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The results are presented of the measurements of local magnetic fields on the surfaces of
Nb-Zr (60—40 wt.%) superconductors subjected to an external magnetic field of = 3000 Oe.
The experiments showed that the value of the local field depended considerably on the magne-
tization conditions in the superconductor. The local field is evidently the field of the currents
induced in the superconductor by a varying external magnetic field.

IN 1962—63, it was discoveredt!s2] that the ab-
sorption of microwave energy in a Nb-Zr super-
conductor exhibits, in the presence of an external
magnetic field, a number of features which are
characteristic only of the superconducting state.
It was pointed out that these features were evi-
dently associated with the magnetic properties of
the superconductor surface.

In the present paper we report the results of an
investigation of the local magnetic field on the sur-
face of a Nb-Zr superconductor in the mixed state,
i.e., in an external magnetic field whose value was
between Hg; and Hgy. 3! To measure the local field,
we used the position of the electron paramagnetic
resonance (EPR) line of diphenyl picryl hydrazyl
(DPPH), relative to the external magnetic field
magnetizing the superconductor.[‘ﬂ As is known,
the EPR signal is observed in a magnetic field,
whose value is constant for a given paramagnet, at
a definite microwave frequency. This field is known
as the resonance field. Usually, the resonance
value of the field is equal to the applied external
field. However, if a grain of DPPH is placed on the
surface of a superconductor, the applied external
field needed to produce the EPR signal differs from
the resonance field by the value of the local field
at the given point on the superconductor surface.[4]
By measuring the applied external field and sub-
tracting from it the resonance field (having deter-

Local field, Oe

calcu-
lation

§/d experiment

0,017 | 169.040.5 43.0
0.104 | 174,5+0,5 | 240.0
0.156 | 189,8+0,5 | 322,0
0.180 | 270,0+£0.5 | 390.0

mined it, in particular, above the temperature of
the transition of Nb-Zr to the superconducting
state), we can determine Hige = Hext = Hyeg-

To observe the EPR signal, we placed the field
detector—a grain of DPPH—and the superconductor
sample in a microwave (= 9200 Mc) resonator.
Therefore, it was possible to investigate in the
same experiment both the local field on the super-
conductor’s surface and the high-frequency proper-
ties of the superconductor itself in a magnetic
field.

In the present investigation, the local fields were
measured on Nb-Zr (60—40 wt.%) samples which
did not exhibit intrinsic microwave energy absorp-
tion in a magnetic field up to 4000 Oe. The meas-
urements were carried out at the frequency of
~ 9200 Mc at temperatures of 4.2°K and T > T,
(i.e., above the critical value). The Nb-Zr samples
were in the form of disks 7.3 mm in diameter and
0.12—1.36 mm thick (the ratio of the thickness 0
to the diameter d is given in the first column of the
table). The disk formed the central part of the
bottom of a rectangular resonator. During the ex-
periments, the sample could be rotated about an
axis passing through its center and perpendicular
to the bottom of the resonator.

One or several DPPH grains, having a volume
of 4 x 1073—5 x 1072 mm?®, were used as the field
detectors. They were attached to the surface of the
disk. The external magnetic field was directed
parallel to the plane of the disk and measured with
a proton resonance meter type IMI-2.

The experiments showed that the values of the
local field and the form of the EPR line, which
gave qualitative information on the degree of uni-
formity of the local field, depended strongly on the
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conditions of magnetization of the superconductor.

We measured the local fields for all the samples
when they were cooled to 4.2°K in the absence of
an external field and then the magnetic field was
increased gradually until the EPR signal appeared.
The values of the local field are listed in the second
column of the table. The EPR signal half-width was
within the limits 10—14 Oe, and the area bounded
by the signal indicated that the field on the sample
surface was sufficiently uniform to observe an EPR
signal from the greater part of the detector volume
(90—95%).

It was interesting to compare the observed
values of the local field with Hjy calculated for
ideal diamagnetic ellipsoids of revolution with the
same ratio of the major and minor semiaxes (the
third column of the table). As expected, there was
no agreement and the greatest difference (169.0 Oe
instead of 43 Oe) was observed for the thinnest
sample.

It was found that the local field appearing on the
surface extended considerably into the space above
the surface. The EPR signal was measured with a
detector placed on a thin mica plate at various
heights above the surface of a sample 0.12 mm
thick. At a height of 1.59 mm, the local field was
still 40 Oe and the EPR signal half-width was 5.5
Oe.

Next, we investigated the dependence of the local
field on the external magnetic field in which the
sample was cooled. Then, at 4.2°K, the external
field was varied until an EPR signal appeared. The
results are shown in Fig. 1. The abscissa gives
the value of the external magnetic field in which
the Nb-Zr sample was cooled. The ordinate gives
Hjoes i.€., the difference between the applied ex-
ternal field and the resonance field.

