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Square flux lines in YNi2B2C
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Magnetic fields penetrate a type-II superconductor via quantized flux lines. Why these flux lines sometimes
form square arrays, as in YNi2B2C with the field parallel to thec axis, rather than the expected hexagonal
ordering, has long fascinated physicists and has eluded a simple explanation. Our latest measurements on
YNi2B2C prove conclusively that the London penetration depth within thea-b plane is not isotropic. This
anisotropy of the London depths implies that the cross section of an individual flux line has square symmetry,
which makes a square lattice energetically favored over the more prosaic hexagonal ordering.
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Rare earth nickel borocarbides of the typeRNi2B2C ~R
5rare earth! are of interest since those containing a magne
rare earth ion exhibit1,2 the coexistence of magnetic ord
with superconductivity. The flux line lattices in these ma
rials ~when the applied field is parallel to the tetragonac
axis of the crystal! exhibited fourfold symmetry. It was
thought at first3 that the square symmetry of the flux lattic
observed in these materials was related to the presenc
long-range magnetic order. The same square symmetry
curring in the nonmagnetic YNi2B2C proved4 that this sym-
metry was not related to the magnetism. It is known fro
diffraction that Ni does not have an ordered moment in th
compounds and that only the rare earth ions order in
magnetic state and Y is nonmagnetic. The square symm
of the flux lattice seemed to be an intrinsic property of cle
borocarbide superconductors.

Flux lines in a superconductor are generally expected
be in a hexagonal array since flux lines repel each other
a hexagonal lattice of these lines maximizes the distance
tween them, which can be reasonably assumed to be
lowest energy configuration. However, square lattices5 of
flux lines have been seen experimentally. The first such
these was in superconducting lead and most recently, sq
lattices are seen in the rare-earth nickel borocarbides w
the applied field is parallel to thec axis of the crystal. The
driving mechanism for the square symmetry has been loo
attributed to ‘‘Fermi surface features’’ and pinning by th
same or even the interplay of flux lines with magnetic ord
However, the question of why flux lattices are square has
simple explanation. We show conclusively that square arr
originate from an in-plane anisotropy of the penetrat
depths which makes the cross section of a single flux
square, rather than circular~or oval! as generally thought
With a fourfold symmetry of the flux line, the square lattic
now becomes energetically favorable at an intervortex
tances comparable to the London penetration depth, w
the vortices interact strongly.
PRB 580163-1829/98/58~22!/14767~4!/$15.00
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Each flux line contains one quantum (h/2e)of flux and an
array of them creates a modulation of magnetic fields. T
neutron, which has a magnetic moment, interacts with
array giving rise to diffraction peaks from the flux lattic
Small angle neutron scattering~SANS! is an ideal probe of
the structural details of flux line lattices in the bulk. Furthe
any anisotropy of the penetration depth is readily apparen
this results in Bragg spots being located on an ellipse~as
opposed to a circle in the isotropic case!. The neutron scat-
tering measurements were carried out on the 30-m SA
facility at the High Flux Isotope Reactor at Oak Ridge N
tional Laboratory. Thec axis of the YNi2B2C crystal was
initially aligned parallel to the field direction with an unce
tainty of 62°. Relative rotations were accurate to60.25°
where the field was applied at an angle to thec axis. Mea-
surements were made at applied fields of 0.4 T and 1.0
an incident wavelength of 4.75 Å. For all the measureme
the neutron beam was horizontal and the applied magn
field was collinear with the incident neutron direction, exce
rotated by the Bragg angle to satisfy the scattering condit

The sample was a single crystal of YNi2B2C which was
grown by a high temperature flux method using Ni2B flux
with isotopic 2B to reduce neutron absorption. Magnet
measurements6 on a sample from the same growth run h
shown that the material is extremely clean~the ratio of the
critical current to the despairing current at 3 K was of the
order of 3.331026 at 0.4 T and 0.731026 at 1.0 T, where
measurements~reported here! were made. The crystal~of
dimensions 3.4 mm33.7 mm30.6 mm thick! had a mosaic,
determined by neutron diffraction, of less than 0.2°. T
crystal had aT

c
~onset! of 15.7 K andTc ~midpoint! of

14.5 K.
At the outset, the crystal was mounted~arbitrarily! and it

was found that the vertical was approximately 22° from tha
axis of the crystal. We saw that the flux lattice in the Y bas
R14 767 ©1998 The American Physical Society
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FIG. 1. ~Color! The flux lattice with thec axis
horizontal in both cases, but with~a! 100 vertical
and~b! 110 vertical. The ellipse through the firs
order peaks are indicative of the anisotropy
penetration depths.
is

is
p

e
om

eld
r

sult
he
sis-
py.
of
py

ibit
der
compound is rather complex. WithBic, the flux lattice was
square, as had also been seen in ErNi2B2C earlier3 by Yaron
et al. As the angle between thec axis and the field was
increased, the lattice became hexagonal.7 For these data, the
rotation of the field was performed about the vertical ax
When the applied field was at 45° to thec axis, the lattice
observed showed that the spots lie on an ellipse~eccentricity
51.2! instead of on a circle. The eccentricity of the ellipse
a measure of the anisotropy between the penetration de
along different directions in the scattering plane.8 For the
case of effective mass anisotropy, the eccentricity of the
lipse varies monotonically as the applied field is rotated fr
.

