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We have mapped out the high-field phase diagram of the vortex lattice in lightly twinned YBa2Cu3O7 by
employing small-angle neutron scattering. This extends previous measurements �S. P. Brown et al., Phys. Rev.
Lett. 92, 067004 �2004�� in which we reported a transition in local flux-line coordination from distorted
triangular to square as a function of field applied parallel to the crystal c axis. At high fields, we observe a
transition back to triangular coordination with increasing angle between the applied field and c axis or with
increasing temperature. At lower fields, our results may be interpreted in terms of a field-induced reduction of
the basal-plane a-b anisotropy. Tilting the flux lines away from the c axis reduces the pinning by twin planes,
changes the orientation of the vortex lattice nearest-neighbor directions, and the transition between square and
hexagonal vortex lattices becomes first order.
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I. INTRODUCTION

The study of vortices in type-II superconductors is a well-
established branch of condensed-matter physics. In addition
to being fascinating in its own right, it is of fundamental
interest because the nature of vortex-vortex interactions
arises from the underlying superconducting state: anisotropy
in the superconducting gap and nonlocality of the electrody-
namics have both been observed to have a profound impact
on the coordination and orientation of the vortex lattice.1–9

Small-angle neutron scattering �SANS� is of importance in
structural studies of the vortex lattice �VL� because it is a
microscopic probe of the field distribution. As a bulk probe,
it is unaffected by the systematics of surface-sensitive tech-
niques. Being a diffraction technique, SANS is sensitive to
spatial correlations of the vortices, making it highly suited to
a diverse range of vortex matter studies including VL
melting,10 flux flow,11 a range of studies on YBa2Cu3O7−�

that include investigations of twin-plane pinning,12–19 and
studies designed to probe the effect of disorder on the
VL.20–22 In the present context of unconventional VL struc-
tures and VL phase transitions, SANS continues to be a fe-
cund source of information and a useful test bed against
which to compare theory: recent examples in this area in-
clude borocarbides,23 strontium ruthenate,24 heavy-fermion
materials,25 and both electron- and hole-doped26–28 high-Tc
materials.

In a previous work28 a field-induced transition from trian-
gular to square coordination was observed in the VL in

YBa2Cu3O7 �YBCO�, with the field parallel to the crystal c
axis. This was interpreted as arising from the intrinsic aniso-
tropy of d-wave vortex cores, which in a tetragonal d-wave
superconductor have fourfold symmetry. Such d-wave driven
VL transitions have been investigated by various phenom-
enological and first-principles theoretical approaches29–41

and observations consistent with them have been observed in
other systems.27,42 It should be noted however that in some
non-d-wave materials �cf. Refs. 8, 9, and 23� there are struc-
tural VL phase transitions which may arise from anisotropy
of the Fermi surface or of an s-wave gap. In YBCO, fourfold
or d-wave anisotropy is not observable at low inductions
��4 T�. In this field region, the VL assumes a triangular
configuration, albeit distorted by the in-plane electronic mass
anisotropy. However, at high inductions ��4 T�, where the
basal-plane coherence length �ab is no longer insignificant
compared with the intervortex spacing, the anisotropy in the
vortex-vortex interactions becomes important and the VL is
observed to distort continuously into a square lattice at about
11 T.28

Here we report further measurements on the same,
slightly overdoped, sample as in Ref. 28. We determine the
temperature dependence of the transition, with emphasis on
the high-field regime where at low temperatures the VL has
square coordination. In addition, we detail the dependence of
the vortex structures and their phase transitions on the angle
between the applied field and the crystal c axis for angles in
the range �0° ,30°�.
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The remainder of this paper will be divided as follows. In
Sec. II the experimental setup will be described. In Sec. III,
the field dependence of the results, first presented in Ref. 28,
will be reconsidered to provide context for the temperature-
and angle-dependent results in Secs. IV and V, respectively.
Finally, conclusions will be presented in Sec. VI.

II. EXPERIMENTAL METHOD

Our experiments were performed on the SANS-I instru-
ment at the Paul Scherrer Institut, Switzerland. Cold neu-
trons of wavelength �n=8 Å ���n /�n=10%� were colli-
mated over a range of 6–8 m �depending on the desired
instrument resolution� and incident on the sample, which was
placed inside the variable-temperature insert of a horizontal-
field 11 T cryomagnet, with the field applied approximately
parallel to the beam. The scattered neutrons were detected
with a 3He multidetector of 128�128 pixels, corresponding
to 96�96 cm2 placed at a distance equal to the collimation
length; the undiffracted beam was terminated by a cadmium
beam stop. The reader is referred to Ref. 6 for a general
review of the SANS technique as applied to studies of vor-
tices in type-II superconductors.

As detailed in Ref. 28, the sample used herein was a small
�approximately 36 mg� high-quality single crystal of
YBa2Cu3O7−�, oxygenated close to �=0.43,44 A low density
of twin planes was present in the sample �spacing �1 �m;
this is the VL spacing at B=2 mT, which is much smaller
than the fields applied in this study�. These twin planes arise
due to a slight orthorhombic distortion which sets in when
CuO chains form in the crystal while it is cooled in oxygen
from its growth conditions. The twin planes form extended
planar defects, which run along the �110� directions, and are
capable of pinning the VL and controlling its orientation par-
ticularly at low applied fields. This occurs because, in the
absence of pinning and at low fields applied parallel to a
principal crystal axis, the VL is expected to have a free en-
ergy independent of VL orientation.28,45 The low density of
oxygen vacancies �due to the full oxygenation� and the low
density of twin planes mean that the VL structures in our
sample are likely to be much less affected by vortex pinning
than earlier work on optimally doped and more heavily
twinned samples.

