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PHYSICAL REVIEW B, VOLUME 64, 174501
Transverse-field components of the flux-line lattice in the anisotropic
superconductor YBa2Cu3O7Àd
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We report on detailed small-angle neutron scattering measurements withpolarization analysisfrom the
flux-line lattice in the anisotropic superconductor YBa2Cu3O72d . When the field was applied at an angle to the
principal axes we have observed spin-flip neutron diffraction consistent with local transverse field components.
From a detailed study of the angle dependence of the magnitude of the spin-flip neutron-scattered intensity we
have found that the transverse-field components are larger than predicted by an anisotropic London model for
reasonable mass anisotropy values. The transverse-field components are consistent with a reducedc-axis
coherence length at low temperature.

DOI: 10.1103/PhysRevB.64.174501 PACS number~s!: 74.72.Bk, 74.60.Ge, 61.12.Ex
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It is well known that many properties of high-temperatu
superconductors~HTS’s! are anisotropic due mainly to th
CuO2 planes. With a field greater thanHc1 applied parallel to
thec axis, the screening currents associated with the flux-
lattice ~FLL! flow in the plane perpendicular to the applie
field. In an ideal isotropic superconductor this would be tr
for all angles of the applied field relative to the crystal ax
When the field is rotated away from thec direction in an
anisotropic superconductor, the situation is complicated
to the reduced kinetic energy if current flows in an ea
direction. The predicted current plane is tilted away fro
perpendicular to the applied field and towards the ba
plane.

The tilted current flow results inlocal transverse-field
components as proposed by Dorer and Bo¨mmel1 and later
considered for the general case with Hc1!H!Hc2 by Thi-
emannet al.2 By a flux quantization argument,3 one may
show that the flux-line cores lie along the direction of t
averagemagnetic field. Hence, there is a zero spatial aver
of the local fields transverse to the flux lines. These fields
distinct from any transverse magnetization4 and can therefore
only be detected by a microscopic probe. The variation
both the longitudinal and transverse fields in the FLL giv
rise to small-angle neutron scattering~SANS!, but the trans-
verse fields alsoflip the spin of the diffracted neutrons. I
this paper we present the first SANS measurements withpo-
larization analysisfrom the mixed state of YBa2Cu3O72d
~YBCO!. Our technique is quite different from neutro
depolarization5 which gives a measure of larger scale fie
gradients by the depolarization of thetransmitted beam.
Such effects were undetectably small in our experiments.
have observed spin-flip neutron diffraction consistent w
the predicted transverse-field components and make a c
parison between our experimental observations and the
isotropic London model which we now describe.
0163-1829/2001/64~17!/174501~4!/$20.00 64 1745
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For a moderately anisotropic superconductor such
YBCO with largek and a coherence length comparable w
the interplane spacing, an appropriate theory is the an
tropic London model,6 particularly close toTc . This theory
has the advantage that it provides a simple and succe
description of the magnetic response of anisotropic sup
conductors. However, the model is phenomenological, a
does not include the underlying physical origin of the anis
ropy.

In the anisotropic London model, the effective mass of
charge carriers depends on their direction of motion. T
normalized effective masses are written asma , mb , andmc
and are normalized to the ‘‘average mass’’Mav
5(MbMaMc)

1/3 such thatmi5Mi /Mav and mambmc51.
The anisotropy may be quantified as two ratios of the eff
tive masses:gca

2 5mc /ma and gab
2 5ma /mb . The supercur-

rent response is larger in theb direction than thea direction
due to the Cu-O chains. The result is a shorter penetra
depthlb for fields in thec direction which are varying along
a than the corresponding penetration depthla for fields
varying alongb. Hence the FLL is distorted. We have show
in previous SANS measurements on our sample under s
lar conditions to here thatgca54.5(6) andgab51.18(2).7

We will now examine the predictions of an anisotrop
model using the nomenclature of Thiemannet al.,2 extending
their analysis to the case of biaxial anisotropy, i.e.,ma
Þmb . In the mixed state, the magnetic field distributio
B(r ) may be represented by the Fourier series

B~r !5(
q

b~q!exp~ iq•r !, ~1!