ths

l-

one symmetry direction to the other. When the applied fi
was at 60° toc, the eccentricity of the ellipse was smalle
than when the field was at 45° to thec axis, hence the lattice
was somewhat more isotropic. This was a very curious re
as it implied that there were quite large variations of t
effective penetration depth in a manner that was not con
tent with a simple uniaxial superconducting mass anisotro

While anisotropy was evident, we saw from an analysis
the structural details that, in this orientation, the anisotro
was small when the field was applied 90° from thec axis.
That indicated that the principal directions seemed to exh
rather similar London penetration depths. However, in or



o
th

is
-
-

pt
e

a

io

he

d
-

e

t
te
th
f
re

e
ect
ed

ata
se

ual

re-

py
the

nd
the
on-
ct,
rin-
an-

hat
for

t of
ropic
to a
ding
er
be-
for

the

ce
s
l

ux
the
e
. 2
tro-
ass
re
the

flux
pth,
are
ea-

gle
ep
-

s

RAPID COMMUNICATIONS

PRB 58 R14 769SQUARE FLUX LINES IN YNi2B2C
to explain the nonmonotonic variation of the eccentricity
the ellipse that the spots lay on, it was our thesis that
London depth must vary within the basal plane.

To test if the London penetration depth was indeed an
tropic with thea-b plane, we performed the following mea
surements. We used thec-axis penetration depth as the in
variant gauge to measure the ratio of the penetration de
between the 100~a axis! and 110 directions. To do this, th
sample was first mounted with thea axis vertical and with
the c axis in the plane of scattering. The applied field w
along theb axis of the crystal~which is equivalent by sym-
metry to thea axis!. In this way, we could measure the rat
of the penetration depth between thea axis and thec axis
@see Fig. 1~a!#. Next, we realigned the sample such that t
~110! axis was vertical, but with thec axis still in the scat-
tering plane. Here, we measure the ratio between the Lon
penetration depths along thec axis and that in the 110 direc
tion @see Fig. 1~b!#. Given that thec-axis London depth is the
same in both cases, we can get the ratio between the pen
tion depths along the~100! and~110! directions. The data for
these measurements are somewhat less well determined
for Bic, since the sample was viewed edge-on and the ex
of the incident beam was effectively the thickness of
sample, which was only 0.4 mm. Only the ‘‘lower’’ half o
the reflections were in Bragg condition for these measu

FIG. 2. A schematic of a constant local field contour of a sin
flux line at a distance comparable to the London penetration d
in the ~a! isotropic case,~b! local with superconducting mass an
isotropy not equal to 1, and~c! isotropic case with nonlocal effect
as is the case for YNi2B2C.
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ments, since the magnetic was tilted ‘‘down’’ to improve th
signal for these reflections. The flux crystal was quite perf
with a mosaic of approximately 0.4°. The data were obtain
at an applied field of 1.0 Tesla.

The geometry for the two cases and the respective d
sets are shown in Fig. 1. From the eccentricity of the ellip
that the spots lie on, in each case, we find that

l110/lc50.9660.03 and

l100/lc51.3960.035.

Hence, the ratio:l100/l11051.4560.05. This ratio of pen-
etration depths implies that the cross section of an individ
flux line has fourfold symmetry.

Our finding is not inconsistent with our previous measu
ment and with torque magnetometry9 where it was found that
the penetration depths in the basal plane and along thec axis
were virtually identical. Since our data show that anisotro
exists between different directions in the basal plane,
comparison of ‘‘basal plane’’ penetration depths to thec-axis
values is relatively meaningless; this anisotropy will depe
on the exact orientation within the basal plane to which
c-axis value is being compared. In effect, it appears that n
local effects are very significant in this compound. In fa
even when the external applied field is directed along a p
cipal symmetry direction, it appears there is considerable
isotropy in the plane perpendicular to it.

