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The fluxoid quantization condition for a thin superconducting cylinder causes a change
in the order parameter to result in a change in the frozen-in magnetic flux. By meas-
uring with a SQUID the change in magnetic flux for a superconducting aluminum cylinder
under microwave irradiation it is found that the order parameter increases as a function
of the microwave power. Order-parameter changes with changing temperature are ob-
served also, and they are in agreement with theoretical expectations for a dirty super-

conductor.

PACS numbers: 74.30.Gn, 73.60.Ka

Nonequilibrium phenomena in superconductors
have been the subject of much research in the
last few years.! Microwave-induced enhanced
superconductivity is one of the properties which
has been investigated. Most observations con-
cern the increase of the critical current in super-
conducting weak-link structures?*® or in thin
film strips*'® by microwave irradiation. The
existing theories®*” account for an increase of
the energy gap of a superconductor under micro-
wave irradiation due to the redistribution of the
quasiparticles away from the gap edge.

A direct observation of gap enhancement was
reported by Kommers and Clarke,® who measured
the change in I-V characteristics in supercon-
ducting Al tunnel junctions under microwave irra-
diation. More recently Dahlberg, Orbach, and
Schuller® reported on similar experiments. How-
ever, they did not observe a gap enhancement in
their tunnel junctions on microwave irradiation,
whereas they did simultaneously find a critical-
current increase in the superconducting strips
forming the tunnel contact.

In this Letter we present measurements which
demonstrate the enhancement of the superconduct-
ing order parameter, which is directly related
to the energy gap. In a thin Al layer evaporated
on the surface of a glass tube, a magnetic flux
was frozen in. Because of the fluxoid quantiza-
tion condition a change in the order parameter
resulted in a change in the magnetic flux in the
cylinder, which was observed with a pickup coil
around the cylinder. In this way we measured
order-parameter variations caused by microwave
irradiation and by temperature variations as
well. This measuring principle had been used
previously by Mercereau and Crane!? in order to
observe temperature variations in a supercon-
ducting cylinder caused by second-sound waves
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in the liquid helium, in which the cylinder was
immersed.

The principle of the measurements relies on
the well-known fluxoid quantization condition for
a closed contour C through a superconductor:

m jeas
e A

where ®=$,A°d§ is the magnetic flux through
the surface enclosed by C, m the effective mass
of an electron, e the elementary charge, j the
superconducting current density, ¥ the order pa-
rameter, ®=%/2¢ the elementary flux quantum,
and z an integer.

For a superconducting cylinder of radius 7
and thickness d which is small compared to the
penetration depth X =m/(4e*|y 121 ), Eq. (1) be-
comes

®+2mmr j/(2e)? 1Y 12 =nd,. (2)
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Using the relation for a long cylinder,
d=p jdmr?, &)

we obtain up to first order in the small param-
eter 0&/® (see Fig. 2) the following relation be-
tween a small change in the order parameter and
the resulting small change 0% in the flux:
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If the temperature 7T is close to the critical tem-
perature T, a change in the order parameter
caused by a temperature variation can be calcu-
lated using the relation between ¥ and the super-
conducting energy gap A for a dirty supercon-
ductor®!:

¥ =[mmop IN(0)/ 127k 5 T,12A. (5)

In this equation, v is the average Fermi ve-
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locity, I the mean free path, and N(0) the density
of states for one spin direction at the Fermi
level. The temperature dependence of A follows
from the BCS theory and is given, close to 7,

by

a=r[8/7¢(3) 2k T,(1 - T/ T2, (6)
Combining Eqgs. (4)~(6), we find
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The sample on which the measurements were
performed consisted of an Al layer evaporated
on a 0.8-mm-diam glass tube. Within this tube
we mounted a copper wire of a thickness such
that it formed, with the Al cylinder, a 50-Q co-
axial system. This system was connected to a
microwave source outside the Dewar by means
of a microwave cable. In this way it was possi-
ble to induce microwave currents in the Al cy-
linder. An advantage of the setup was the circu-
lar geometry in which edge effects could not play
a complicating role. In order to be able to detect
flux changes in the Al cylinder a Nb-wire coil
was wound around the cylinder with 150 windings
on a length of 13 mm. This coil was connected
to the input of a SHE-SQUID system (input induc-
tance 2 uH, mutual inductance to SQUID ring 20
nH). The superconducting path between the Nb
pickup coil and the SQUID could be disconnected
by heating a small part of the connecting wires
to above the critical temperature. The sample
with pickup coil was mounted in another coil with
which an external magnetic field could be applied
parallel to the axis of the cylinder. The whole
setup was protected against external magnetic
field variations by a superconducting lead shield
and was immersed in a temperature-regulated
helium bath.

