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Modulated microwave absorption spectra from Josephson junctions on a scratched niobium wire
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Modulated microwave absorptictMMA ) spectra from Josephson junction formations on a scratched Nb
wire have been studied at 9.3 GHz and 4 K. The peak-to-peak sepai@tiaf,the Josephson lines was found
to vary linearly withP*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[S0163-18287)05118-1

Modulated microwave absorptiofMMA) spectra, con- Several quite distinct theories have been proposed to ex-
sisting of many sets of narrow, regularly spaced lines, werglain these spectra. Xia and Stréussed a superconducting
reported originally by Blazewt all? in a single crystal of glass model in which a changing magnetic field causes
the high-temperature superconductor Y-Ba-Cu-O, and attrib-phase slips” in loops of weakly linked superconducting
uted to Josephson junctions occurring(Bt0 twin planes. grains. The ensuing voltages created between neighboring
Similar spectra have been reported from this material an@rains produce energy losses through the normal resistances
other noncrystalline conventional superconductors, such & the Josephson junctions. Blazey, Portis, and Holtzbéng,

PbMa,S;, Nb, In, and PB~7 Some features common to the their later work, associated the spectra with microwave-
experime,ntal,wo,rk are the followint?“-58 (i) a constant induced nucleation and annihilation of fluxons within single

separatioAH between neighboring linesii) the existence Jose,phtion ]yﬂnc:clons. VBLR?' ? usle d Silver ?n_dlz|mmer-
of a microwave power threshold,, below which no spec- man's theory” ot superconducting loops containing one or

. . : more Josephson junctions to show that above a threshold
trum is observed(iii) the approximate independence of the

intensitv of the MMA sianal on the mi Brf microwave field, the fluxon state can oscillate at the micro-
Intensity ot the signal on the microwave powertor ——5,q frequency as the sweep field is changed, leading to an
P>P,; (iv) an increase in the peak-to-peak splittifly of

k o : i ) energy exchange with the microwave field. Rubins, Drum-
each line with increasing microwave powév) an increase  pejler, and Trybuld(denoted RDT used a quantum interfer-
in 5H with temperature for a giveR; (vi) the occurrence of  ence model based on the earlier work of Drumheller, Try-
additional sets of lines as either the microwave power ohyla, and Stankowskiin which microwave absorption
temperature is increased. Other features associated Witcurs when the field-dependent critical current of a parallel
single-crystal Y-Ba-Cu-O spectra have been listed by Vichjunction system is exceeded.
ery, Beuneu, and Lejdyhereafter denoted VBL Blazeyet The existence of a periodic spectrum follows naturally
al.' demonstrated the geometrical origin of the line separafrom all of the above models. Three of them give a line
tions by observing a doubling oAH when the crystal separation
cleaved into two halves.

The Josephson junction spectra to be described in this AH=®,/S, 1)
work were obtained from a 3-mm length of 0.0G8ameter
Nb wire, scratched with a razor blade. The MMA signalswhere ¢, is the flux quantum an& is the projected area of
were produced by a Varian E 109 series EPR spectrometer superconducting loop perpendicular to the steady magnetic
operating at 9.3 GHz, with temperatures regulated by an Oxfield. Only in the theory of Blazegt al* does the relevant
ford Instruments “flowthrough” cryostat and temperature area correspond to a single Josephson junction. VBL have
controller. The sample was placed at one end of a cylindricathown from their sample dimensions, that the surface giving
cavity operating in a TE 102 mode in a position of maximumAH could not be that of a single junction. All the models,
magnetic and minimum electric field. The sample could beexcept that of Xia and Stroddequire a microwave power
rotated about a vertical axis, while the external magneti¢hreshold, which has been confirmed experimentadly®
field was fixed in a direction perpendicular to the microwaveThus, in interpreting the data, we shall confine ourselves to
magnetic field at the sample. Many sets of signals were obthe models of VBL(Ref. 5 and RDT®
served at all orientations of the sample with respect to the VBL's superconducting loop model assumes that transi-
steady magnetic field. The sharpest occurred when the 10bns between fluxoid states can occur only when the loop
kHz modulation was adjusted to the lowest available value oturrent reaches a critical magnituge Each transition cor-
5 mOe peak-to-peak amplitude. responds to the entrfor exi) of one flux quantum intgor
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¢ FIG. 2. A plot of 8H vs P*2is shown for the data of Table .
The straight line represents a least-squares fit of the data tGEq.
with a=215 mOe(mW) Y2 andb= —98 mOe.
0.4 Oe
over a field rang&H, which corresponds to the peak-to-peak

splitting of each line. VBL's expression fa¥H is
FIG. 1. Josephson junction spectra near 100 Oe from a scratched

