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Uniaxial superconducting particle in intermediate magnetic Selds
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The problem of an anisotropic uniaxial superconducting particle of a general ellipsoidal form in
the magnetic field Hp such that H, I«Hp«H 2, is considered. It is shown —in agreement with
experimental data —that particles of high-T, materials at T(T, must orient with their c axis
normal to the applied field. The torque acting on a particle is evaluated and shown to be in-
dependent of the ellipsoid shape. The torque is associated with the magnetization component per-
pendicular to the field direction.

All known high-T, superconductors are strongly aniso-
tropic. Although most of them are orthorhombic, the an-
isotropy between the c crystal direction (long side of the
primitive cell) and either i or b (in the Cu-0 plane) is
much larger than a relatively small "in-plane" anisotropy.
Therefore, to describe major anisotropy eff'ects, one can
consider these materials as being uniaxial. It was ob-
served in studies of the behavior of fine powders in a mag-
netic field, that in the superconducting state (T & T, ) the
particles orient so that their c axis is normal to the exter-
nal field Ho. '2 [In the normal phase (T) T, ) the c axes
align parallel to H0. 3 This effect is not considered in the
present communication. l

To approach theoretically the orientation effect, one
should be able to compare the proper thermodynamic po-
tential of a particle in an external field Ho for different
particle orientations with respect to Ho. The free energy
of a uniaxial superconductor has been discussed in Ref. 4
for the field domain near the upper critical field H, 2, this,
however, is not the region in which the observations'2
have been made. There exists another field domain, where
the free energy can be evaluated in materials of interest:
H, ~&&H&&H, 2 (H, t is the lower critical field). This re-
gion is quite broad in the high-T, superconductors be-
cause their penetration depth )I, (-103A) is much longer
than the coherence length g (-10A). In fact, this is the
field domain in which the experiments'2 have been done.
The magnetization in the intermediate fields is small in
comparison to the applied field (see, e.g., Ref. 5). In par-
ticular, the demagnetization effects in this field region are
weak; that simplifies the situation considerably.

To obtain the free energy density F in this domain one
follows the procedure outlined in Ref. 5 for isotropic su-
perconductor s. Using the London equations (which
suffice in the field region of interest at any temperature)
one can evaluate F of the flux line lattice. The anisotropic
version of the approach is discussed in Refs. 6 and 7. Al-
though the anisotropic London equations are difficult to
solve in real space, one can utilize the periodicity of the
flux line lattice and use the Fourier transform to express F
in terms of a sum over the reciprocal lattice. Actual
derivation in the field domain of interest for the uniaxial
case is given in Ref. 8:

8trF 8 +2H (m~8$+m38$)'

8tr), H goin(riH, QB).

m(8) m~sin28+m3cos28, (3)
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FIG. 1. The axis Z coincides with the principal crystal direc-
tion c; X is in a-b crystal plane. The angle 8 is between the vor-
tex axes (or induction B) and Z. The ellipsoidal particle (shown
schematically as an ellipse) can be oriented arbitrarily with
respect to the crystal frame.

Here 8 is the magnetic induction, )j. is the average
penetration depth (see the definition in Ref. 6), and ri is a
number of the order unity depending upon the particular
flux line lattice structure. The term In(riH, 2/8) comes
from the cutoff at the reciprocal-lattice vectors on the or-
der g ', a common way to treat divergent London con-
tributions at vortex axes. The direction Z coincides with
the c axis of the single-crystal particle, as is shown in Fig.
1; axis X is chosen as the intersection of the Z-B plane
with the basal plane normal to Z. The "eff'ective masses"
mt and m3 are the components of the mass tensor m;k
along the principal crystal directions X and Z, respective-
ly (e.g., for YtBa2Cu307 the ratio m3/m t, estimated from
the ratio of H, 2 s in two principal crystal directions, is in
the range 25-90). The field H is of the order H, t and,
therefore, small with respect to the external field Ho (as
well as to the internal fields 8 and H). Then the correc-
tion to 8 /Str in the free energy is small; one can, there-
fore, replace 8 under the log sign on Eq. (1) with Ho, and
develop a theory linear in the parameter H /Ho« l.