The sample was initially mounted in the cryostat with the
�110� directions horizontal and vertical and with the c axis
parallel within 2° of the field applied horizontally. To per-
form the study of the effects of field direction, the sample
holder was rotated about the vertical axis, allowing a range
of angles between the applied field and crystal c axis. In all
cases, the VL was formed by cooling in the applied field H
from above Tc=86 K for our sample.44 Temperature-
dependent data were obtained by both cooling to and warm-
ing from this field-cooled state. Data were collected by
“rocking” �rotating� the cryostat �i.e., sample and field to-
gether� through the appropriate small angles ��1° for
�1–10 T fields� to satisfy the Bragg condition for diffrac-
tion by sets of VL planes. Two orthogonal axes of rotation
perpendicular to the beam were available for this purpose,
conventionally designated 	 �rotation about the vertical axis�

and 
 �rotation about the horizontal axis�. Due to the pres-
ence of a significant metallurgical signal, in particular at low
scattering vector q, due to scattering from the sample and
cryostat, it was necessary to subtract backgrounds taken
above Tc from the data. The experimental technique and data
reduction are demonstrated in Fig. 1. In Fig. 1�a�, we show
raw data taken near the peak of the rocking curve for diffrac-
tion spots on the right-hand side of the detector. The main
beam is intercepted by a cadmium beam stop and small-
angle background scattering from the sample �which in-
cludes neutrons reflected from its �100� faces, which are di-
agonal� is much stronger than the VL signal, so the intensity
scale is set to reveal the latter clearly. In Fig. 1�b�, back-
ground taken above Tc has been subtracted. It will be noted
that Poisson noise remains, varying from pixel to pixel of the
detector. The resolution of the instrument �mainly due to the
finite divergence of the beam, which is set by the collimation
distance� is clearly larger than a pixel size, and short-distance
intensity variations reflect only noise and not signal. Hence,
in the diffraction patterns presented later �but not in any of
the fitting�, some smoothing has been applied to make the
signal more clearly visible. Also Poisson noise around the
beam stop where there is no VL signal has been masked. The
result of such smoothing and masking is shown in Fig. 1�c�.
Here, weak signals can also be seen from other spots that did
not exactly satisfy the Bragg condition. Finally, to generate
complete diffraction patterns �such as those in Figs. 2 and 3�,
the results from rocking curves over all the spots are
summed. The sizes and shapes of VL unit cells were deter-
mined from the observed diffraction spot positions—in all
cases the determination of the spot positions was made using
data from the peak of the appropriate rocking curve, so that
the position of the spot was not affected by the rocking scan
being performed.46 From the spot positions, the value of the
average flux density in the sample could then be calculated
by taking one flux quantum �0=h /2e per unit cell. In all
cases, the flux density was experimentally indistinguishable
from the applied induction �0H, as expected for a supercon-
ductor with high Ginzburg-Landau parameter �, field cooled
in H
Hc1.

III. FIELD DEPENDENCE

Figure 2�a� shows a diffraction pattern taken at �0H
=2 T with the field applied parallel to the crystal c axis. The
pattern is very similar to that at 1 T shown in Ref. 28. The
fourfold symmetry exhibited in such low-field VL diffraction
patterns in YBCO is not due to the presence of square VLs.
Instead, it arises from the addition of the diffraction patterns
of four distinct VL domains.15,16,28,50 The fourfold symmetry
in Fig. 2�a� is due to the presence of twin planes, which
divide the sample into two different orientations of crystal
domains, as illustrated in Fig. 2�f�. For each crystal domain,
anisotropic London theory45,48,49 predicts the formation of
VL domains that are distorted by the basal-plane penetration-
depth anisotropy �ab�1. This theory, valid for Hc1�H
�Hc2, is therefore quite appropriate for fields of the order of
1–2 T in YBCO which has �
1. In London theory, aniso-
tropy in the penetration depth � is formulated in terms of
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anisotropy of the effective electronic mass; the relation being
��m1/2. It should be emphasized that in the case of YBCO,
the basal-plane effective-mass anisotropy arises from an av-
eraging of the effects of the nearly isotropic CuO2 plane
states with the nearly one-dimensional chain states that con-
duct along the crystal b direction. Anisotropy may be intro-
duced into the London equation via the effective-mass ten-
sor, which is second rank. Then for fields applied along one
of the principal crystal axes, the distorted VL may be con-
structed from the undistorted VL by a simple stretch trans-
formation, resulting in a VL with nearest neighbors lying on
an ellipse instead of a circle—which is the case for an iso-
tropic effective mass.45,48,49 From our data at low fields par-
allel to the c axis, we see the ellipse is oriented such that its
major and minor axes are parallel to �100�, and we take the
axial ratio � of this observed ellipse to indicate the basal-
plane penetration-depth anisotropy, i.e., �ab=�. Within each
crystal domain, two VL domains may form, each with the
orientation of one set of VL planes pinned to one of the
twin-plane orientations �horizontal or vertical�. This results

in four distorted-triangular VL domains as illustrated in
Fig. 2�f�.

As the applied field is increased, a clear change in the
coordination of flux lines in each of the domains is observed.
Shown in Figs. 2�c�–2�e� are high-field data taken under
slightly different conditions than those of Figs. 2�a� and 2�b�:
the collimation has been relaxed in favor of greater flux. This
is desirable because the integrated intensity falls as 1 /	B
from considerations of reciprocal-space geometry alone51

and even faster if one takes into account finite-core effects,
which are ignored in the London theory and lead to a reduc-
tion in magnetic contrast in the VL �see Ref. 52 for s-wave
superconductors�. Notwithstanding changes in resolution, a
comparison of the high- and low-field data of Fig. 2 reveals
a tendency for each of the VL domains to assume a more
square configuration at higher fields; the three peaks appear-
ing around each of the �110� directions are closer to each
other, and the two peaks arranged either side of the �100�
directions have also converged and moved toward the vertex
of the square formed by the strong peaks lying directly along
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FIG. 1. �Color online� �a� Raw data showing both VL signal and background, taken at 5 K, with 2 T, applied parallel to the crystal c axis.
The a and b axes are oriented as shown in Fig. 2�f�. The sample and magnet have been rocked in 	 to satisfy the Bragg condition for VL
diffraction spots on the right-hand side of the detector. �b� The same data with background subtracted. �c� The data of �b� with masking of
Poisson noise near the beam stop, Gaussian smoothing of 3 pixels FWHM, and contours applied. The color scale used has the same range
in these three panels and is linear in intensity.
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FIG. 2. �Color online� �a�–�e� Diffraction data represented as a sum over rocking curves at 5 K and various fields from 2–11 T applied
parallel to the crystal c axis. The orientation of the twinned crystal a and b axes for all these data are shown in �f�. In �a� and �b�, the sum
is over rocking curves in both 	 and 
. The rocks at higher field were carried out with 
	
