associated the spectra with microwa
induced nucleation and annihilation of fluxons within sing
Josephson junctions. VBL~Ref. 5! used Silver and Zimmer-
man’s theory10 of superconducting loops containing one
more Josephson junctions to show that above a thres
microwave field, the fluxon state can oscillate at the mic
wave frequency as the sweep field is changed, leading t
energy exchange with the microwave field. Rubins, Dru
heller, and Trybula8 ~denoted RDT! used a quantum interfer
ence model based on the earlier work of Drumheller, T
bula, and Stankowski5 in which microwave absorption
occurs when the field-dependent critical current of a para
junction system is exceeded.

The existence of a periodic spectrum follows natura
from all of the above models. Three of them give a li
separation

DH5F0 /S, ~1!

wheref0 is the flux quantum andS is the projected area o
a superconducting loop perpendicular to the steady magn
field. Only in the theory of Blazeyet al.4 does the relevan
area correspond to a single Josephson junction. VBL h
shown from their sample dimensions, that the surface giv
DH could not be that of a single junction. All the model
except that of Xia and Stroud9 require a microwave powe
threshold, which has been confirmed experimentally.1,2,5,6

Thus, in interpreting the data, we shall confine ourselves
the models of VBL~Ref. 5! and RDT.8

VBL’s superconducting loop model assumes that tran
tions between fluxoid states can occur only when the lo
current reaches a critical magnitudei c . Each transition cor-
responds to the entry~or exit! of one flux quantum into~or
12 662 © 1997 The American Physical Society
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55 12 663MODULATED MICROWAVE ABSORPTION SPECTRA FROM . . .
out of! the loop. This flux change produces an instantane
emf peak, which alone is too small for detection. Howev
above a threshold of the microwave field, the system os
lates between two fluxoid states at the microwave frequen
leading to a detectable signal. The signal occurs periodic

FIG. 1. Josephson junction spectra near 100 Oe from a scrat
Nb wire are shown at 9.3 GHz and 3.9 K for microwave pow
values of 0.20 mW~curvea), 0.25 mW~curveb), 0.30 mW~curve
c), 0.40 mW~curved), 0.60 mW~curvee), and 0.80 mW~curve
f ). The separationsdH andDH are illustrated in curvee. The 100
kHz modulation field in each case has a peak-to-peak value
mOe.

TABLE I. Variation of the peak separationdH with microwave
powerP for a MMA line from a scratched Nb wire at 3.8 K and 9
GHz.

P dH a da b

~mW! ~mOe! ~rad!

0.20 2 0.03
0.25 9 0.12
0.30 19 0.28
0.35 27 0.39
0.40 37 0.55
0 45 45 0.65
0.50 54 0.78
0.60 69 1.00
0.70 83 1.21
0.80 94 1.38
0.90 106 1 55
1.00 117 1.70

aSince the 100 kHz modulation field had a peak-to-peak value
mOe, this number was subtracted from the actual readings ofdH
to correct for modulation broadening. The error indH was esti-
mated to be about62 mOe.
bda5pdH/DH, whereDH5(21565) mOe.
s
,
il-
y,
ly

over a field rangedH, which corresponds to the peak-to-pe
splitting of each line. VBL’s expression fordH is

dH52H12V/S, ~2!

whereH1 is the amplitude of the microwave field. The p
rameterV is given by

V52Li c1~ 1
2 N21!F0 , ~3!

whereL is the inductance of the loop, assumed to consis
N-like junctions, andi c is the critical current. Equation~2!
leads to a relationship of the form

dH5aP1/21b, ~4!

where a and b are constants, andP(}H1
2) is the applied

microwave power.
According to VBL, the microwave powerP8 absorbed by

the loop may be written as

ed
r

5

FIG. 2. A plot of dH vs P1/2 is shown for the data of Table I
The straight line represents a least-squares fit of the data to Eq~4!
with a5215 mOe/~mW!1/2 andb5298 mOe.

FIG. 3. A plot of (12cosda) vsP, whereda5pdH/DH. H is
shown for the data of Table I.

5



.

re

a

in
ca

th
l

,

hi

-

st

o-
b
O
ro
a

fo
a
b

w

ro-

at

in
Eq.
ble
e
e.

on

e

t of
4.5
ld,

e
er-
s.

by

e of

ow

0
v

ara-
p-

12 664 55R. S. RUBINSet al.
P85kV, ~5!

where k5vF0 /2pL and v is the microwave frequency
The EPR spectrometer detectsdP/dH, where H is the
slowly varying sweep field. Since the MMA absorptions a
step functions, the magnitude ofdP8/dH should be propor-
tional to P8. Thus, according to Eqs.~3! and ~5!, the peak-
to-peak magnitude of the MMA signal should increase
i c increases.

RDT use a simple quantum interferometer model conta
ing two parallel Josephson junctions with unequal criti
currents. The net effect is a total critical currenti c(H), which
varies periodically with the applied magnetic fieldH. Ab-
sorption occurs when the effective current produced by
microwave source, which is assumed to be proportiona
the square root of the microwave power, is greater thani c .
According to this model,

P5P01k~12cosda!, ~6!

whereP is the microwave power,P0 is the threshold power
k is a constant, andda5pdH/DH. For da!1 ~i.e.,
dH!DH), this expression reduces to a linear relations
between (dH)2 andP, i.e.,

~dH !25cP1d, ~7!

wherec andd are constants.
It may be seen from Eqs.~4! and ~7!, that the measured

relationship betweendH andP gives a clear method of dis
tinguishing between the two theories. Equation~4! has been
found to fit measurements in both powder and single-cry
samples of Y-Ba-Cu-O,1,3,5 while Eq. ~6! fitted the data for
pressed lead pieces analyzed by RDT.