The measurements which will be reported were
made on a sample with a 50-nm-thick Al layer.
The resistance ratio between the room tempera-
ture and the helium-bath temperature of this lay-
er was measured to be 2.4. The sheet resistance
at T, turned out to be 0.15 €.

The measurements start with freezing in of a
flux. Above T, an external magnetic field is ap-
plied, with the pickup coil disconnected. The
sample is then cooled to a temperature below 7,
the external field is switched off, and the super-
conducting connection between pickup coil and
SQUID is reestablished.

When the temperature is now lowered further,
the order-parameter change causes a flux change
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which results in a SQUID signal. In Fig. 1, curve
a, the recorded SQUID output is given as a func-
tion of the resistance value of a temperature-cal-
ibrated Allen Bradley resistor.!? The corre-
sponding temperature scale is indicated. For this
particular curve the magnetic flux was frozen in
at 1.265 K. After the recording of curve a the
temperature was again made equal to 1.265 K and
now the SQUID output was recorded at a fixed
temperature as a function of power delivered by
the microwave source. For a frequency of 9

GHz the result is given in Fig. 1, curve b. I is
clearly seen that application of a microwave po-
wer results in a SQUID output in the same direc-
tion as a temperature decrease. The microwave
irradiation therefore increases the order param-
eter. The value of the flux ® which was frozen

in for this experiment could be determined by
increasing the temperature from 7 =1.265 K to
above T, while simultaneously recording the es-
caping flux with the SQUID. This is shown in
curve ¢ with the sensitivity of the SQUID reduced
by a factor of 10. As soon as the critical temper-
ature 7, =1.296 K is reached the circulating cur-
rent in the cylinder has become zero and the
SQUID output no longer changes with increasing
temperature. We have checked the microwave
irradiation causes no spurious SQUID output sig-
nal above T,. Furthermore, we have checked that
a smaller value of frozen-in flux ® results in a
proportionally smaller signal when the tempera-
ture is lowered or when microwaves are applied,
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FIG. 1. Recorded output signals from the SQUID:
Curve a, a function of the Allen Bradley resistance
value R for decreasing temperature. Curved, a
function of 9-GHz microwave power P delivered by
the source for a fixed temperature 7' = 1.265 K.
Curve ¢, a function of T for increasing temperature.
The sensitivity of the SQUID is made a factor of 10
smaller. The discontinuities are due to the automatic
resetting of the SQUID. The temperature scale cor-
responding to the R values is indicated.
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FIG. 2. The relative change in flux 6&/® as a func-
tion of 7, /(T, —T) corresponding to curve a in Fig.
1. The broken straight line has a slope of 4.0x 1074,

whereas reversal of the sign of ® results in re-
versal of the slope of curves a, b, and c.

In Fig. 2 we have plotted the measured flux
change 6% of curve a in Fig. 1 divided by the total
flux ® determined from curve c as a function of
T./(T,-T). This results in a straight line for
large values of T,/(T, - T), in agreement with
Eq. (7), which is valid for T close to 7,. Only
for temperatures for which 7, /(T,-T) <15 is a
small deviation from linearity seen to exist. The
slope of the straight line is measured to be 4.0
x10%,

From Eq. (7) we calculate a slope of 3.5%10%
For this calculation we used vy =1.29%X10% m/
sec,® d =50 nm, 7 =0.40 mm, N(0) =1.1x10%
m~3J"! (derived from the specific-heat constant
y =5,04X1072 Jkg"*K"?), I =37 nm [derived from
the resistance ratio 2.4 and the room-tempera-
ture value of 7 =15.5 nm (Ref. 13)], and 7, =1.296
K. The calculated and measured values of the
slope in Fig. 2 are therefore in good agreement.