= 


, thus rocking directly through the weak peaks
seen in the corners of the diffraction pattern. These and the weak peaks in the wings of the vertical and horizontal strong peaks are made
clearer by the use of a logarithmic intensity scale. The intensity near the horizontal and vertical directions is visible by virtue of the relaxed
resolution of our SANS setup and the form of the SANS resolution function �Refs. 46 and 47�; for instance, during a rock through the
“top-right” region, the resolution will also encompass the peaks at the top and at the right of the diffraction pattern. Backgrounds taken at
T=90 K�Tc have been subtracted. These data result from four VL domains �two in each crystal domain, each pinned to a different
twin-plane orientation�. In �f� we illustrate how the VL patterns, seen most clearly in �a� and �b�, are formed from the two orientations of
crystal anisotropy and two orientations of twin planes present in our sample. The reciprocal-lattice vectors for each VL domain lie on an
ellipse which has axial ratio given by the mass anisotropy �ab �Refs. 45, 48, and 49� in the low-field region. The orientation of one of the
vectors is known, since one of the VL planes is pinned to a set of twin planes. The magnitude of this reciprocal-lattice vector and the
magnitude and direction of the others are then fixed by the shape of the ellipse and flux quantization. Defined in �f� are two angles, � and
�, which characterize the configuration of the VL and its diffraction pattern. Due to the two dimensionality of the VL, the shape and
distortion of the real-space VL is exactly the same as that of the reciprocal lattice, but rotated by 90° about the direction of the field; hence
the patterns for each domain may also be viewed as real-space pictures of the vortex arrangement—after addition of a spot at the center of
the pattern, corresponding to the position of the masked incident beam.
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�110�. This trend is continued until, within our instrument
resolution, only single peaks are observable along the �110�
and �100� directions as is shown in the data taken at 11 T
�Fig. 2�e��. These data may be interpreted as arising from a
square VL with nearest-neighbor directions along �110�.
Such a VL gives rise to weaker spots at higher q along �100�
in agreement with our data. Therefore the empirical conclu-
sion from our data is that the VL undergoes a continuous
distortion as a function of field from an anisotropic triangular
VL to a square VL.28

We have undertaken extensive structural studies of the VL
in YBCO as a function of field. The twinned nature of our
sample makes it difficult to fit the Bragg peaks arising from
different domains, particularly at high fields where peaks
from different VL domains overlap strongly. To overcome
this problem we have repeated these measurements with the
field applied at an angle of 5° �in the horizontal, �110� plane�
to the crystal c axis. In this situation, the field direction is no

longer parallel to the vertical twin planes, although the field
still lies within the horizontal twin planes. Hence it is no
longer favorable for VL domains to form pinned to the ver-
tical twin planes. Instead, the only VL domains we observe
are those pinned to the horizontal twin planes, i.e., those
domains giving strong top and bottom peaks in Fig. 2. This
allows us to resolve better at high fields the peaks close to
the horizontal. Although this small angle of rotation is suffi-
cient to remove the influence of the vertical twin planes, it
does not appear to affect the structure of the remaining two
VL domains nor does it affect the field dependence of the
transition. This is not unexpected, since the angle-dependent
variations of the twin-plane component of the free energy
should vary much more rapidly than components associated
with other sources of anisotropy such as �d-wave� anisotropy
of the order parameter or the effective-mass anisotropy. �The
latter varies with the cosine of the angle of rotation and
therefore has a negligible effect at 5° rotation.�
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FIG. 3. �Color online� Diffraction patterns taken with fields of 7–10.8 T applied at an angle of 5° to the crystal c axis, yielding only two
VL domains therefore providing easier resolution of the horizontal peaks. These data are the sums of rocks in 	 and 
 through angles which
satisfy the Bragg condition for peaks to the left/right and top/bottom of the pattern.
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We have used these data to fit the positions of the Bragg
peaks and therefore determine the configuration of the VL as
a function of field by measuring the two angles, � and �, as
defined in Fig. 2�f�. The variation of � and � as a function of
field is shown in Fig. 4. The two horizontal lines in this
figure indicate predicted VL structure using anisotropic Lon-
don theory calculated for an anisotropy of �ab=1.28 with one
of the reciprocal-lattice vectors fixed along the �110� direc-
tion as controlled by twin-plane pinning. The value of �ab
used in this calculation was obtained by fitting to an ellipse
the 1 T data reported in Ref. 28. The orientation of the ellipse
was taken to be such that the major or minor axes were
parallel to �100� �45° to the horizontal or vertical in the dif-
fraction patterns shown�.

As the applied field is increased, a continuous deforma-
tion of the VL is observed and the values of � and � tend to
the values expected from an isotropic square VL �90° and
45°, respectively�. It appears from the data that this transition
is not quite complete even at the highest field available to us
�11 T�. However, on symmetry grounds one would not ex-
pect completely isotropic square VLs to form: truly square
VLs would only form in a tetragonal superconductor,
whereas the slight ��1%� orthorhombicity of YBCO prohib-
its this.

