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We report on small angle neutron scattering observations of the flux line lattice (FLL) in a single
crystal of YBa2Cu30&. To probe the mass anisotropy ratio, m3/m~, measurements were made as a func-
tion of angle, 6, between the 8 kOe applied field and the crystallographic (001) axis for 0' ~ B~ 80'.
With the rotation about an a/b (or y) axis, two symmetry-related distorted hexagonal FLL domains
formed. Contrary to theoretical prediction, the lattices formed are consistent with a rotation of the short
basis vector, a[, from the x axis by 15', after the efTects of anisotropy are removed. The mass ratio is
20 2, which is slightly lower than published values. The temperature dependence of the intensity is not
conventional.

PACS numbers: 74.72.Bk, 74.60.Ge

The high T, superconductors are highly anisotropic. In
general, these compounds are nominally uniaxial systems
since the a b(basal -plane) anisotropy is fairly small and
the c axis is considerably diAerent. In YBa2Cu307, the
crystal structure is nearly tetragonal with c = 3a and the
a/b ratio is approximately 0.99. There has been much
discussion about the role this anisotropy plays in super-
conductivity in these materials. Clearly, information re-
garding the behavior of vortex lattices in low symmetry
geometries is extremely important.

This is the first study of the anisotropy in YBCO that
measures the vortex lattice in a bulk sample directly.
Small-angle neutron scattering studies yield information
about the structure of the lattice that can be used to
determine accurately the anisotropy ratio, y. A dif-
ference in y is seen directly in the ratio of lengths of the
basis vectors of the lattice and the uncertainty is substan-
tially smaller by this technique than many other methods.
For example, the diAerence between y =5 and @=8 that
were obtained in two diAerent measurements [1,2] would
be painfully obvious in small-angle neutron scattering
(SANS) measurements. Although the same is true of
decoration methods, the fields used in those experiments
are extremely small and often smaller than the lower crit-
ical field, H, ~, at the lowest temperatures, hence what is
observed is a reAection of Aux trapped close to T, . Our
results were obtained at fields substantially larger than
Hc

We have previously reported [3] on the properties of
the Aux line lattice in YBa2Cu307 with the applied field
along the c axis and for the case where the field was 30
from the c axis. These studies have been extended in or-
der to probe the mass anisotropy ratio, m3/mi, and mea-
surements were made as a function of angle, B, between
the 8 kOe applied field and the crystallographic (001)
axis at a series of angles with 0' ~ 8 ~ 80'. (Note: m3
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FIG. l. A schematic of the experimental geometry, viewed
along the axis of rotation of the sample.

and m~ are the eA'ective masses of the electron in the
basal plane and along the c axis, respectively. )

The 7.8 g sample of YBaqCu307 is the same as used
previously (mosaic =0.6') and the experimental setup
was much the same. The sample was cooled in a closed-
cycle helium refrigerator and was mounted between the
coils of an electromagnet. The lowest sample tempera-
ture was 11 K with a stability of ~ 0. 1 K (absolute accu-
racy + 0.5 K). The applied field was 8 kOe. The c axis
of the sample and the field direction were aligned in situ
such that they initially coincided with the incident neu-
tron direction.

In this experiment, the sample was mounted such that
an a/b axis of the crystal was vertical. Note that since
our sample is twinned, a single direction represents a ran-
dom mix of both the (100) and the (010) directions. Ro-
tations of the c axis away from the field direction were
performed about this (100)/(010) axis. This sets up a
clean geometry (Fig. 1) to study the crystallography of
the Aux lattice and also minimizes the eA'ect on the Aux
line lattice (FLL) of the twin planes, which are along the
[110j directions. When c was rotated away from B, the
Aux lines were no longer parallel to the twin planes.
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When the applied field (B) was along the c axis a
diA'raction pattern with square symmetry was seen. As
has been previously reported, this is due to two sets of or-
thogonal 1D arrangements corresponding to the [110]
twin plane directions. The basal plane is nearly isotropic
and further, the a-b twinning in the crystal makes any
basal plane flux lattice anisotropy impossible to measure.
It is anticipated that a hexagonal lattice would form in
untwinned crystals. As the angle (8) between the ap-
plied field, B, and c is increased, the c-ab anisotropy be-
comes evident. In this case, the field distribution of an
isolated flux line no longer has a circular cross section
since the London penetration depths in the two directions
are diAerent. A distorted hexagonal lattice results. The
data were taken with the field and the flux lines aligned
along the beam. Hence, none of the spots were exactly on
the Bragg condition, which would have the neutron beam
at the Bragg angle to a flux lattice plane. Clearly, it is
impossible to have all reflections at the Bragg angle
simultaneously. The large observed mosaic of the FLL
meant that, in our arrangement, all spots could be ob-
served simultaneously without severe loss of intensity.
However, due to the small instrumental ((5%) Bk/X of
the SANS instrument at high-flux isotope reactor
(HFIR) in addition to the large FLL mosaic, the calcu-
lated movement of the diAracted beam position due to
(flux) crystal misalignment is small and appropriate
corrections [4] can be made. When B was exactly along
the a axis (6 =90'), strong metallurgical scattering
obliterated any FLL signal that might have been ob-
served. As has been noted previously, this strongly
angle-dependent scattering has been used to check the
crystal alignment of our samples.

