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FIG. 1. Temperature dependence of the vortex-core
parameter. The points are the indicated experimental
results. The solid line is the result of the quasithermo-
dynamic theory. The dashed continuation of this line
only indicates that the core parameter increases for
higher temperatures.

tities. Inserting these we get
r' = 0.31'/(7. —T) (x in angstroms).

The core radius is then defined by finding an r
for which v = PT T. his gives

r.' = 0.31P/(p —1).
In this region r, is independent of temperature.

Figure 1 gives a comparison of the experimen-
tal results of Glaberson and Steingart with our
result for r, . It can be seen that the experi-
ments agree well with the results of the ther-
modynamic picture in the temperature domain
below 0.5 K. ' To achieve this fit a value of P
= 1.23 was used.

As pointed out in Ref. 2 there is good qualita-
tive agreement with the thermodynamic picture
over a wide range of temperatures up to the X

point. The work of Glaberson and Steingart
seems to give good quantitative agreement in the
low-temperature domain.
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the U. S. Department of Defense (Themis Pro-
gram) and by a grant from the National Science
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The anisotropy of the upper critical field &,2 of a noncubic superconductor was studied
for the first time. A torque magnetometer was used to detect H~2 between 2 and 7 K as a
function of orientation in a small single crystal of technetium. The relative anisotropy
of 8,&

consists of a large temperature-independent and possibly a small temperature-de-
pendent part. The temperature-independent contribution can be attributed to the anisot-
ropy of the effective mass.

A number of experimental investigations' '
have established that the upper critical field H„
of several cubic type-II superconductors is aniso-
tropic. Hohenberg and Werthamer' have shown

that this anisotropy can be attributed to the first
nonlocal corrections to the Ginsburg-Landau-
Abrikosov-Gor'kov (GLAG) theory. This type of
anisotropy is expected to decrease with increas-
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ing temperature and to vanish at the transition
temperature T, .' '

Earlier generalizations of the GLAG theory in-
corporate an anisotropy of the normal metal Fer-
mi surface' ' and predict a temperature-indepen-
dent relative anisotropy of H~ in noncubic mate-
rials. "Magnetization measurements" on two
differently oriented hexagonal Tc" single crys-
tals containing tungsten and carbon impurities in-
dicated that H~ might be appreciably anisotropic.
In this Letter we will describe the anisotropy of
H~ in a small Tc~~ sample. A torque magnetome-
ter was used to determine H~ as a function of
orientation.

We obtained Tc" powder from the Isotopes Di-
vision of the Oak Ridge National Laboratory.
Compaction and melting have been described pre-
viously. " In the present case the hydrogen an-
neal was shorter; and, in the final step, ingots
of 3.2 mm diam and 30 mm length were drop
cast. These could be used directly to grow a sin-
gle crystal in an electron-beam zone refiner. "
Two small pieces of the crystal were used for
chemical analysis. The results show that this
material is much purer than that used in the pre-
vious studies. ' Main impurities are 280 ppm Ta
and 800 ppm C. A cylindrical sample of 3 mm
diam and 3 mm length with the [10TO] orientation
along the axis was spark machined from the crys-
tal, electropolished, "coated with GE 7031 var-
nish, and placed on a self-compensating torque
magnetometer. " If a homogeneous magnetic field
H acts in the (1070) plane of the hexagonal crys-
tal, the torque observed in the [10IO] direction
will be" D =0.5mH'(g, —X,) sin2&, where y, (y, )
is the susceptibility along the [1210] ([0001])di-
rection, 8 is the angle between the field and
[1210], and m is the sample mass. Hence in the
normal paramagnetic state the torque will be pro-
portional to H' at a fixed angle 0. In an aniso-
tropic type-II superconductor, a torque is expect-

Ied for 8c &nw (n = 0, 1, ~ ~ ) as soon as magnetic
flux penetrates. The detailed field dependence of
the torque is complicated by demagnetizing ef-
fects and will not be discussed further in this
context. Bulk superconductivity ceases to exist
at H~ for a particular orientation and the torque-
versus-H curve will start to follow the normal
H' relationship at higher fields.

Temperatures were kept constant to +0.01 K
(except at 2'K, and there to +0.06'K) and mea-
sured with an accuracy of 0.01'K. The external
field was swept at a constant rate using a Varian
field dial controller. The sweep rate was kept to
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FIG. 1. (a) Torque D as a function of magnetic field
H as recorded for a technetium single crystal in in-
creasing and decreasing fields. 8 is the angle between
basal plane and field direction. {b) The upper critical
field H~q for technetium as a function of cos28 where 8
is the angle between the basal plane and magnetic field
at different temperatures.

-0.5

below 1 kOe/min in order to eliminate rate ef-
fects of flux penetration. The torque as a func-
tion of magnetic field was recorded directly on
an x-y recorder. A typical curve for ascending
and descending field is shown in Fig. 1(a). The
resolution in H was usually +10 Oe. The torque
below H~ is several orders of magnitude larger
than in the normal state so that in the field range
shown in Fig. 1(a) the normal state behavior is
represented by a horizontal line. For angles ~

more than 4' off the symmetry orientations (8=0
and 9 = 90'), H„could reproducibly (~ 1/p) be de-
fined as indicated in Fig. 1(a). The average be-

305



VOLUME 27, NUMBER 6 PHYSICA L REVIE%' LETTERS 9 AUGUsr 1971

tween the values found in ascending and descend-
ing fields was taken as H~ at a particular angle.
Data were obtained for a large number of angles
8 and ~ —0 at 7, 6, 5.2, 4.4, and 2.0 K. No data
were taken at higher temperatures since the sig-
nal becomes more spurious when T, is approached.
Figure 1(b) shows that at all five temperatures
H~(8) as a function of cos28 follows a straight
line within 1/o if the values for 0'~ 8 ~ 4' and 86'
- 0-90 are excluded. There may be some devia-
tions from the cos2~ dependence at these angles,
but no conclusive results can be obtained with the
method employed here because of the uncertain-
ties in the detection of H~ in this narrow range
of orientations. Assuming that the relationship
suggested by Fig. 1(b) holds for all angles, we
can extrapolate to ~ = 0' and 6I = 90' and obtain the
extreme values H„(a) =H~([1210]) and H~(c)
=H, ([0001]).