In this context, it is of interest to discuss the field depen-
dence of the magnitude of the basal-plane anisotropy �ab.
The distorted-triangular VL structure at low fields �4 T is
consistent with �ab�1.28, but at high fields �11 T the VL
that is formed is an almost isotropic square. It may be tempt-
ing therefore to suggest that the application of large fields
tends to suppress the a-b anisotropy. However, if one de-
scribes the diffraction spots observed at intermediate fields as
arising from distorted hexagonal VLs, one obtains a distor-
tion that is increasing with field. This apparent paradox
arises because the first-order spot that defines the longest
axis of the ellipse at intermediate fields is destined at high
fields to become a second-order spot from the square VL. If
the anisotropy for an isotropic square VL was defined using
this spot, we would obtain �ab=1.73. It is therefore clear that
the concept of effective-mass anisotropy should be used with

caution in this intermediate field range, particularly when
some of the diffraction spots are much stronger than others,
implying that the latter do not arise from fundamental
reciprocal-lattice vectors, but from higher-order reflections.
Clearly, at fields �4 T, the anisotropic London approach is
becoming invalid; further evidence on this matter is given by
an examination of the vortex form factor �Fig. 5�.

Whatever field-dependent anisotropy is responsible for
the continuous transition to a square vortex lattice, it presum-
ably has an impact on the vortex form factor. SANS allows
direct measurement of the magnitude of a vortex form factor
Bhk because Ihk, the intensity of the �h ,k� Bragg reflection
integrated over the rocking curve,51 is proportional to 
Bhk
2.
However, such measurements are prohibitively time consum-
ing, particularly for weak second-order reflections and so
were not performed. Nevertheless, the integrated intensity of
a Bragg reflection may be estimated, to within a constant
factor proportional to the rocking curve width, from its peak
intensity. The usefulness of this estimate relies on the equal-
ity of rocking curve widths belonging to different reflections
and their constancy as a function of field. Given the shearlike
transformation observed, it is unlikely that the rocking curve
widths will remain constant as a function of field. Moreover,
the instrument setup, i.e., resolution, was varied �to obtain
maximum intensity� as a function of field, thus the rocking
curve widths will certainly not remain constant. The latter
systematic effect, and to a certain extent the former one too
�if the changes in rocking curve width are the same for all
reflections�, may be removed by calculating the ratio of peak
intensities of Bragg reflections as a function of field.

The intensities of the strong doubly-degenerate reflections
lying along the vertical crystal �110� direction and the weak
reflections lying near the crystal �100� directions have been
estimated by fitting two-dimensional Gaussians to the spots
observed at the peaks of the rocking curves in the data with
H parallel to the c axis. Ordinarily, one would prefer simply
to sum the detector counts, but this would give rise to sys-
tematic errors since counts from nearby spots often overlap
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FIG. 4. Variation of the angles � and �, defined in Fig. 2�f�, as
a function of field applied at �5° to c. The solid lines depict the VL
structure predicted by anisotropic London theory using �ab=1.28.
Inset: an illustration of the orthorhombic distortion of the two �de-
generate� VL patterns expected in our sample.
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FIG. 5. �Color online� Variation of the estimated ratio of form
factors B11 /B10 versus field �see text for details of the calculation�.
Also shown is the form-factor ratio expected by anisotropic London
theory, using the low-field value of the a-b anisotropy ratio, but
with the q vectors of the observed VL structure. The horizontal line
shows the form-factor ratio of 0.5 given by the isotropic London
theory applied to a square vortex lattice.
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on the detector. At high fields, where the vortex lattice is
almost square, the fitting routine was unable to resolve
closely spaced diffraction peaks. Then it was necessary to fit
a single Gaussian to a pair of spots and divide the estimated
intensity by two to account for the degeneracy.

In Fig. 5 is shown the field dependence of the ratio of
form factors 
B11 /B10
 obtained by the method described
above. �The conversion from intensity to form factor has
been performed using the expression51 
Bhk
�	IG
G
, where
G is the �h ,k� reciprocal-lattice vector.� Also shown in the
figure is the form-factor ratio for an isotropic square London
vortex lattice �0.5� and the prediction of anisotropic London
theory given the measured penetration-depth anisotropy �as-
sumed field independent� and the observed vortex lattice
structure �see Fig. 4�. Both of these ratios may be deduced
from the expression for the form factor in the presence of
basal-plane anisotropy, which can be calculated from London
theory18,53

Bhk =
�0H

1 + �L
2�Gx

2myy + Gy
2mxx�

. �1�

In this expression, �L
2 is the geometric mean penetration

depth, the 1 in the denominator may be disregarded for H
�Hc1, and the ratio of the normalized effective masses myy
and mxx is set to unity for the isotropic square vortex lattice
or �ab

2 for the anisotropic London calculation.
Figure 5 shows explicitly that the diminished intensity of

the corner spots observed at high fields is not simply a con-
sequence of the larger ratio of G11 /G10, but that there is an
additional effect on the vortex form factor beyond what the
London theory predicts for the measured low-field aniso-
tropy. The data do seem to tend at high fields toward the
predictions for an isotropic square vortex lattice. However,
while this may imply that vortices in YBCO at high fields
have a more isotropic London-type form factor, the apparent
field dependence of the anisotropy highlights that the vortex
lattice is not purely London-type in this regime.

In the broadest sense, the distorted triangular to square
VL transition may be classified in terms of the increasing
nonlocality with increasing field. This nonlocality, not
present in the standard London and Ginzburg-Landau theo-
ries, may nevertheless be introduced to account for VL phase
transitions related to the one presented here. In Ginzburg-
Landau theory, the effects of increasing nonlocality may be
modeled by inserting higher-order gradient terms that couple
to some underlying anisotropy. Such higher-order terms are
present in the d-wave extensions to the Ginzburg-Landau
theory.29–33,37 These terms may give rise to a free-energy
minimum for a square VL rather than the conventional trian-
gular one. Likewise, if London theory is amended with non-
local corrections5 �amounting to a dispersive relationship be-
tween the Fourier coefficients of the current density and
vector potential, arising from their integral relationship in
real space� then unconventional VLs may also arise. It
should also be noted that the effects of a d-wave variation of
the gap around the Fermi surface may also be approximately
represented by a nonlocal London theory.54 In any of these
cases, the higher-order terms give a quite different kind of

anisotropy compared to the local theories and the resulting
VL distortions may not be just “scaled away.” As a conse-
quence, not only does nonlocality favor a particular VL co-
ordination, but it also favors a particular orientation.

