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Small-angle neutron scattering and magnetic decoration both demonstrate a topological transition
in the flux line lattice (FLL) inErNi,B,C. The high-field square lattice slowly transforms into a
hexagonal lattice via an area preserving [100] rhombohedral distortion below roughly 500 Oe. The
square FLL is aligned with the [110] direction of the tetragonal crystal, while the two domains of the
hexagonal FLL are aligned with [100] and [010]. The differences in pinning for the two FLL topologies
are reflected in the rf kinetic inductance. [S0031-9007(97)02526-X]

PACS numbers: 74.60.Ge

The nominal incompatibility between superconductingsuperconductor, witkk ~ 5. Our experiments were per-
and magnetic ground states requires that a system in whidbrmed in the antiferromagnetic superconducting regime.
both occur develops novel strategies to allow microscopic The SANS experiments, performed at the cold neutron
coexistence. Studies of the magnetic ground states arglide hall at Risg National Laboratory, employed magnetic
their structures in such systems have, historically, prefields between 200 and 3000 Oe applied parallel to both
vailed [1]. Only recently has the flux line lattice (FLL) the ¢ axis of the crystal (to withind®) and the incident
in these systems come under scrutiny despite the fact thaeutron beam. In this orientation, the upper critical field
all known materials in this class are strongly type-Il superis H.,(2 K) = 1.8 T [5] and there is no field dependence to
conductors which form a FLL in the mixed state. T, [5]. The neutrons had a wavelengt), between 9 and

Small-angle neutron scattering (SANS) studies [2] 0f15.3 A, a wavelength spreatir, /A, = 18%, and angular
the FLL in the magnetic superconductd®rNi,B,C  divergences of-0.15° and~0.18° in the horizontal and
found a square FLL at high fields, contradictious tovertical directions, respectively. An area detector at the
the hexagonal FLL typically found in strongly type- end of a 6 m long evacuated chamber counted neutrons
Il superconductors. In this paper we report on SANSBragg scattered from the magnetic field pattern due to the
magnetic decoration, and rf kinetic inductance studie$LL.
which clearly show how the square FLL undergoes a Shown in Fig. 1 are SANS data as a function of applied
smooth structural transformation to a hexagonal latticdield for a field cooled experiment. This figure shows the
below roughly 500 Oe at 3.5 K. The monodomain squarescattered intensity, after zero field background subtraction,
lattice is aligned with the [110] direction of the host in the plane of the detector &5 K for 1000, 750,
crystal, while the hexagonal lattice has domains alignednd 500 Oe. The data are shown for a single point on
along [100] and [010]. This transformation proceedsthe rocking curves, centered relative to all four Bragg
via an area preserving rhombohedral distortion along theeflections. All the peaks remain essentially at the Bragg
[100] axis. condition for this condition, since the rocking curve width

Previous observations of FLL symmetry transformationds greater than the scattering angle. The data at high fields
were limited to the marginally type-ll superconductor clearly show both the square symmetry of the FLL and its
niobium in the intermediate mixed state, where a fieldalignment with the [110] crystal direction [2]. In addition
independent transformation from a distorted hexagonal tto the (10) peaks, the well ordered FLL shows strong
a square lattice was seen by lowering the temperature [3,4(11) reflections. As the field is reduced, two effects are

Our experiments used single crystals BfNi,B,C, obvious. The first is the reduction in the scattering vector
grown usingNi,B flux [5] and, to increase penetration due to the field dependence of the flux line density. The
of thermal neutrons, isotopically enrich@&f!. Platelet second effect, the subject of this paper, is the azimuthal
samples, with thec axis perpendicular to the flat sur- broadening which occurs as the field is reduced below
face, were typically8 X 12 X 1 mm? with masses in the 500 Oe. In contrast to the azimuthal width, the radial
300-500 mg range. ErNi,B,C has a superconducting width remains roughly constant and resolution limited as
transition (7. = 10.5 K) [5,6] and an antiferromagnetic the field is reduced. Further, broadening of the rocking
transition (7, = 6.0 K) [5,7,8]. It is a strongly type-ll curve is smooth and continuous through this region and is
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l 100008 domains of both orientations are observed. At 600 Oe
& ‘ the decorations show co-existing square and hexagonal
lattices, with only short range correlations for either
polytype. This field, the upper limit for our decorations,
is still in the middle of the transition region between
hexagonal and square lattices. In Fig. 2 a predominately
square symmetric region is shown. The square lattice is
aligned with the [110] direction, as in the SANS data.