Nb wire are shown at 9.3 GHz and 3.9 K for microwave power SH=2H,—Q/S, (2
values of 0.20 mWcurvea), 0.25 mW(curveb), 0.30 mW(curve ) . . .

c), 0.40 mW curved), 0.60 mW (curvee), and 0.80 mWcurve whereH, is th_e amplitude of the microwave field. The pa-
f). The separationsH andAH are illustrated in curve. The 100  rameter() is given by

kHz modulation field in each case has a peak-to-peak value of 5

mOe. Q=2Li+(;N=1)®,, )

] ) wherelL is the inductance of the loop, assumed to consist of
out of) the Ioop. This flux change produces an instantaneougjike junctions, and, is the critical current. Equatiot®)
emf peak, which alone is too small for detection. Howevergads to a relationship of the form

above a threshold of the microwave field, the system oscil-

lates between two fluxoid states at the microwave frequency, SH=aP24p, (4)

leading to a detectable signal. The signal occurs periodically o ]
wherea and b are constants, an®(«H?) is the applied

TABLE I. Variation of the peak separatiofH with microwave m'Croan? power. . .
powerP for a MMA line from a scratched Nb wire at 3.8 K and 9.3 According to VBL, the microwave powé?" absorbed by

GHz. the loop may be written as
= SH 2 Sa® 12
(mW) (mOe (rad)
0.20 2 0.03 1.0
0.25 9 0.12
0.30 19 0.28 08
0.35 27 0.39 .
0.40 37 0.55 & o6l
045 45 0.65 8
0.50 54 0.78 © oal
0.60 69 1.00 -
0.70 83 121
0.80 94 1.38 021~
0.90 106 155
1.00 117 1.70 0.0
Since the 100 kHz modulation field had a peak-to-peak value of 5 0.0 012 0!4 0‘.6 0!8 1‘.0
mOe, this number was subtracted from the actual readingdof Microwave Power (mW)
to correct for modulation broadening. The errordhl was esti-
mated to be about2 mOe. FIG. 3. A plot of (1-cosSa) vs P, whereSa=wSH/AH. H is

bSa=mwSHIAH, whereAH=(215+5) mOe. shown for the data of Table I.
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FIG. 4. A Josephson junction spectrum in whiéH increases 50 100
in field from line to line is shown for 9.3 GHz and 3.8 K with a 100 Line splitting 8H (mOe)
kHz peak-to-peak modulation field of 5 mOe and a microwave
power of 0.45 mWw. FIG. 5. The peak-to-peak heights vs the peak-to-peak separa-
tions (6H) are shown for the data of Fig. 4. The straight line rep-
P'=«k(, (5) resents a linear least-squares fit of the data points.

o

where k= w®,/27L and w is the microwave frequency.
The EPR spectrometer deteat®/dH, where H is the
slowly varying sweep field. Since the MMA absorptions are

step functions, the magnitude dP’/dH should be propor- g4 in Fig. 1, are given in Table I. Plots 6 versus
tional to P’. Thus, according to Eqs3) and (), the peak-  p12 304 (1 cossa) versusP for these data presented are in

to-peak magnitude of the MMA signal should increase assjgq 5 ang 3, respectively. These show decisively that Eq.
lc INCreases. _ _ (4) is satisfied over the complete range, while appreciable
. RDT use a simple quantum mte.rferom.eter mode contaiNyeyiations from Eq(5) occur for the data at low microwave
ing two parallel Josephson junctions with unequal criticaly, vers indicating the failure of the RDT theory in this case.
currents. The net effect is a total critical curregH), which  1hus we confine our interpretation to the VBL theory.
varies periodically with the applied magnetic fietl Ab- As pointed out by VBL, the effective area of a Josephson
sorption occurs when the effective current produced by the,tion s may be obtained from the magnetic fight),, at
microwave source, which is assumed to be proportional Qpich the first intensity minimum in the envelope of the

the square root of the microwave power, is greater than 1 jiline spectrum occurs, through the relationship
According to this model,

sets of Josephson junction spectra with increasing micro-
wave power, as first observed by Blazetyal?
Data for one member of a set of lines, similar to that

P=Po+k(1—cosda), ©) $=Po/Hmin- ®

whereP is the microwave powel,, is the threshold power, AS might be expected, a wide variety of values fowere
k is a constant, andSa=wSH/AH. For da<1 (ie., OPtained in the present work. At one extreme was a set of

SH<AH), this expression reduces to a linear relationship"”es which were observed from near zero field to above 4.5

between §H)2 andP, i.e., kOe. An apparent intensity minimum near 1.8 kOe would,
according to Eq(8), correspond to a value farof approxi-
(6H)?>=cP+d, (7 mately 0.01 pm)z. At the other extreme were spectra of the
sort shown in Fig. 4, in which there is an appreciable differ-
wherec andd are constants. ence in splitingsH for two neighboring Josephson lines.