Although the phenomenological London and Ginzburg-
Landau theories are intuitively appealing, neither may be ap-
plied directly to the transition observed here. In the simplest
form of nonlocal London theory such as in Ref. 5 it is as-
sumed a uniform �s-wave� superconducting gap, which is
certainly not the case in YBCO, although the theory has been
applied to the borocarbides, which also now appear to have
nonuniform gaps. A d-wave version of nonlocal London
theory54 also appears not to be appropriate since its predic-
tions are quite different from what we observe. On the other
hand, we cannot apply d-wave Ginzburg-Landau
theory,29–33,37 which is only accurately applicable when the
order parameter is small, and our data were taken at low
temperatures and also not near Hc2.

Numerical calculations based on the quasiclassical Eilen-
berger theory34,35,39,55 are potentially useful for analyzing our
data since they are, in principle, valid at arbitrary tempera-
tures and fields, although obtaining solutions is numerically
intensive. The two essential ingredients to this theory that
may give rise to a square VL are Fermi-surface anisotropy
and anisotropy of the order parameter. In YBCO there is an
intrinsic d-wave superconducting gap anisotropy, which is
such that there are nodes close to �110� and antinodes along
�100�. This anisotropy affects the field profile of each vortex,
giving it a fourfold symmetry that is particularly pronounced
in the region of the vortex core.39 We note that magnetic
interactions are not primarily responsible for the appearance
of the square VL because the field profile rapidly becomes
more isotropic at distances �� from the core. Instead, these
theories indicate that square VLs are caused by the presence
of low-energy quasiparticle states extending well away from
the vortex core along the nodal directions. Tunneling of qua-
siparticles between vortex cores is enhanced if nearest neigh-
bors align along �110�, resulting in an additional component
to the vortex-vortex interaction energy. At low inductions
�large intervortex spacings�, this is not sufficient to result in
a square lattice, but as the field is increased and the vortices
become more closely spaced, the propensity for a square VL
increases.

Fermi-surface anisotropy also couples the crystal lattice to
the VL. Even in local London theory, electronic anisotropy
distorts the VL via the effective-mass tensor. However, in
this theory the local relationship between current density and
vector potential only distorts the triangular VL expected for
an isotropic situation. Electronic anisotropy can, however,
directly affect the coordination of the VL when nonlocal cor-
rections are added to the London theory.5 In YBCO the prin-
cipal Fermi surface is associated with the CuO2 planes and is
a holelike surface centered on the Brillouin-zone corner,56,57

with an approximately cylindrical shape. This is slightly dis-
torted so that the Fermi velocity is larger along kx and ky than
along the �110� directions. Comparing with nonlocal London
theory,5 we note that the Fermi-surface anisotropy for YBCO
is of such a sign that it would give rise to the same qualita-
tive effect on the structure of the VL as would order-
parameter anisotropy due to the d-wave nodes. Therefore,
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from our data alone, we are unable to determine whether the
field-induced VL structural transition we observe has its ori-
gins in the anisotropy of the Fermi surface or the anisotropy
of the order parameter. In any case, such a sharp distinction
between these two effects does not reflect the physics since
both anisotropies originate from the underlying crystal struc-
ture and both can be approximated by a nonlocal London
theory.5,54 Moreover, in the quasiclassical theory41 the order-
parameter anisotropy and the angle-resolved density of states
enter symmetrically in the expression for the free energy.

IV. TEMPERATURE DEPENDENCE

We have performed temperature scans at various applied
fields to establish the phase diagram of VL structures in our
YBCO sample. As before, to reduce the complications due to
the twinned nature of our sample, these measurements were
carried out with the field applied at 5° to the crystal c axis. In
Fig. 6 we show a selection of our measurements taken over
the temperature range 10–70 K. Vortex lattices were formed
by cooling into and warming from a field-cooled state, but no
hysteresis was observed. In Fig. 6 we focus on the diffraction
peaks on the right-hand side of the detector �cf. Fig. 3�. We
have seen that these peaks transform from a doublet at low
fields to a singlet at high fields. The sequence of diffraction
patterns in Fig. 6 shows that with increasing temperature
there is a clear tendency to change back to the distorted-
triangular VL observed at low fields. The absence of hyster-
esis and the smooth variation of the spot spacing with tem-
perature show that the changes in VL structure are not due to
temperature dependence of twin-plane pinning �which in any
case has been made inoperative for the spots near the hori-
zontal by the 5° rotation of the field�. This provides further
confirmation of the intrinsic nature of the transition to a
square VL at high fields.

Even with these temperature-dependent data, it remains
difficult to distinguish between the two candidate origins of
the square vortex lattice, namely, order-parameter anisotropy
and Fermi-surface anisotropy. In both cases, the continuous
transition observed with increasing temperature may be un-
derstood in terms of thermal fluctuations “smearing out” the
anisotropy generating the square VL. In the d-wave order-
parameter scenario, the distribution of quasiparticles be-
comes more isotropic with increasing temperature as the dif-
ference in the superconducting gap between nodes and
antinodes becomes less important compared with kBT. This
in turn reduces the free energy gained by quasiparticle tun-
neling between vortices with nearest neighbors along �110�,
which is the origin of the appearance of a square lattice in a
dx2−y2 superconductor. In this context, we note that the
d-wave nonlocal London theory54 gives vortex lattice struc-
tures that become increasingly isotropic with increasing tem-
perature. On the other hand, from a Ginzburg-Landau view-
point, high temperatures reduce the magnitude of the order
parameter, which reduces the influence of the nonlinear
terms and thus the free-energy density tends toward an
s-wave type expression. Thermal fluctuations have a similar
effect on the anisotropy within nonlocal s-wave London
theory.5 At constant induction and in the clean limit, the non-
local term decreases by a factor of roughly 2 between low
temperatures and Tc.