When B was at an angle, 6, to the c axis, twelve dis-
tinct diA'raction spots were observed, shown in Fig. 2 for
e=(a) 45', (b) 60', and (c) 70' from the c axis. (Note
that peaks on the right hand side are closer to being on
the Bragg condition and hence are more intense. Also, a
peak on one side implies that the same planes will give
rise to the second peak on the opposite side, with an ap-
propriate rotation to bring it into Bragg diAracting condi-
tion. ) The twelve peaks observed are due to two
symmetry-related domains of the distorted hexagonal lat-
tice. The two domains were rotated away from the verti-
cal y axis in opposite directions from each other. The an-
gle of rotation varied with B in a manner consistent with
a = 15'. Here, a is the angle between the basis vector
and the x axis in a lattice undistorted by anisotropy. The
actual angle, P, between ai and x when the effects of the
anisotropy is included varies with the eAective degree of
anisotropy, which in turn increases with B and is given by
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FIG. 2. A contour plot of the diAracted intensity for the ap-
plied field (a) 45', (b) 60', and (c) 70' from the c axis. Slight
misalignments between field direction and neutron beam direc-
tion manifest themselves as intensity variations, e.g. , between
top left and bottom right of (a). The applied field was 8 kOe
for the 45' and 60' cases; the applied field used for the 70'
data was 5 koe in order to see all the peaks while maintaining
the same instrumental resolution. The source aperture was 12
mm in diameter, which was 7 m from the sample. The aperture
at the sample was 6 mm in diameter. The sample-detector dis-
tance was 19.7 m.

(The usage of a and 8 here is the same as in Ref. [5].
Note: a = 15 is identical to a =45 or 75 since in each
case the unit cell that results is identical. ) Like many
other systems [5,6], this is clearly different from what is
predicted from theoretical considerations [7] of a weak
interaction favoring a=0. The basis vectors of the flux
line lattice, al and a2, and the unit cell are indicated (for
8 =60') in Fig. 3(a). Figure 3(b) shows the resulting re-
ciprocal lattice. The basis vectors of the symmetry-
related domain can be generated by a simple mirror
(X —X) or (Y —Y) transformation.
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& T & 50 K can be estimated adequately by a straight
line; however, it is not possible to extract an analytical
form of the temperature dependence of the order parame-
ter from these data.

In summary, we note that we have measured the aniso-
tropic Aux lattice in YBCO for angles up to 80' from the
c axis. We obtain a value for the mass ratio of 20~2
which is consistent with values in the literature. We also
observe a nonconventional temperature dependence of the
diAracted intensity.

This work was supported in part by the Division of Ma-
terials Sciences, U.S. DOE under Contract No. DE-
AC05-84OR21400 with Martin Marietta Energy Sys-
tems, Inc.

I IG. 5. The temperature dependence of the diAracted inten-
sity for 6=45' and 0=60 is shown along with the two-fluid
expression (solid line) and the data for 6=0'. (The intensity
plotted is averaged over the elliptical ring of spots to improve
statistics since individual spots do not appear to have diflerent
temperature dependences. ) All measurements were made at an
applied field of 8 kOe.

well oxygenated sample.
The observed temperature dependence of the intensity

is shown in Fig. 5. As is apparent, the main deviation be-
tween the measured T dependence and conventional
theories is at low temperatures where the intensity begins
to fall immediately as the temperature is raised. There
appears to be no extended plateau where the intensity has
saturated (as seen in the two-fluid curve for T = T,/3).
However, the intensity drop for the anisotropic lattice is
slower than for the Bllc data at the same applied field
(shown by the dashed line in Fig. 5), where the intensity
fell much more precipitously. The dependence for 0
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