whereq is the set of reciprocal lattice vectors.8 The average
field is in thez direction and the transverse fieldsBx(r ) and
By(r ) are in thexy plane, defined in Fig. 1. In an isotropi
©2001 The American Physical Society01-1
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superconductorbx(q)5by(q)50; bz(q)Þ0, and the aver-
age field and the local field are parallel to the applied fie
Extending the derivation of Eq.~7! of Ref. 2, but with the
inclusion ofa-b anisotropy, one obtains after straightforwa
algebra the components of the Fourier coefficientb(q):

bx~q!5l2mxzqy
2B/d, ~2!

by~q!52l2mxzqxqyB/d, ~3!

bz~q!5B~11l2mzzq
2!/d, ~4!

where

d5~11l2myyqx
21l2mxxqy

2!~11l2mzzq
2!2l4mxz

2 q2qy
2 ,
~5!

and B is the average field,l is the value that the London
penetration depth would have for the average massMav , and
u, x, y, andz are defined in Fig. 1. The massesmi j are the
components of the rotated effective mass tensor

M5S mxx 0 mxz

0 ma 0

mxz 0 mzz

D , ~6!

where mxx5mbcos2u1mcsin2u, mxz5(mb2mc)sinu cosu
andmzz5mbsin2u1mccos2u.2

From Eqs.~2! and~3! it may be seen that when the ave
age field is at an angle to the principal axes (uÞ0) there
exist transverse field componentsbx(q) and by(q) as mb
Þmc .

The measurements were performed on a large~1.072 g!
untwinned single-crystal YBa2Cu3O72d sample used in pre
vious SANS measurements.7 From characterization measur
ments the sample is known to be essentially single dom9

which allows discrimination between the crystallographica
and b directions and therefore determination ofgab . The
experiments were performed on the IN15 spectrometer a
Institut Laue Langevin with 10-Å cold neutrons.10 The

FIG. 1. Diagram of the coordinate system used in this pa
The crystal axes are represented by crystallographic labelsa, b, and
c. The coordinate system of the FLL is labeledx, y, andz. Thez axis
is parallel to the direction of the average field in the sample. In
experiment the field was always in theb-c plane, at an angleu to
the crystalc direction.
17450
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sample was mounted with thea axis vertical between the
coils of a split-pair cryomagnet with the ability to rotate th
crystal and apply the field at an arbitrary angle in the ho
zontalb-c plane.

The spectrometer receives a longitudinally polarized n
tron beam traveling approximately parallel to the field in t
sample. In our setup the neutron polarization was maintai
by longitudinal fields provided by solenoids before and af
the sample. By operating a spin flipper, the incident polari
tion could be changed from parallel to antiparallel to t
field. The transmitted and scattered neutrons passed thro
a second flipper, then a set of analyzer supermirrors in fr
of a 32332 cm2 multidetector. The analyzers are arrang
to absorb the incident neutron polarization; thus spin-flipp
neutrons would mainly be detected with neither or both fl
pers operating and non spin flipped when one flipper w
operating. The beam polarization and the pixel-by-pixel fl
per and analyzer efficiencies were calibrated by placing
non-spin-flip scatterer pyrolitic graphite in the beam and
counting with all four possible flipper combinations. Furth
details of IN15 in SANS mode withpolarization analysisare
detailed elsewhere.11 The FLL was established in the samp
by cooling in the applied field of 0.5 T. The magnetization
the sample was negligible and the average direction of
flux lines trapped in the sample was within 0.25° of t
applied field.