In Fig. 7 we have constructed a schematic diagram for the
VL structures in our YBCO sample from our measurements
as a function of temperature at various applied fields. The
line representing the continuous transition between square
and distorted-triangular phases is drawn where the angle be-
tween reciprocal-lattice vectors is at the midpoint of its
variation between the two phases. This line is fairly flat at
low temperatures, but is observed to curve upwards with
increasing temperature. This is consistent with the increasing
role played by thermal fluctuations in smearing out the an-
isotropy.

(a) 10K (b) 45K (c) 50K

(d) 55K (e) 65K (f) 70K

FIG. 6. �Color online� The diffraction peaks on the right-hand
side of the detector at an induction of 10 T applied at 5° to the
crystal c axis, at selected temperatures in the range 10–70 K. In-
creasing temperature leads to a splitting of the spots, which is a
signature of a return to a distorted-triangular lattice at high
temperatures.

FIG. 7. �Color online� Schematic indication of the VL coordi-
nation in our YBCO sample. The VL melting line from Ref. 44 is
also shown. Since the transition is continuous, the dashed line sepa-
rating the square and triangular phases has been drawn where the
angle �83°� between the two reciprocal-lattice vectors is halfway
between the square and distorted-triangular limits. The temperature
errors in the points used to draw this line are approximately equal to
the size of the symbols.
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V. DEPENDENCE ON APPLIED FIELD ANGLE

By applying the magnetic field at an angle to the crystal c
axis we were able to reduce greatly the influence of twin-
plane pinning and also to study the influence of the crystal
anisotropy on the triangular to square transition. For such
studies we chose a rotation plane such that both sets of twin
planes are rotated away from the field direction. Therefore,
we do not expect the twin planes to exert a strong influence
over the orientation of any VL domains present. As illus-
trated in Fig. 8�a�, the orientation of the crystal is such that
the applied field and the c axis are in the horizontal plane,
one of the �100� directions is vertical, and the other is in the
horizontal plane. Note that this rotation plane is not the same
as that used in Secs. III and IV where the applied field was
rotated away from the c axis in a direction parallel to one set
of twin planes but at 5° from the other set, and where we
found that 5° was sufficient to depin the vortices from the
second set of twin planes. The expected suppression of twin-
plane pinning using the rotation plane illustrated in Fig. 8�a�
is confirmed by the low-field �5 T� VL diffraction pattern
shown in Fig. 9�a� where there is a conspicuous absence of
the strong Bragg peaks in the directions of the twin planes,
unlike the data with B parallel to the c axis �Fig. 2�.

The principal peaks in Fig. 9�a� belong to two triangular-
coordinated VLs each of which gives rise to a slightly dis-
torted hexagon containing a pair of spots oriented either hori-
zontally or vertically in the diffraction pattern. In our
twinned sample, the vertical direction corresponds to the di-
rections of either a and b axes of the two crystal domains
arising from the twinned nature of our sample; the horizontal
direction is the projection in the plane perpendicular to the
applied field of the respective b and a directions of each
crystal domain. The observation of the two VL domains in
roughly equal proportions can be ascribed to the twinned
nature of our sample. For brevity, these domains will here-
after be referred to as the “horizontal triangular domain”
�HTD� and the “vertical triangular domain” �VTD�, respec-
tively. The HTD �VTD� domains are illustrated by the
dashed blue �solid black� hexagons in Fig. 9�a�. The VTD
appears to be oriented as expected from anisotropic London

theory,45,58 but the HTD is not. It is likely that the VL orien-
tation is in fact coupled to the crystal structure of the domain
in which it lies. We may deduce which VL belongs to which
crystal domain by measuring their distortions, which should
reflect the basal-plane anisotropy at low fields. The positions
of the peaks of each VL domain yield the angles between the
reciprocal-lattice vectors and thus the axial ratio � of the
ellipse upon which the diffraction spots lie. For the HTD,
these are 54.2�6�° and 63.0�5�°, giving �HTD=1.14�2�,
stretched in the vertical direction. For the VTD, the corre-
sponding values are 50.3�6�° and 64.9�3�°, with an axial ra-
tio of �VTD=1.229�6�, but stretched in the horizontal direc-
tion. We therefore deduce that the HTD is formed in the
domains with the a axis vertical and the VTD is formed
where the b axis is vertical. Bearing in mind the 90° relative
orientation of real and reciprocal vortex lattices, this implies
that both domains have VL nearest-neighbor directions
aligned with the crystal a axis. This is also the VL orienta-
tion observed at 3.8 T in a partially detwinned crystal with
the field rotated from the c axis.17

However, it should be noted that the distortions of both
VTD and HTD are significantly smaller than that due to
basal-plane anisotropy seen at low fields �4 T with H par-
allel to the c axis, where �=1.28�1� �Fig. 2�a��. This suggests
that when the hexagonal VL is no longer constrained in ori-
entation by twin-plane pinning, a reduced a-b anisotropy at
higher fields �5 T is revealed. At these fields, we expect
that the anisotropic London theory is no longer quantitatively
applicable, but qualitatively it does predict that the rotation
of the field from the c axis leads to the observed larger VL
distortion in the VTD domain that has b vertical, as illus-
trated in Fig. 8�b�. Quantitatively, the anisotropic London
theory predicts a negligible change in the VL distortion for
small rotations � of applied field away from the c axis, as is
clear from the relation48,49

���� = ��0��cos2��� + �mab/mc�sin2����1/2 �2�

for uniaxial superconductors. Thus one would expect the
axial ratios of the ellipses fitting the HTD and VTD domains
to be equal within a few percent ���10°� /��0�=0.99 from Eq.
�2��. That this is not the case, again, indicates anisotropic
London theory is no longer strictly applicable in this field
range.