Experiments on another crystal with a [0001]
axis showed no measurable (1/z) anisotropy in the
basal plane, so that H~ depends only on 8 and
can be written as

H~(8) =H~(a)+EH„sin'8,

with b,H„=H~(c) -H~(a). The average value of
H~ over all orientations, H~, is given by

3H~ =2H~(c)+H~(a).

The values for H~(a), H~(c), H~, and &H~/H~
for the five temperatures are given in Table I.

Figure 2(a) shows H„(a), H„(c), and H~ as
functions of temperature. From this plot the
critical temperature can be estimated to be T,
=7.82+ 0.02'K. The impurity content of the sam-
ple implies that effects from an energy-gap an-
isotropy are removed" and nonlocality effects'
become small. The present results should there-
fore be primarily related to Tilley's expression
for H~ in dirty anisotropic superconductors. 9
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H ~ is given by

H~ = (c ~a ~/e5)(m, m, )' ',

where m, and m, are the principal values of the
effective-mass tensor m;, at right angles to the
field direction, and ~a ~ is an implicit function of
temperature, Fermi energy eF, and (isotropic)
relaxation time T "'.

ln(T, /T ) = 4'(-, + e Fr
~
a ~/mkkT ) —4 (2),

where 0' is the digamma function 1"/I'.
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FIG. 2. (a) Upper critical field of a technetium sin-
gle crystal versus temperature for the magnetic field
parallel, curve c, and perpendicular, curve a, to the
c axis. The dashed line shows the temperature depen-
dence of the average upper critical field, H~2. (b) Rela-
tive anisotropy of the upper critical field, +~2(c)
—Hg2(a)] /a~2, as a function of temperature.

TABLE I. Upper critical fields at different temperatures for a technetium sin-
gle crystal. H 2(a) and H 2(c) are the extrapolated values for the field perpendic-
ular and parallel to the c axis, &H 2 is their difference, and H, z is the average
over all orientations.

H„(a)
(koe)

H (c)
(kOe)

H2
(koe) aa„/H„

2.0
4.4
5.2
6.0
7.0

2.71 + 0.6
1.665 + 0.3%
1.286 + 0.5%
0.905 + 0.8%
0.405+ 1.0%

3.47 + 0.5%
2.085+ 0.2%
1.627 + 0.3%
1.125 + 0.8/p

0.500 + 1.0%

3.22
1.95
1.51
1.05
0.47

0.236 + 0.011
0.216 + 0.006
0.225 + 0.008
0.209 + 0.017
0.203 + 0.022
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The relative anisotropy can be expressed by

2 (
1/2 m 1/2)

1/2 1/2H~ 2~„+ (5)

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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where the 3 axis has been chosen parallel to
[0001], so that the principal values of m;, in a
hexagonal crystal are m„=m» and m».

As evident from Fig. 2(b), a small increase of

the measured AH~/H~ with decreasing tempera-
ture cannot be completely ruled out although it is
possible to draw a horizontal line through the er-
ror bars. This small temperature-dependent
contribution would result from nonlocal effects,
but the extrapolated value /2H~/H~ = 0.21 at T,
is due to the anisotropy of the effective mass.
From Eg. (5) we find m»=1. 55m». This result
will have to be compared with normal state con-
ductivity measurements that are in preparation.

We thank Z. R. McNutt and S. Mihailovich for
their help with the sample preparation.
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High-resolution, divergent-beam x-ray diffraction photographs reveal previously unre-
ported detail in multiple Borrmann (000), (111), (111) reflections undergoing anomalous
transmission through perfect germanium crystals. These have been accounted for satis-
factorily using the plane-wave formulation of the dynamical theory of x-ray diffraction.

The anomalously high transmission of x rays
through perfect crystals set at the exact angle
for Laue diffraction was first reported by Borr-
mann in 1941.' In 1965 Borrmann and Hartwig'
observed that a remarkable additional enhance-
ment of the anomalously transmitted (111) reflec-
tion occurs when either the (11T) or (1H) planes
are brought to diff racting position simultaneously
with the (111)planes. Several investigations of
this multiple Borrmann diffraction phenomenon
have since been reported. ' ' These have been
concerned primarily with Borrmann diffraction

at the exact n-beam setting, i.e., when the crys-
tal is set at the exact angle for simultaneous
Laue diffraction by n sets of planes.

The utilization of high-resolution, divergent
x-ray beam techniques has enabled us to extend
the study of multiple Borrmann diffraction to in-
clude crystal settings immediately adjacent to
the geometrically exact n-beam settings. These
have yielded useful information on details of the
transition from one- or two-beam diffraction to
the n-beam case, and have revealed several in-
teresting and previously unreported features of
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