We have measured the non-spin-flip~NSF! and spin-flip
~SF! diffraction for a field of 0.5 T applied at nine angle
between 0 and 80° to thec axis in theb-c plane. For each
field orientation, the crystal and field were rocked togeth
through the FLL Bragg scattering condition and backgrou
data taken at 100 K was subtracted from the foregrou
taken at 2 K after field cooling. In each case, data were ta
for all four flipper combinations and, using our calibration
converted to SF and NSF scattering intensities. In Fig. 2~a! is
shown the NSF diffraction signal with the field applied

r.

e

FIG. 2. Contour plots of~a! the non-spin-flip and~b! the spin-
flip neutron diffraction patterns from the FLL of YBa2Cu3O72d .
Data are the sum of that obtained by rocking about a vertical a
the sample through the Bragg scattering condition for the left
right spots. This sum shows the symmetry of the FLL but tends
broaden the image of the top and bottom spots which are n
exactly on the Bragg condition. A field of 0.5 T was applied in t
b-c plane at 60° to thec axis. The diffracted signal was obtained b
subtracting data taken aboveTc . The axes represent pixel numbe
and the center of the detector has been masked. The scattering
tors qx and qy are defined as horizontal and vertical, respective
The angle 2f is a measure of the distortion of the FLL.
1-2
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60° to thec axis. The crystal anisotropy results in the spo
forming a distorted hexagon. It has been shown that the
tortion of the FLL is given by12

distortion25S tanf

tan 30°D
2

5gab
2 cos2u1

1

gca
2

sin2u, ~7!

where 2f is the angle between the first-order scattering v
tors shown in Fig. 2~a!. To determine the distortion, the dif
fraction spots were fitted to two-dimensional~2D! Gaussians
and from their positions the anglef could be calculated. The
spot position was fitted at the rocking angle correspondin
the peak intensity. The distortion as a function of the angle
the applied field is plotted in Fig. 3. The distortion was fitt
to Eq. ~7! and from the fit parameters we deducegab
51.19(1) andgca56.0(4).From these values using Eqs.~2!
and ~3! we can calculate the magnitude of the transver
field components and therefore the expected magnitud
the SF scattering in the anisotropic London model.

Other techniques may also be used to deduce the m
anisotropy: they include muon spin rotation (mSR),13

torque magnetometry,4,13,14 infrared reflectivity,15 Josephson
tunneling,16 and Bitter decoration.17 Using torque magne
tometry andmSR, on the same sample as used in this SA
study, we have foundgab51.15(1).13 There is reasonable
agreement on the value ofgab between a wide range o
techniques on a number of different crystals: Bitter deco
tion, SANS, mSR, and torque give a value ofgab51.1
→1.2. However, Josephson tunneling and IR reflectivity le
to values in the rangegab51.2→1.7 which may be due to
variations in the perfection of the Cu-O chains. There
much less agreement between different techniques for the
of plane anisotropygca ,13 which may be understood in pa
asgca depends on oxygen content.18 On the same crystal a
used in this study we have found, bymSR at 50 K,gca
53.7(5),whereas torque magnetometry at 93 K is consist
with gca56.6(5).

In Fig. 2~b! we present the SF diffraction pattern. Th
diffraction spots show the same long-range periodic struc
of the FLL as seen in Fig. 2~a!, which is evidence that the
origin of this signal is SF diffraction from transverse fields
the FLL. With the field applied parallel to thec axis we

FIG. 3. Distortion of the FLL as a function of the angle of th
applied magnetic field from thec axis. The distortion was deduce
by fitting the spots on the detector and determining the angle
tween the scattering vectors as detailed in Eq.~7!.
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observe, within errors, zero spin-flip scattering. It is intere
ing to note that the SF scattering may actually be seen in
unsubtracted data as there is very little background SF s
tering from defects or other sources.

Before presenting a study of the angle dependence of
SF scattering, we will examine some details of the spin-
diffraction pattern. In Fig. 2~b! it can be seen that forqy
50 there is zero SF scattering. This is expected from E
~2! and ~3! as bothbx(q) andby(q) are zero forq5(qx,0).
The bx result arises from the Maxwell equation divB(r )
50, which may be expressed in reciprocal space
q•b(q)50. From mirror symmetry of the FLL abouty50
by(qx,0) is also zero, so there should be no SF scattering
qy50.