It may be seen from Eqs4) and (7), that the measured yere 4 'would be replaced in E48) by the field range of
relationship betweedH andP gives a clear method of dis- 4 spectrum £1.2 08, leading to a value of of roughly
tinguishing between the two theories. Equatidhhas been 14 (,m)2. ’
found to fit measurements in both powder and single-crystal Spectra like those shown in Fig. 4 may be explained by

3,5 H - .
samples of Y—B_a-Cu-é, while Eq. (6) fitted the data for  yhe ypL theory in terms of a critical current which de-
pressed lead pIeces analyzed by RDT. . i creases appreciably with increasing field over a field range of

In our experiments, peak-to-peak Wl_dﬂi%1 and I|n_e less than 1 Oe. Equatiorf®) and (3) show that for a fixed
separationsAH were measured as functions of the MICro- microwave power, decreasing would decrease and

wave powerP. Figure 1 shows a typical set of spectra ob-herefore increaséH provided that)<2H,S. For constant
tained for a field range of about 0.5 Oe centered near 100 Og¢icrowave power, the relationship betwe&H andi, is of
Curvesa—f show how the spectrum changed as the microyne form ’ ¢

wave power was varied from 0.2 to 0.8 mW. No signal was

observed in curve, indicating a threshold powe?,=0.20 SH=m-ni,, 9)
mW. Curveb shows that a sharp signal was observed for

P=0.25 mW. The 7-mOe peak-to-peak width of this signalwherem andn are positive constants. #>2HS, no spec-
was probably an artifact associated with the comparablyrum is observed, as is the case in Fig. 4 for fields below
sized modulation field.Curvesc—e show a monotonic in- 100.1 Oe.

crease of the peak-to-peak splittidd with increasing mi- The peak heights depend on the absorbed poR/er
crowave power, while curvé shows the appearance of new which, from VBL'’s theory, may be written as
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FIG. 6. A portion of a Josephson junction
spectrum with a line separation of about 50 mOe
is shown over a range of about 20 Oe at 4.0 K
and 9.3 GHz with a 100 kHz modulation field of
5 mOe and a microwave power of 0.45 mW.

MMA Signal

Magnetic Field (Oe)

P’ =pi.+q, (10) edges to the envelope are probably related to the passing of
the parametef)(i.), given by Eq.(3), through the value
2H;S [see Eq.(2)].
While spectra of the type shown in Figs. 4 and 6 indicate
P'=C—K&H (11) that further experimental work is needed to unravel the com-

' plexities of the Josephson junction spectra, the present study
whereK=p/n=w®,S/27L is a positive constant and the has shown that the dependence & on the microwave
subscriptd andj refer to theith andjth lines, respectively. power fits the VBL theory for junctions in series rather than
If the peak-to-peak height of the signal is assumed to bghe RDT theory for parallel junctions. On the other hand, the
proportional toP’, then a test of Eq(11) may be made on  gata for the pressed lead pieces fitted RDT's quantum inter-
the MMA data of Fig. 4. The resulting graph, displayed in farometer model. This result agrees with the field depen-
Fig. 5, shows that the data are essentially consistent with Eq4ance of the critical current obtained by Barateal 1! from

(12) an_d VBL's thr(]aory. ‘ h i ¢ __junctions between a niobium film and Y-Ba-Cu-O pellet,
In Fig. 6, we show a set of Josephson lines of separatio hich was characteristic of a quantum interferometer.

AH=50 mOe over a field range of about 20 Qe. Qn th's. In conclusion, we note that théH versusP dependence
scale, the envelope of the spectrum stands out. In Fig. 6, this

: X IS a subtle way of distinguishing between series and parallel
appears as a series of uniformly spaced square-wave funS- h uncii We plan to fabricat les in which
tions with both width and separation of about 3.4 Oe. In osephson junctions. We plan 1o 1abricale samples in whic
interpreting this result, it is important to realize that the en-bo'[h types of behavior are present at the same time.
velope of the Josephson junction spectrum does not give the This work was supported in part by National Science
dependence off; on field directly. While, according to Eq. Foundation Grant No. DMR 9310967.

(10), the absorbed power varies linearly with, the sharp

wherep is a positive constant. Thus, Eq9) and (10) may
be combined to give
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