To this end one first obtains the thermodynamic field
H 4tr8F/8B inside the particle:

Hv Bv+H mtm(8) '12sin8,
(2)

Hz -Bz+H'm3m(8) 'I'cos8,

where
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and 8 is the angle between Z and 8. In particular, Eqs.
(2) show that the magnetization M (8 —H)/4tr is of the
order H, i.e., M is much smaller than both B and H.

To relate the fields H and 8 to the applied field Hp, one
should make an assumption concerning the particle shape.
Recall that for an arbitrary shape the internal fields are
not uniform. The only shape, for which the inside fields
are homogeneous, is that of a general ellipsoid. In this
case

Hp. -H.+4ttN. pMp (4)

where N, p is the dimagnetization tensor (note that the
principal axes of N,p do not necessarily coincide with
those of the crystal).

The thermodynamic potential F of a finite body with
respect to the applied field Hp as an independent variable
(6F —M bHp) for an arbitrary relation H H(B)
reads 9

F F HB/—Str M Hp/2

In a given applied field Hp, the minimum of Fcorresponds
to the thermodynamic equilibrium of the ellipsoidal body
[for an arbitrary shape, the integral of (5) over the body
volume has the minimum property).

Substituting (1) in (5) one notes that the quantity

[Bz H 8 —(8—H) Hp]/8tr (8 Hp)' (8 H)/8tr

is proportional to H 2 and, therefore, it should be neglect-
ed. Indeed, i 8 —H ) AH as is seen from Eqs. (2); to see
that the factor 8-Hp has the same property, rewrite Eq.
(4) in the form B,—Hp, 4tr(b, p

—N,p)Mp, recall that
all N's are smaller than unity and M reH . Thus, the only
contribution to F linear in H comes from the second
term in Eq. (1), in which, for the same reason, one can re-
place Bwith Hp..

F HpH Jm (8)/4tt

with m (8) given in Eq. (3).
The angle 8 in this expression should be taken in the

zero order because F is already proportional to the small
field H; Eqs. (2) and (4) show that, in the lowest order,
the direction of 8 (i.e., 8) coincides with that of Hp.
Thus, expression (6) (multiplied by the particle volume
V) represents, in the first order, the particle "potential en-

ergy" in the field Hp, inclined at an angle 8 to the c axis.
The torque Te —Vr)F/88, experienced by the particle,

1S

HpH* (m3 —m1) sine cos8
4tt (m1sin'8+m 3cos'8) ' ' '

Thus, the torque vanishes if Hp is oriented along one of
the principal crystal directions 8 0 or tr/2. The second
derivative F"(8) is easily evaluated. One obtains
F"(0)& 0, while F (tr/2) )0, i.e., the equilibrium state
corresponds to the c axis normal to the applied field.

It is worth noting that, in the approximation considered,
which is quite good in the domain H, 1«Hp«H, 2, both
the energy (6) and the torque (7) are shape independent.
This explains why the orientation effects in the experi-
ments of Refs. 1 and 2 were clearly seen despite the fact
that there was no control over particle shape in the
powders examined. The physical reason for the torque ex-
istence is that the magnetization has a component perpen-
dicular to the applied field, an intrinsic feature of aniso-
tropic superconductors. 4 To the best of the author' s
knowledge, this component has never been directly mea-
sured. The torque experiment, therefore, provides a possi-
bility of this measurement. Also, such an experiment will
provide an independent way to extract the anisotropy ratio
m3/mi, the quantity estimated usually from the difficult
measurements of H, z and H, 1.

Only the orientation effects due to intrinsic anisotropy
have been considered in this communication. The actual
crystalline grains of orthorhombic high-T, compounds are
usually heavily twinned. The twinning is believed to be
responsible for inhomogeneity of the superconducting
phase even in zero fieldz due to the enhancement of super-
conductivity close to the twin boundaries. 'P '3 (Another
point of view is given in Ref. 14 where the twin boundaries
are considered as pair breakers; that again results in a
nonuniform superconducting order parameter. ) This in-
homogeneity may result in yet another orientation effect,
in which, in addition to the tendency of c axes to be per-
pendicular to Hp, the particle orients with its twinning
planes parallel to the applied field. 2
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