When the neutron spin is flipped in a magnetic field the
is a change in the potential energy of the neutron equal to
Zeeman splitting for the neutron. From conservation of e
ergy, this results in a change of the neutron kinetic ene
Although small ('60 neV) this noticeably changes th
anglev through which the sample must be rotated to bri
the scattering vector to a reciprocal lattice point. The cha
is given bydv/v561.91/2p and is positive for a decreas
in kinetic energy. In Fig. 4 we plot the intensity of the NS
and SF scattering as a function of the rocking anglev. By
changing the incident neutron polarization, SF scatter
with either kinetic energy gain or loss was probed. The o
served splitting is consistent with the predicted value
60.15° for an applied field of 0.5 T.

We now examine the angular dependence of the SF
NSF scattering for the four spots near the horizontal pla
~we ignore the vertical spots because we did not have
facility to rock through the Bragg condition for them!. A
reliable measure of the intensity of the spin-flip diffraction
the ratio of the integrated SF and NSF intensities. This ra
is independent of many possible systematic experimenta
rors. The quantization axis for the neutron spin is the aver
magnetic field directionz. Just as in NMR, varying perpen

e-

FIG. 4. Rocking angle dependence of the scattered neutron
tensity from the FLL for a field of 0.5 T applied in theb-c plane at
an angle of 60° to thec axis. The intensity for the non-spin-flip an
the spin-flip scattering is plotted. Two initial spin directions a
plotted for the case of spin-flip scattering, corresponding to kine
energy gain and loss. The observed splittingdv in the peak inten-
sity v angle is due to the Zeeman splitting of the neutron poten
energy in the sample region which meanskinÞkout as shown in the
inset.
1-3



te

on

or

ties

at
on-

ere
m-
py.
del

er-

ac-
tal
ory

at

del

ore
of

in
ese

.K.
ce
ring

SF
he
ts
int
ate

P. G. KEALEY et al. PHYSICAL REVIEW B 64 174501
dicular magnetic fields flip the neutron spin, so that the in
grated SF intensity is proportional tobx

21by
2 .19 Fields vary-

ing parallel to the quantization axis cannot cause transiti
so the integrated NSF intensity is proportional tobz

2 . The
ratio r SF of the SF and NSF integrated intensities is theref
given by

r SF5
bx

21by
2

bz
2

5
mxz

2 ~qy
41qx

2qy
2!

mzz
2 q4

, ~8!

which may easily be evaluated as a function ofu and the
anisotropy parametersgab and gca . In Fig. 5 we plot the

FIG. 5. Plot of the ratio of the theoretical and experimental
to NSF scattering as a function of the applied field direction. T
experimental intensities were evaluated as the sum of the coun
a small area of the detector centerd on the NSF spot position,
grated over the rocking curve. The theoretical plots are calcul
usinggab51.19 and forgca54, 6, and 8.
.
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d
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experimental ratio of the SF and NSF integrated intensi
and compare with the prediction of Eq.~8!. The theoretical
lines in Fig. 5 are plotted for a range ofgca values predicted
from various techniques13–17 as well as that deduced from
the FLL distortion. The experimental ratio is greater than th
predicted by the anisotropic London theory for any reas
able values ofgab andgca .

It should be noted thatdistortion of the FLL is governed
by the high-temperature mass anisotropy, at the point wh
the FLL becomes pinned. However, the transverse-field co
ponents will be governed by the low-temperature anisotro
The data could be fitted by the anisotropic London mo
with a much larger out of plane anisotropy (gca;50), which
would correspond to a much greater confinement of sup
current flow to the Cu-O planes as thec-axis coherence
length jc becomes much smaller than the interplanar sp
ing. However, under such conditions the layered crys
structure becomes important and a continuum London the
should not apply. Nonlocal effects20,21 can also give devia-
tions from the London model, although it is not clear th
they would result in an increased anisotropygca in YBCO.
In any case, we conclude that the anisotropic London mo
does not give an accurate description of YBa2Cu3O72d at
low temperature where the superconductivity appears m
two dimensional than at high temperatures. It would be
interest to study this over a range of temperatures.

We acknowledge the technical expertise of G. R. Walsh
the design and construction of the cryomagnet used in th
SANS experiments. This work was supported by the U
E.P.S.R.C., NEDO Japan for the R&D of Industrial Scien
and Technology Frontier Program, and the neutron scatte
was carried out at the Institut Laue-Langevin, Grenoble.
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