Although the diffraction pattern shown in Fig. 9�a� does
not have strong scattering along the �110� directions, weak
peaks are in fact present along these directions in the diffrac-
tion pattern. Their positions on the diffraction pattern are not
inconsistent with the vortices being correlated with the twin
planes. Due to overlap with the strong peaks, it was not
possible to fit accurately the positions of the weak peaks,
thus making it impossible to determine unambiguously the
associated vortex structure. What can be said about the weak
peaks is that their q value, 32.6�2� mÅ−1, is too large for
scattering from a square arrangement of vortices
�30.9 mÅ−1� and too small for scattering from an isotropic
triangular structure �33.2 mÅ−1�. The most probable expla-
nation for the weak spots is that they belong to four
distorted-triangular VLs, each with one lattice vector along
�110�, similar to those observed at low fields with the field

b a/

a b/

c

B

�

�

a

b
a

b
Before rotation

After rotation

b
a

a b' '

(a) (b)

FIG. 8. Schematics showing �a� the direction of rotation, �, of
the c axis away from the field for our data presented in Sec. V and
in �b� the effect of this rotation on the effective mass in the plane
perpendicular to the vortex direction, where shorter lines represent
larger effective masses. Since mc
ma�mb, rotation as depicted in
�a� increases the effective mass in the horizontal direction. There-
fore crystal domains with b vertical will become more anisotropic,
while those with a vertical will become less anisotropic.
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parallel to c. We note the weak spots cannot originate from
flux lines running within the twin planes because such VLs
would lie at the wrong angle to cause Bragg diffraction of
neutrons. Thus the mechanism responsible for orienting the
vortices cannot simply be direct pinning by the twin planes.
Perhaps, as suggested in Ref. 14, the vortices are pinned to
the intersections of the twin planes with the CuO2 planes.
Alternatively, the nodes in the d-wave order parameter may
be responsible for the observed alignment: within quasiclas-
sical d-wave theory39 the free energy of a triangular VL
aligned with �110� is very close to that of a similarly coor-
dinated VL aligned along the crystal axes.

Returning to the strong diffraction peaks of Fig. 9, it is of
interest to note that there is rather little variation in the dis-

tortion of the VTD and HTD as a function of field. However,
as the applied field is increased a substantial change in oc-
cupation of the VL domains is observed. At 7 T the VTD is
visibly weaker compared to the HTD and the peaks observed
along the diagonals appear more intense. This is the highest
field at which the VTD was observed and here the angles of
its reciprocal lattice are �51�1�° ,65�1�°�, which is rather
similar to �50.3�3�° ,64.9�3�°� measured at 5 T. At 8.5 T the
VTD has disappeared and the peaks along the diagonals are
now of comparable intensity to those of the HTD. This was
the highest field for which the structure of the HTD could be
determined. As with the VTD, the angles of the reciprocal
lattice, �58.3�5�° ,61.0�5�°�, are not too different from their
values at 5 T, �54.2�6�° ,63.0�5�°�. At 9 T even the HTD is
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FIG. 9. �Color online� Field dependence of the VL domains present with the field applied at �=10° to the c axis in the rotation plane
illustrated in Fig. 8�a�. Thus the a /b axes are vertical in the figures and the field direction was at �10 /	2�° to the twin planes. All data were
taken at 5 K. The pattern in �a� is due to at least two distinguishable VL domains. The diffraction pattern arising from one of these domains,
indicated by the dashed blue lines, includes two horizontal spots and the VL is referred to as the “HTD” in the text. The other, indicated by
the solid black lines, includes two vertical spots, and the VL is referred to as the “VTD.” The arrows, which lie parallel to the projection on
the detector of the sample �110� directions, indicate the positions at which strong scattering would be observed with the field applied parallel
to the sample c axis �cf. Fig. 2�; in the present arrangement, only weak scattering is observed at these points.
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barely discernible and the major part of the observed scat-
tered intensity occurs at the peaks along the diagonals. These
peaks are the first-order peaks of square VL domains aligned
approximately along the �110� directions. Therefore, at high
fields the observed VL structure is very similar to that seen
with B applied parallel to the crystal c axis.

The coexistence over a wide range of fields of the HTD
and VTD with the square VL domains aligned with �110�
suggests that they are separated by a first-order transition
occurring below the irreversibility temperature, which can
cause vortex structures to be frozen in. To check this we have
performed temperature scans at 8.5 T to study the tempera-
ture dependence of the structure and relative occupied vol-
umes of the HTD and the square VL domains. The VLs were
prepared by field cooling the sample down to 20 K. Measure-
ments were taken at intervals of 10 up to 70 K, where the
scattered intensity was immeasurably small. Measurements
were then taken going down in temperature to 50 K. No
change in the structures of either the HTD or the square
domain was observed, while the ratio of these domains’ scat-
tered intensities exhibited hysteretic behavior. This is consis-
tent with a first-order transition between two distinct struc-
tures, with the transition between them hindered by pinning.
At 50 K, the ratio of the scattered intensity of the HTD to
that of the square domain was 0.6�1� when increasing the
temperature but 0.8�1� when decreasing the temperature.
This suggests that the HTD structure is frozen in at a tem-
perature above that of a first-order transition to the �110�-
oriented square structure.

To elucidate further the dependence of the VL structure on
the applied field angle we have obtained data with the field
applied 30° to the c axis �Fig. 10�. The data at an applied
field of 5 T �Fig. 10�a�� show that the HTD is still present,
albeit slightly more isotropic �with measured lattice angles of
59.4�2�° and 61.2�4�°� than when the field was applied at
10°. Qualitatively, this is exactly what is expected for the

HTD domain since the rotation of the b axis out of the plane
perpendicular to the applied field would tend to make the
effective mass more isotropic. Using Eq. �2�, an isotropic VL
would be expected for a rotation of 38° in our sample,
though we emphasize that anisotropic London theory does
not contain the higher-order terms necessary to explain the
vortex structures observed and thus these remarks represent
at best only a qualitative understanding of the evolution of
the HTD with applied field angle.