Figure 3 shows the analysis of the SANS data. In the
upper panel, results of Gaussian fits to the radial positions
of the peaks on the detector at the maximum of the
rocking curve are shown as the open symbols, with circles
and squares denoting the square (10) and (11) peaks,
respectively. Full rocking curves analyzed by simulating
af — 20 scan are shown as the solid symbols. With the
reciprocal space locations of the Bragg peaks normalized
by go = 2m(B/¢o)"/?, the (10) square lattice peak is at
q/q0 = 1 and the (11) peak is af2. For a hexagonal
lattice, the (10) peak is a®/+/3)'/2 = 1.07. The data
approaches the square lattice values above 1 kOe. This
plot emphasizes that the square lattice (11) peaks move in
and (10) peaks move out, forming the (10) peaks for the
hexagonal lattice as the field is reduced.

The lower panel of Fig. 3 shows the field dependence
of the azimuthal width of the (10) peaks of the square
lattice. As the field is reduced below 600 Oe, the
peaks broaden substantially. The thin solid line is the
experimental resolution function. The limited resolution
.. of the SANS experiment obscures the twelve peaks of

- - : the two hexagonal domains at low fields, leaving only

3

oE

q(x107A™)

Sin a modulated ring of scattering as the azimuthal width
qx10 " A’) increases. The data in Fig. 3 suggest that the distortion
FIG. 1 (color). Two-dimensional contour maps of the back-from a square to a hexagonal FLL occurs smoothly over
ground subtracted SANS intensity wi || ¢ as a function th€ range from 1100 to 350 Oe. _ .
of the scattering vector &5 K. The peaks undergo a pro-  Sketched in the inset to Fig. 3 is the distortion between
nounced azimuthal broadening at low field. The reduction inthe two lattice symmetries. On the left is the reciprocal
the scattering vector is due to the field dependence of the flugpace description and on the right is the real space picture.
line density. The squares are square lattice points and the triangles are
for the hexagonal lattice. The transformation proceeds
via an area preserving, rhombohedral distortion along the
consistent with constant. B and the Larkin-Ovchinnikov crystalline [100] orientation. There are two equivalent
model [9]. The azimuthal broadening is the harbingerdistortions rotated byd0° with respect to each other.
of the square to hexagonal transition. This broadeninghe two domains of the hexagonal lattice produce twelve
cannot be explained by a simple disordering of the FLL,equally spaced peaks. The square lattice would produce
which would lead to an isotropic broadening in the planethe four (10) peaks and the four (11) peaks found at high
of the detector. fields. The arrows show how the peaks evolve as the field
We also imaged the FLL at low fields using magneticis lowered. The four square lattice (10) peaks split in
decoration, wherein iron particles are evaporated onto théhe azimuthal direction, and move out slightly to form
sample surface at low temperatures [10]. The particlegight of the twelve peaks for the hexagonal lattice. This
preferentially decorate regions where the flux lines exitsplitting is the azimuthal broadening in the lower panel
the sample, and a SEM is used to image the particle andf Fig. 2. The square lattice (11) peaks also split, but
hence, flux line locations. Shown in Fig. 2 are real spacén the radial direction. Four peaks move in to make a
and Fourier transforms of magnetic decoration images dbtal of twelve hexagonal lattice peaks, and four peaks
4.2 K for fields of 100 and 600 Oe. At 100 Oe, and move out to form higher order peaks for the hexagonal
for other decorations down to 20 Oe, the well ordered]attice. However, due to the rapidly decreasing scattering
hexagonal lattice is aligned with either the [100] orintensity as a function of, the higher order peaks are not
the [010] crystallographic directions. Frequently, largeobserved. This decrease in intensity also gives rise to the
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FIG. 2 (color). Magnetic decoration images take®atK. Real space images are shown on the left and the Fourier transforms
on the right. At 100 Oe, the well ordered hexagonal lattice is aligned in the [100] direction. At 600 Oe coexisting, disordered
square and hexagonal lattices are seen. The square lattice, aligned with [110], dominates the region shown.

reduced intensity in the SANS data at 500 Oe in thedata, although results at higher temperatures are not of
direction of the square lattice (11) peaks. sufficientS/N for a quantitative analysis.