The experiments which we described have been
repeated for a number of other temperatures
and different values of frozen-in flux . The be-
havior was always similar and the slope of the
straight lines like those given in Fig. 2 was re-
producible to within + 10%.

To illustrate the temperature dependence of
the microwave enhancement of the order param-
eter we have plotted in Fig. 3 the result of mea-
surements of the relative increase of the order
parameter when a relatively low microwave pow-
er of 3 mW is applied to the coaxial cable as a
function of T,/(T, - T). The value of 83/¢ is cal-
culated from the measured SQUID-output change
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FIG. 3. Relative increase of the order parameter
&/Y as a function of T, /(T, —T) when a 9-GHz micro-
wave power P of 3 mW is delivered by the source.

when the microwaves are switched on. For cal-
ibration of the SQUID output versus change in the
order parameter the temperature variation of the
SQUID output and the theoretically known depend-
ence of Y on T as given by Eqgs. (5) and (6) are
used. The best-fitted straight line through the
measured points of Fig. 3 has a slope 1.3, We
therefore measure a steeper dependence of 6y/¢
on T,/(T, - T) than the linear dependence pre-
dicted by Eliashberg’s theory.®

We have also measured the critical current of
the Al cylinder under microwave irradiation,

We did observe a critical-current increase for
the same microwave power range with which an
order-parameter increase was observed. How-
ever, the critical-current density not being uni-
form due to inhomogeneities in the film prevent-
ed us from making a quantitative comparison
between critical-current and order-parameter
increases.

The conclusion to be drawn from the described
measurements is that it is shown in a direct way
that microwave irradiation increases the order
parameter in a superconducting Al film. As the
measurements are based on a principle different
from tunnel-junction measurements they give an
independent confirmation of microwave-gap en-
hancement, relying on the proportionality be-
tween order parameter and gap as expressed in
Eq. (5).

IFor a recent review see M. Tinkham, in Festkorper -
probleme (Vieweg, Braunschweig, 1979), Vol. 29,
p. 363.
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Fluxoid Pinning by Small Nitride Precipitates in Niobium
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The magnetic hysteresis of superconducting niobium single crystals containing ~80-A-
diam nitride precipitates was investigated. Introducing precipitates into the samples pro-
duced no significant change in the critical-current density J, except near the critical

fields H,; and H,,.
J, within 3% of H,,.

The samples trapped flux below H,; and exhibited dramatic peaks in
These observations are interpreted as clear evidence of a threshold

for fluxoid pinning, and reasonable agreement with theory is obtained.

PACS numbers: 74.60.Ge

In spite of an intense research effort since the
early 1960’s, the fundamental understanding of
fluxoid pinning by crystal defects in type-II super-
conductors remains incomplete. Although a num-
ber of attempts have been made to characterize
the defect structure of a material and calculate
its critical-current density, in most cases the
theoretical value differs from the measured one
by several orders of magnitude. Moreover, in
contrast to experimental evidence, the theory of
the statistical summation of the elementary inter-
actions between fluxoids and defects implies that
the interaction strength must be larger than a
critical value before the defect can contribute to
the critical-current density. This feature of the
theory is known as the threshold effect.

Recently, attempts have been made to ascertain
at what stage our understanding of fluxoid pinning
breaks down. The absence of an experimental
observation of the threshold effect and other evi-
dence strongly suggests that the theory of the
statistical summation of the elementary interac-
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tions is at fault.»? However, the presence of sev-
eral types of defects in most samples investigat-
ed to date obscures the interpretation of the ex-
perimental results. Here, we report the observa-
tion of the threshold effect approximately under
the conditions specified by currently available
theory.

We doped several single crystals of niobium
with nitrogen to concentrations up to 0.1 at.%.
A portion of the interstitial nitrogen absorbed at
high temperature apparently formed small Nb,N
precipitates upon cooling. Throughout most of
the mixed state, dc and ac magnetization meas-
urements showed that the critical-current density
in all the samples was comparable to that of the
most reversible samples which we have investi-
gated or have seen reported, and it did not change
significantly upon doping with nitrogen. However,
the dc magnetization measurements revealed a
large increase in magnetic hysteresis near the
lower critical field H_, with doping. Indeed, the
more heavily doped samples trapped flux when
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