It can be seen from Fig. 10�a� that the VTD is not present.
Presumably this is because the VTD only forms when the
field is applied close to perpendicular to the crystal a axis in
this crystal domain, which in the present situation has been
rotated away by 30°. Instead two triangular VLs form, which
are very distorted owing to the rotation which “reinforces”
the a-b anisotropy in this crystal domain �Fig. 8�b��. The
correctness of these structures has been tested by measuring
the q vectors of the Bragg peaks and establishing that the
proposed lattices obey flux quantization; it was not possible
to confirm that the supposed structures form Bravais lattices
because the Bragg peaks lying close to the strong spots in
Fig. 8�b� are too obscured to get reliable fits of their posi-
tions. The orientation of these two VLs is quite unusual: both
form with nearest-neighbor directions at 15° to the vertical
a /b direction, which does not correspond to any special crys-
tal direction. The mechanism controlling the configuration of
these VLs is at present a mystery, but quite similar structures
have been observed in a different sample of fully oxygenated
YBCO at a lower field of 0.8 T.14 There it was claimed that
the orientation was consistent with vortex alignment along
the intersections of the twin planes with the basal plane. That
explanation does not fit our data: for a rotation of �=30° the
twin-plane-correlated nearest-neighbor direction would be
41° to the vertical rotation axis, which is significantly differ-
ent from the 33° that we observe.

At 9 T applied 30° to the c axis �Fig. 10�b��, the two
unusual distorted-triangular VLs that exist at lower fields
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FIG. 10. �Color online� Diffraction pattern taken at 5 K with the crystal c axis rotated by �=30° away from the direction of the applied
field of �a� 5 T and �b� 9 T. In �a� the HTD observed in the 10° data �Fig. 9�a�� is clearly visible, but the VTD is absent. In its place are two
distorted-triangular VLs whose diffraction patterns are indicated by dashed blue and solid black lines. In �b� the HTD is still present but in
addition there is an approximately square VL domain.
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�Fig. 10�a�� have been replaced by single spots along the
diagonals. These correspond to a square VL, whose �1,1�
peaks are just visible at the very edges of the detector in Fig.
10�b�. Also present is the HTD, though we note its diffrac-
tion peaks are stronger relative to those of the square VL
than was seen with 9 T applied at 10° to c �Fig. 9�d��. Thus
increasing the angle of applied field away from parallel to
the c axis appears to suppress the VL transition to square, as
would be expected if the anisotropy that induces the square
VL manifests in the basal plane.

VI. CONCLUSIONS

In the present work, we have demonstrated the overall
theme that the VL in YBa2Cu3O7 changes from hexagonal
coordination at low fields to essentially square at high fields.
However, the detailed VL alignment and coordination in
lightly twinned YBCO are affected by a large number of
factors: the alignment of some of the VL Bragg planes by
twin planes, the d-wave nature of the pairing, the crystal
basal-plane anisotropy related to the orthorhombic crystal
structure, the magnetic-field value and direction, and the
temperature. When VLs are formed by a field applied paral-
lel to the crystal c direction, then vortex lines can lie within
twin planes and the effect of alignment of the VLs by twin
planes is maximized. At low fields, the coordination of the
vortices is distorted from regular hexagonal by the a-b crys-
tal anisotropy, but the alignment of the hexagonal lattices is
determined by the locking of one of the VL planes to twin
planes. In this geometry, it is not possible to be certain
whether the high-field square coordination and the alignment
of VL nearest neighbors along �110� directions arise from
twin-plane pinning or d-wave effects.

However, if the field is applied in a direction rotated from
c by �5° toward a �110� direction, the aligning effect of one
set of twin planes is essentially removed, although the ap-
plied field still lies within the other set of twin planes and
their aligning effect remains. Rotation in this direction has
the advantage that both crystal domains in the twinned
sample remain in the same relative orientation with the ap-
plied field and the reduction in the number of different VL
domains allows a detailed investigation of the continuous
change of VL geometry with field and temperature. When the
temperature is raised, we find that the transition out of the
distorted hexagonal structure occurs at a higher field. This is

consistent with the VL transition being due to d-wave ef-
fects, in that the anisotropy in the d-wave gap will become
relatively less important compared with kBT as the tempera-
ture is raised. However, we cannot rule out the influence of
“nonlocal” effects arising from Fermi-surface anisotropy.
This is because nonlocality would give the same high-field
VL orientation as expected from d-wave theory and also be-
cause nonlocal effects also become somewhat weaker at
higher temperatures.

We have also investigated the effect of rotating the field
direction away from c toward a �100� direction. This means
that the vortices are not parallel to either set of twin planes.
As expected, this greatly reduces the aligning effect of both
sets of twin planes. However, this direction of rotation means
that the two crystal domains are in a different relative orien-
tation to the field �one has been rotated about a and the other
about b�. At a small rotation angle of �10°, the VLs are not
aligned by twin planes nor are they in the orientation ex-
pected from anisotropic London theory; instead they are
aligned with the a and b crystal axes. In this case, we ob-
serve reduction of a-b anisotropy at fields �5 T, as indi-
cated by a change in the distortions of the hexagonal VLs. At
somewhat higher fields, a transition to a nearly square VL
occurs. This transition differs in two respects from that ob-
served with H parallel to c: it begins at a lower field and it is
first order, as evidenced by the coexistence of the low- and
high-field VLs. At still larger angles of tilt, there is a ten-
dency to suppress the transition to the square VL, as would
be expected for a transition driven by the d-wave symmetry
in the basal plane. It would be of great interest to investigate
the VL structures in a fully detwinned sample of YBCO in
order to fully disentangle the effects of field direction and the
removal of twin-plane pinning.
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