Three points are worth noting. First, when a
sample was cooled in a field Hgxt = Hpeg the EPR

I'iloc = Hext — Hres, Oe
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FIG. 1. Dependence of the local field on the surface of
Nb—Zr on the external magnetic field in which the sample was
cooled to 4.2°K.
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line was neither displaced with respect to the ex-
ternal field nor did its half-width increase, i.e.,
the local field was in this case very nearly equal

to zero. This could be explained by assuming that
the magnetic field penetrated completely the super-
conductor, although its value was far from Hg,

(70 kOe). A similar effect of field penetration into
a sample cooled in a field was observed by
LeBlanc[5], who measured the magnetic moment
of a coil made of Nb-Zr (75—25 wt.%) wire.

Secondly, when a sample was cooled in an ex-
ternal field higher or lower than the resonance
value, the local field had different signs. Obviously,
the change in the sign was associated with the fact
that after cooling the sample to 4.2°K the external
field in the former case was reduced to produce
an EPR signal, while in the remaining cases this
field was increased.

Thirdly, there was no marked deviation of the
dependence given in Fig. 1 from linearity both in
the cases of cooling in fields up to Hgy and in the
cases of cooling in fields > Hg;.

Thus, the experiments showed that the local
field was evidently the field of the currents induced
in the superconductor by a varying external mag-
netic field.

Later experiments established that the depen-
dence of the local field on the change in the external
field was not single-valued, but was governed by
previous magnetization cycles.

After several sweeps of the external magnetic
field from zero to the appearance of an EPR sig-
nal, the value of the local field changed by 5—20 Oe
in various samples.

When the magnetization was reversed, the local
field changed by 100 Oe or more. At the same
time, the EPR line was frequently split into two,
within the scan limits (35—50 Oe). If several de-
tectors were placed on a sample, the values of
Hjoc for each of them changed by different amounts
after the magnetization reversal, although during
the initial external field sweep the local fields in-
dicated by different detectors were identical.

The local field varied when a sample was rota-
ted in a magnetic field and this variation was not
single-valued. After the first appearance of an
EPR signal a sample of Nb-Zr was rotated about
an axis perpendicular to its plane and the external
magnetic field was adjusted so that the EPR signal
was always observed. Figure 2 shows the data ob-
tained in one such experiment. After considerable
rotation of the sample in the external field (this
part of the curve is denoted by I) there was no
marked change in the local field. The half-width
of the signal also remained approximately constant.
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FIG. 2. Dependence of the local field on the angle of rota-
tion of the sample along the azimuth in the external magnetic
field corresponding to the appearance of an EPR signal.

Then, the signal rapidly broadened and disappeared
on rotation through an angle of 10°. No EPR signal
was observed at larger angles although the external
magnetic field for each of those angles was swept
from 2800 to 3800 Oe. The EPR signal reappeared
(part II of the curve) on rotation through an angle «
larger than 360°. The dependence of the local field
on the angle of rotation was sinusoidal with an am-
plitude amounting to a considerable fraction of

Hj .- Sharp discontinuities in the local field de-
pendence on the angle rotation were observed.
When the value of the local field passed through
zero (H. o = Hgyt) the half-width of the EPR sig-
nal was several times greater than the half-width
in the absence of a superconductor (10—12 Oe in-
stead of 3 Oe). Further rotation caused the EPR
signal to disappear again.

Thus, beginning from a certain moment, a con-
siderable fraction of the local field seems to be
rigidly attached to the sample; we may assume that
this is due to the presence of centers in the lattice
which maintain induced currents of definite orien-
tation.[8J Such centers may be various structure
defects, which appear when the samples are mech-
anically deformed during preparation.
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Thus, the properties of the local field on the
surface of an Nb-Zr superconductor reflect the
properties of currents within the superconductor,
which appear due to variation in the external mag-
netic field. When the orientation of these currents
changes relative to the external magnetic field, the
currents become redistributed and concentrate at
various defects in the superconductor structure.
The properties of real defective (i.e., multifila-
ment) superconductors of type II may thus differ
considerably from the theoretically predicted
properties of type II superconductors.

The relationship between the local surface fields
and the high-frequency properties of a supercon-
ductor requires further studies. However, if we
compare the absence of induced currents under the
conditions of complete penetration by the field,
i.e., when an Nb-Zr sample is cooled in a magnetic
field, with the absence of high-frequency anomalies
under the same conditions,“’ﬂ we may assume a
direct relationship between these effects.

The authors are grateful to A. V. Kogan for his
interest in this work and for discussing the results,
and to N. N. Lebedev and I. P. Skal’skaya for solv-
ing the problem of the distribution of a magnetic
field on the surface of an ellipsoid.

!Kolchin, Krivko, and Reinov, JETP 44, 53
(1963), Soviet Phys. JETP 17, 37 (1963).

2N. I. Krivko, ZhTF 34, 1337 (1964), Soviet
Phys. Tech. Phys. 9, in press.

3A. A. Abrikosov, JETP 32, 1442 (1957), Soviet
Phys. JETP 5, 1174 (1957).

4N. I. Krivko, ZhTF (in press).

M. A. R. LeBlanc, Phys. Rev. Letters 11, 149
(1963).

§C. P. Bean, Revs. Modern Phys. 36, 31 (1964).

Translated by A. Tybulewicz
95



