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The rotation of a superconducting sample in a fixed field H, starting in a hysteretic state, is known to
produce a bifurcation of the vortex-flux density into a trapped rotational component By, which turns
rigidly with the sample, and a frictional component By, which stays fixed relative to H, reflecting the
effects of vortex pinning and unpinning. Our rotational magnetic measurements on polycrystalline
(Ba,K)BiO; at 4.2 K now show that both By and By and their changes with H are the same for starting
states on different branches of a major hysteresis loop. Moreover, for starting states after zero-field cool-
ing, we find that By is zero for all H but that B rises at H,, and rapidly joins the By values for the hys-
teretic starting states at higher H. Hence, regardless of the magnetic history before sample rotation, the
frictional component B depends essentially only on H (at fixed temperature) and thus equilibrates with

the magnetic environment.

For intrinsic as well as technological reasons, the pin-
ning of vortex lines in a type-II superconductor continues
to be of considerable active interest. Experimentally, via
the use of critical-state models,! ~3 the strength of the
vortex pinning in various materials has typically been
determined from the width of magnetic hysteresis loops*
and from the time dependence (or creep) of the vortex
flux.> A more direct alternative method is provided by
measurements of the magnetization vector (M) of a sam-
ple disk that is rotated about its axis in a fixed magnetic
field (H) applied parallel to the plane of the disk. Rota-
tional magnetization-vector (RMV) measurements were
originally carried out in our laboratory® on polycrystal-
line Nb and YBa,Cu;0; samples rotated at 4.2 K in a
moderately high H, and they showed that the magnetic
flux density B turns by some small angle relative to H,
where it remains as the sample continues to rotate. Since
B derives exclusively from the vortex flux,® this behavior
evidences a frictional torque exerted on the vortices by
the rotating sample via a sequential unpinning-repinning
process. Moreover, the magnitude and orientation of the
frictional B were found to be the same for the same H, in-
dependent of the thermomagnetic history of the sample
before rotation.

The RMV measurements on the YBa,Cu;0, sample
were subsequently extended to lower fields,” where it was
observed that the vortex-flux density consists not only of
a frictional component B, but also of a component By
that rotates rigidly with the sample and may therefore be
regarded as a trapped component. This directional bifur-
cation of B and its variations with H were shown to be
consistent with a distribution in the strength of the vor-
tex pinning forces. However, this latter work was limited
to the field-cooled state of the sample, and the two com-
ponents of the bifurcated B were not determined explicit-
ly.

We have recently investigated the RMYV properties of a
thin polycrystalline disk of Bag 575K 4,5sBiO; in various
magnetic states before rotation. The small magnetic an-
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isotropy of this cubic perovskite-structured compound?®
(with T,=~30 K) makes it fairly ideal for this type of
study. Our initial RMV measurements’ on this
(Ba,K)BiO; sample at 4.2 K revealed a directional bifur-
cation of B that is qualitatively very similar to that seen
earlier in YBa,Cu;0;,. We have proceeded with this
RMYV study in detail and, as reported in this paper, our
results show that By and By, the frictional and rotational
components of B, and their separate dependencies on H
are essentially identical for starting states on different
branches of a major hysteresis loop. Moreover, when
these results are combined with those obtained after
zero-field cooling, they demonstrate that B, versus H
(above H_,) is totally independent of the starting state of
the sample.

For our (Ba,K)BiO; sample at 4.2 K, the magnetization
M versus H is plotted in Fig. 1(a) and contains the initial
zero-field-cooled (ZFC) curve and the central portions of
the upper and lower branches (UHB and LHB) of the
hysteresis loop obtained by cycling H between +14 kQe;
the demagnetization correction of H is negligibly small.
In Fig. 1(b), the same data have been converted to a plot
of flux density B(=4wM + H) versus H. As previous ro-
tational experiments have confirmed,® this conversion
corresponds to a consistent correction of M for its di-
amagnetic shielding component (—H /4w), so that B
represents exclusively the vortex-flux density, whose
behavior we have studied upon subsequent sample rota-
tion.