In our experiments, peak-to-peak widthsdH and line
separationsDH were measured as functions of the micr
wave powerP. Figure 1 shows a typical set of spectra o
tained for a field range of about 0.5 Oe centered near 100
Curvesa–f show how the spectrum changed as the mic
wave power was varied from 0.2 to 0.8 mW. No signal w
observed in curvea, indicating a threshold powerP0.0.20
mW. Curveb shows that a sharp signal was observed
P50.25 mW. The 7-mOe peak-to-peak width of this sign
was probably an artifact associated with the compara
sized modulation field.8 Curvesc–e show a monotonic in-
crease of the peak-to-peak splittingdH with increasing mi-
crowave power, while curvef shows the appearance of ne

FIG. 4. A Josephson junction spectrum in whichdH increases
in field from line to line is shown for 9.3 GHz and 3.8 K with a 10
kHz peak-to-peak modulation field of 5 mOe and a microwa
power of 0.45 mW.
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sets of Josephson junction spectra with increasing mic
wave power, as first observed by Blazeyet al.2

Data for one member of a set of lines, similar to th
shown in Fig. 1, are given in Table I. Plots ofdH versus
P1/2 and (12cosda) versusP for these data presented are
Figs. 2 and 3, respectively. These show decisively that
~4! is satisfied over the complete range, while apprecia
deviations from Eq.~5! occur for the data at low microwav
powers, indicating the failure of the RDT theory in this cas
Thus, we confine our interpretation to the VBL theory.

As pointed out by VBL, the effective area of a Josephs
junction s may be obtained from the magnetic fieldHmin at
which the first intensity minimum in the envelope of th
multiline spectrum occurs, through the relationship

s5F0 /Hmin . ~8!

As might be expected, a wide variety of values fors were
obtained in the present work. At one extreme was a se
lines which were observed from near zero field to above
kOe. An apparent intensity minimum near 1.8 kOe wou
according to Eq.~8!, correspond to a value fors of approxi-
mately 0.01 (mm)2. At the other extreme were spectra of th
sort shown in Fig. 4, in which there is an appreciable diff
ence in splittingdH for two neighboring Josephson line
Here,Hmin would be replaced in Eq.~8! by the field range of
the spectrum ('1.2 Oe!, leading to a value ofs of roughly
10 (mm)2.

Spectra like those shown in Fig. 4 may be explained
the VBL theory in terms of a critical currenti c which de-
creases appreciably with increasing field over a field rang
less than 1 Oe. Equations~2! and ~3! show that for a fixed
microwave power, decreasingi c would decreaseV and
therefore increasedH provided thatV,2H1S. For constant
microwave power, the relationship betweendH and i c is of
the form

dH5m2nic , ~9!

wherem andn are positive constants. IfV.2H1S, no spec-
trum is observed, as is the case in Fig. 4 for fields bel
100.1 Oe.

The peak heights depend on the absorbed powerP8,
which, from VBL’s theory, may be written as

e

FIG. 5. The peak-to-peak heights vs the peak-to-peak sep
tions (dH) are shown for the data of Fig. 4. The straight line re
resents a linear least-squares fit of the data points.
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FIG. 6. A portion of a Josephson junctio
spectrum with a line separation of about 50 mO
is shown over a range of about 20 Oe at 4.0
and 9.3 GHz with a 100 kHz modulation field o
5 mOe and a microwave power of 0.45 mW.
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P85pic1q, ~10!

wherep is a positive constant. Thus, Eqs.~9! and ~10! may
be combined to give

P85C2KdH, ~11!

whereK5p/n5vF0S/2pL is a positive constant and th
subscriptsi and j refer to thei th and j th lines, respectively.
If the peak-to-peak height of the signal is assumed to
proportional toP8, then a test of Eq.~11! may be made on
the MMA data of Fig. 4. The resulting graph, displayed
Fig. 5, shows that the data are essentially consistent with
~11! and VBL’s theory.

In Fig. 6, we show a set of Josephson lines of separa
DH550 mOe over a field range of about 20 Oe. On th
scale, the envelope of the spectrum stands out. In Fig. 6,
appears as a series of uniformly spaced square-wave f
tions with both width and separation of about 3.4 Oe.
interpreting this result, it is important to realize that the e
velope of the Josephson junction spectrum does not give
dependence ofi c on field directly. While, according to Eq
~10!, the absorbed power varies linearly withi c , the sharp
t
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edges to the envelope are probably related to the passin
the parameterV( i c), given by Eq.~3!, through the value
2H1S @see Eq.~2!#.

While spectra of the type shown in Figs. 4 and 6 indica
that further experimental work is needed to unravel the co
plexities of the Josephson junction spectra, the present s
has shown that the dependence ofdH on the microwave
power fits the VBL theory for junctions in series rather tha
the RDT theory for parallel junctions. On the other hand, t
data for the pressed lead pieces fitted RDT’s quantum in
ferometer model. This result agrees with the field depe
dence of the critical current obtained by Baroneet al.11 from
junctions between a niobium film and Y-Ba-Cu-O pelle
which was characteristic of a quantum interferometer.

In conclusion, we note that thedH versusP dependence
is a subtle way of distinguishing between series and para
Josephson junctions. We plan to fabricate samples in wh
both types of behavior are present at the same time.

This work was supported in part by National Scien
Foundation Grant No. DMR 9310967.
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