A cursory analysis of these data make it apparent t
nonlocal effects must be involved to explain this behavior
the following reasons. In the local picture,j54pM21A
where j is the current,A is the vector potential andM the
mass tensor. In an isotropic system, the diagonal elemen
the mass tensor are all the same whereas in an anisot
system, the superconducting mass anisotropy gives rise
mass tensor that has different diagonal terms correspon
to the three major symmetry directions. However, in eith
scenario, the penetration depth must vary monotonically
tween the symmetry directions. That is, it is not possible
l110 to be larger thanl100. ~By symmetry, l0105l100.)
However, the finite extent~j! of a Cooper pair gives rise to
nonlocality, which in Fourier space has been written10 as
follows: j (q)5Q(q)A(q). Here, Q(q)is the q-dependent
kernel that modifies the effect of the vector potential on
current. More specifically, the currentj (r ) at r can have
contribution from the vector potential within a coheren
length around the pointr. This has immediate implication
on the symmetry of the flux lattice. Theq-dependent kerne
causes the flux lattice structure to be field-dependent.

The physical argument of the field dependence of the fl
lattice symmetry is quite simple. The data show that in
borocarbides withBic, the cross section of a single flux lin
has square symmetry. This is schematically shown in Fig
and compared with the expected cross sections for an iso
pic material and for a system having superconducting m
anisotropy, but without nonlocal effects. At low fields, whe
the distance between flux line is large, the effects of
square flux line are not relevant11 and the lattice formed is
hexagonal. However, when the distance between the
lines becomes comparable to the London penetration de
the minimum energy configuration is reached in a squ
rather than triangular arrangement of the flux lines. The m

th



he
n

x
ar
e

li
b

is
tr
ng

, a
ec
s

ea
th

ic

of
te

e
an
ld

ge
n

ion
eld
ec-
f-

the

l
n
of

cts
give

of

he
the
to

it is
s,
of
te
ld

is
ry,
rch
nd
of

RAPID COMMUNICATIONS

R14 770 PRB 58YETHIRAJ, PAUL, TOMY, AND THOMPSON
sured London penetration depth~from SANS measurements!
for Bic is 1100 Å, which is the value along the 110 since t
reflections are aligned along that direction. From the in-pla
anisotropy determined here,l10051600 Å. An intervortex
distance of 1600 Å is achieved at an applied field of appro
mately 800 Oe~for a square lattice, 920 Oe for a triangul
one!. This is approximately the field value at which th
hexagonal-square transition is observed12,13 for Bic in this
material. The distance between vortices at the same app
field is smaller in a hexagonal lattice than in a square one
about 7%. However, if the repulsion of two vortices
smaller in a particular direction because of a smaller pene
tion depth, there may be numerous fields where a rearra
ment of the lattice results in a lower energy.

In an alternate picture, when nonlocal effects are small
individual flux line may have a reasonably circular cross s
tion even at quite small distances from its core. In this ca
going to higher fields~and approachingHc2), which is ex-
pected to cause nonlocal effects to become smaller will m
that a hexagonal lattice can be expected at higher fields
measured here.

The penetration depth referred to here is the phys
(1/e) length for penetration of an applied field~lower than
Hc1), which is also the physical half-width at half-height
the field modulation for a single flux line in the mixed sta
In the formulation of the theory8 of nonlocal effects, the
terminology used is somewhat different. The authors defin
quantity referred to as the ‘‘penetration depth’’ which is
invariant as a function of rotation about the applied fie
direction. In this theoretical construct, the kernel avera
over all of the Fermi surface in this plane. Hence their ‘‘pe
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etration depth’’ is equivalent to the average penetrat
depth in this plane perpendicular to the external applied fi
rather than the actual penetration depth in any given dir
tion. This is strictly a difference in terminology and no di
ference is implied in the physics.

We note that there has been much discussion about
symmetry of the flux lattices in highTc superconductors and
the possibility that a symmetry other than rhombohedra14

may be indicative ofd-wave superconductivity. We cautio
first that the symmetry of the flux lattice is not a good test
d-wave versuss-wave theses. Further, since nonlocal effe
are temperature and field dependent, this could possibly
rise to ‘‘anomalous’’ temperature and field dependence
the order parameter as well.

It is unclear at this time whether the anisotropy of t
penetration depths is directly related to the local shape of
Fermi surface. If it is, such experiments could be used
probe the Fermi surface in superconductors. In addition,
well known15,16 that, in these rare-earth nickel borocarbide
a transverse (h,0,0) phonon mode softens as a function
temperature. We think it would be exciting to try to correla
the nonlocal effects on the flux lattice with the effects of fie
on the softening. Such experiments are planned.

We thank Pedja Miranovic for insightful discussions. Th
work was carried out at Oak Ridge National Laborato
which is managed by Lockheed Martin Energy Resea
Corporation under Contract No. DE-AC05-96OR22464 a
was funded in part by an EPSRC grant to the University
Warwick.
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