In our rotational experiments, we made use of a cryo-
genic vibrating-sample magnetometer system with two
sets of pickup coils mounted in quadrature,® which al-
lowed us to measure simultaneously the components of
M parallel and perpendicular to the fixed H in the plane
of the sample disk which is rotated about its axis. The
data were then converted to B; and By, the longitudinal
and transverse components of B relative to H. In Fig. 2,
our results for B; and Br are plotted against each other
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for the sample in UHB and LHB starting states at
H =0.25 kOe. The points in these polar plots represent
the ends of B vectors emanating from the origin, which
shift in direction as the sample is rotated clockwise from
6=0 to 360° and then counterclockwise back to 6=0 rel-
ative to the fixed H; the points are marked at 6 intervals
of 180°. The initial point at 8=0 is strongly positive in
the UHB case and negative in the LHB case, correspond-
ing to the opposite polarities of B on the two hysteresis-
loop branches at this low field [see Fig. 1(b)]. Neverthe-
less, in the two cases, after an initial transient interval ex-
tending up to 8= 180°, the points begin to fall on circles
of nearly equal radius with their centers positioned very
similarly. Then, for the reverse sample rotations, again
after an initial transient interval, the points describe cir-
cles of comparable size but whose centers are located
symmetrically on the other side of the B; (or H) axis.

The circles defined by the polar plots in Fig. 2 show
that in the rotational steady state the B vector consists of
a trapped rotational component By, whose size equals
the circle radius, and a frictional component B, whose
size equals the displacement of the circle center from the
origin. What is striking is that By and B are each close
to the same magnitude for the two different starting
states. The fact that B is opposite in polarity in the two
cases presumably reflects the persistence of strongly
pinned vortices created near the positive and negative
high-field end points of the major loop.
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FIG. 1. (Ba,K)BiO; at 4.2 K. (a) Magnetization M and (b)
flux density B versus field H for upper and lower hysteresis-loop
branches (UHB and LHB) and for zero-field cooling (ZFC).
Open circles represent UHB and LHB starting states for rota-
tional measurements at H =0.25 kOe (see Fig. 2).
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FIG. 2. (Ba,K)BiO; at 4.2 K. Polar plots of B, versus B
(longitudinal and transverse components of B relative to H) for
UHB and LHB starting states at H=0.25 kOe. Closed and
open circled points are for increasing and decreasing sample-
rotation angle, respectively, labeled at intervals of 180°. Centers
of fitted circles are indicated by + signs.
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FIG. 3. (Ba,K)BiO; at 4.2 K. Rotational and frictional com-
ponents of B (B and By) versus field H for UHB, LHB, and
ZFC starting states (represented by dashed curves of B versus
H). Line for B =H is shown as short dashed.
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The RMV measurements were repeated for UHB and
LHB starting states at various fields between zero and 0.5
kOe, for which qualitatively similar polar plots of the B
vector were obtained. Our results for the By and Bjp
components are plotted versus H in Fig. 3. In both the
UHB and LHB cases, By decreases in magnitude mono-
tonically with increasing H, starting from the remanence
values of opposite polarity at zero H. The absolute
values of By in the two cases are essentially equal at all
fields. Moreover, the close rotational similarity between
the two cases also includes the values of Bp—which, in
both cases, rise very slowly and then more rapidly with
increasing H, lying consistently between the UHB and
LHB starting-state curves (shown dashed in Fig. 3) and
below the B =H line. Thus, despite the large differences
between the starting states on the two branches of the
major loop, the basic rotational properties represented by
By and By are remarkably the same.

However, since By goes to the remanence value at zero
H, the agreement between its values at various H pertains
specifically to the two branches of the same hysteresis
loop. This is borne out by our RMV measurements for
starting states on the initial ZFC curve (shown dashed in
Fig. 3), where we find that By is zero at all fields, even
above H_, (~0.08 kOe), which indicates that all the vor-
tices produced by low fields after zero-field cooling are
pinned rather weakly. Consequently, in this ZFC case,
there is only a frictional component Bj, and this com-
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ponent rises from zero at H,; and rapidly joins up with
the By values for the UHB and LHB cases at higher
fields, as shown in Fig. 3. Thus, it is the magnitude of By
that behaves almost universally for a variety of starting
states at the same H. Indeed, the fact that By depends
only on H, regardless of the magnetic history before rota-
tion, indicates that in the rotational steady state the fric-
tional component of the vortex-flux density equilibrates
with the magnetic (and thermal) environment and, hence,
is probably located in regions adjacent to the external
surfaces of the sample.

Over the same range of fields at 4.2 K, the angle 6 be-
tween By and H is ~30° at a broad maximum centered at
~0.25 kOe and then descends to ~20° at 0.5 kOe. Cor-
respondingly, the frictional torque H¢, sinf; on each
vortex line (of quantized flux ¢,) continues to rise to a
peak near 0.5 kOe before diminishing very slowly at
higher fields. The field dependence of the frictional
(vortex-pinning) torque, which has been an important
consideration within the critical-state model,’ is currently
being investigated as a function of temperature in this
and other superconducting materials.
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