It is also possible to argue for what drives the square to Transport measurements [14] on single crystals of this
hexagonal transition. Within the family of lattices with compound have found a fourfoldb-plane anisotropy of
rhombus-shaped unit cells, the high-field square latticél.,, which increases dramatically belofy,. At 3.5 K,
and the low-field hexagonal lattices are special cases. Fdf., is 1.0 T along the [100] crystal direction and 1.3 T
an isotropic superconductor, the square lattice is a locdbr the [110] direction. This anisotropy is well in excess
maximum of the free energy and the hexagonal lattice i®f the 4% anisotropy required [12] to stabilize the square
the global minimum, although the difference in energylattice atH.,. The direct influence of the magnetic ground
between these is only about 2% of the condensatiostate on the FLL is through the enhanddg anisotropy
energy [11]. A small fourfold anisotropy, due, e.g., to belowT,, which should stabilize the square FLL at lower
H., anisotropy or magnetoelastic coupling, will selectfields than abové,.
the two lowest free energy orientations of the hexagonal Since area is preserved in the transformation, it does
lattice, which differ by a90° rotation. Increasing the not show up inM(H) data withH || ¢. However, the
fourfold anisotropy decreases the square lattice in energy kinetic inductance, as measured in a tunnel diode
relative to the two hexagonal ones, and it eventuallyoscillator apparatus, does show an effect. The sample,
becomes the global free energy minimum. The transitiorplaced in the inductive coil of a tank circuit, changes the
is continuous neaH,., in a model that includes Fermi resonant frequency, due to changes in the penetration
surface anisotropy [12], although it could, in principle, bedepthA. Using the relatioMA(T,H) = —g[ f(T,H) —
first order under other conditions. fo(T,H)], where g is a geometrical factor, one can

We have studied a specific model for the FLL symme-extract the temperature and field dependence of the
try transition based on nonlocal corrections to the Lonpenetration depth [15]. The extreme stability of the
don model [13] valid in the regime of our experimentscircuit, typically 1 Hz out of 3 MHz, allows penetration
(T < T, and H < H,;). This model accounts for the depth measurements witi{A) resolution.
symmetry transition and the orientation of the FLL, as Shown as the solid line in Fig. 4 iAA as a function
well as predicting that the transition field should increaseof field for T =4.96 K, H || ¢, andH,; L ¢. The rapid
with either increasing temperature, disorder, or tilt anglechange in the flux penetration &.; ~ 120 Oe is clear.
away from ther axis. The increase in transition field with For this experimental configuration the vortex contribution
temperature was seen at the qualitative level in the SAN® A is given by A(H) = Re[¢oB(H)/ uo(k, — iwn)]'/?,
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1.5 — T . . T T dependence ia ~ VH. The vortex parameters, and

jal ' square (1,1) L 7 are field independent, except in the vicinity of a phase
5 i g m transition.
g 43 | ™ E = y The open symbols in Fig. 4 are the field derivative of
< © the data,dA(H)/dH. A feature is now clearly evident
$12r jaled 7 at H ~ 600 Oe, showing that the transport properties
B 11 L9 '&“ hex (1,0) ] are also affected by the square to hexagonal transition.
‘g : Changes in\(H) could be due to changes B(H), k),
S 10 : or . We believe the most likely candidate 4s,, as at

a FLL structural transition one would expect a change
120 in the collective pinning properties of the lattice. Our

data show the hexagonal and square lattices have different
crystallographic orientations. This indicates that there
is a sizeable pinning effect in this system, leading to a
difference ink, for these two cases.

In conclusion, we have observed a square to hexagonal
transition in the FLL symmetry ofErNi,B,C using
SANS, magnetic decoration, and rf kinetic inductance
measurements. We find that the high-field square flux
lattice is monodomain and aligned with the [110] direction
of the crystal. Below roughly 500 Oe this gives way to
a hexagonal lattice with two domains which are aligned
FIG. 3. The top panel shows the normalized positions of theith the [100] and [010] directions. The transition also
FLL reflections. Open symbols are fits to the radial positions ofcauses changes in the rf kinetic inductance, presumably
the peaks on the detector at the peak of the rocking curve. Solidecause the collective pinning properties of the lattice are
symbols are from simulatel — 26 scans. Circles and squares jhfluenced by its symmetry change.

represent positions of the (10) and (11) peaks, respectively. . :

In the bottom panel are fits to the azimuthal widths of the M. R.E. is supported by the Danish Research Academy
square (10) peaks on the detector at the peak of the rockingnd by NATO under Grant No. CRG960550. P.C.C. was
curve, together with the experimental resolution function (line).supported by the director of Energy Research, Office of
Inset: schematic of the [100] rhombohedral distortion whichBasic Energy Science under Contract No. W-7405-Eng.-
transforms the square to the hexagonal FLL. The real spacg> s S and S.O. would like to acknowledge the support

scenario is shown on the left and that in reciprocal space on th . . .
right. Hexagonal lattice points are the triangles, and squar f the National Science foundation under Grant No. NSF-

lattice points are the squares. The azimuthally broadene?MR99623720. Work at Harvard University (C.M.L.
SANS peaks result from overlap of the circled peaks, showrand C.B.) was supported by the MSERC program of the

on the left. NSF under Grant No. DMR-9400396 and the NSF under
Award No. DMR-9306694.
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whereB(H) is the flux density in the sample,, is an aver-
aged pinning force constant, amdis the vortex viscosity.
For uniform flux penetratio®(H) = H, and the dominant
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