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Vortex-lattice transitions in YNi 2B2C: Nature of the 45-degree reorientation
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High-resolution small-angle neutron-scattering~SANS! studies of the vortex lattice~VL ! in single-crystal
YNi2B2C allows us to separate Bragg scattered intensities from the multidomain VL that exists forBic. A
precise determination of the VL unit-cell apex angle,b, shows that there is a finite transition width associated
with the field-driven 45° reorientation of the VL at a fieldH1. Low- and high-field rhombic VL phases coexist
over a finite range of applied field with no continuous distortion of the VL between the two phases. The smooth
variation in scattered intensity from each phase through the transition indicates a redistribution of domain
populations between the low- and high-field vortex structures. Our data supports the notion of a first-order
reorientation phase transition in the VL atH1 in the presence of weak static disorder~vortex pinning!.
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Type-II superconductivity is characterized by th
‘‘mixed’’ or ‘‘vortex’’ state where quantized lines of mag
netic flux thread the material and form a vortex lattice~VL !.
The lowest energy configuration for an array of repuls
magnetic-flux lines is usually a two-dimensional~2D! hex-
agonal lattice although the energy difference between h
agonal and square packing configurations is small (.2%).1,2

Obst3 demonstrated that a square VL exists in a low-k su-
perconducting Pb-Tl alloy when the magnetic field is orie
tated along a fourfold symmetry axis due to crystal anis
ropy effects. Similar mass anisotropy~i.e., penetration depth!
effects have also been observed in Nb.4,5 In these low-k
s-wave materials the underlying electronic symmetry can
modified by nonlocal interactions resulting in a fourfo
symmetry and ‘‘squaring up’’ of the current and field profil
around flux lines. A similar fourfold symmetry can also ex
in p- or d-wave superconductors resulting in a square VL
Sr2RuO4 over almost the entire phase diagram.6 In general,
mass anisotropy effects alone cannot describe a square
configuration but must be combined with details of the a
isotropic Fermi surface and underlying crystal symmetry.

The discovery7,8 and successful growth9 of large, high
quality single crystals of the borocarbide superconduc
@rare earth (RE)]Ni2B2C has encouraged studies of the V
within them. The RE can be occupied by the nonmagn
~Lu, Y! or magnetic~Er, Tm, Ho, Dy! elements presenting
systems that can exhibit both superconductivity and lo
range magnetic order at low temperatures.10,11The supercon-
ducting transition temperatureTc varies from about 15 K for
RE 5 Y and Lu to 6 K for Dy, with the Ginzburg-Landau
parameterk.5 and upper critical fieldBc2 as high as 10 T.
The normal-state electronic mean free pathl is typically an
order of magnitude larger than the coherence length@ l
.300 Å, j0.55 Å for YNi2B2C ~Ref. 12! although will be
dependent on sample quality#, implying that nonlocal inter-
actions are important in describing the properties of th
clean superconducting systems. Doping studies, for exam
Co into Lu(Ni12xCox)2B2C, show that increasing dopan
concentration reduces the normal-state mean free path, th
fore, suppressing nonlocality in the dirty limit.12–14
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Small-angle neutron scattering~SANS!,15–18 scanning
tunneling microscopy,19 and bitter decoration20 measure-
ments of the mixed state in the (RE)Ni2B2C materials show
several field-dependent morphologies and alignments of
VL to particular crystallographic directions. For the nonma
netic YNi2B2C and LuNi2B2C compounds a distorted hex
agonal or rhombic VL appears to be a generic feature of
VL morphology at low fields with diagonal of the rhombi
unit cell aligned with the crystallographic@110# @Fig. 2~b!#.
With increasing field the apex angleb about the long diag-
onal axis of the unit cell, decreases steadily from 60° u
the VL undergoes a ‘‘sharp’’ 45° reorientation with respect
the underlying crystallographic axes~at a fieldH1 in Refs.
15,21, and 22!. Upon further increasing the applied fieldb
increases continuously until a square VL is formedb
590°) with side parallel to the crystallographic@110# ~at a
field H2 in Refs. 15,21, and 22! @Fig. 3~b!#. The high-field
square VL appears to be a universal feature of theH-T phase
diagram in clean superconducting (RE)Ni2B2C materials
driven by nonlocal electrodynamics.16,17 The physical argu-
ment for the field dependence of the VL symmetry forBic is
quite straight forward: nonlocality introduces a fourfold di
tortion of supercurrent, which results in a fourfold contrib
tion to the intervortex interaction. At low fields the distan
between vortices is relatively large. Since nonlocal effe
diminish rapidly at large distances from the core a hexago
VL is expected. Conversely, as the distance between
lines becomes comparable with the penetration depth
squarelike current and field profiles surrounding the vor
cores become important and a close-packing argument l
to the minimum energy configuration as square, rather tha
hexagonal arrangement of flux lines.

Koganet al.21,22 and Franzet al.23 have been able to de
scribe the VL structure, orientation and field dependence
the borocarbide materials using nonlocal corrections to
London model. Their theoretical analysis suggests that
45° reorientation of the VL atH1 should be a thermody
namic first-order phase transition while the transition from
rhombic to square unit cell at a higher fieldH2 should be
second order. More recently, Knigavkoet al.24 have recon-
sidered the nonlocal extension to the London model and
©2002 The American Physical Society15-1
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expected behavior close toH1. They find that if the unit cell
can shear into a more general parallelogram the reorienta
at H1 may in fact proceed via two continuous transitio
consisting of a gradual rotation of the unit cell accompan
by a small shear deformation with associated orthorhom
to monoclinic and then back to orthorhombic symmetry.

FIG. 1. ~Color! SANS diffraction pattern from the VL in
YNi2B2C prepared by FC to 4.5 K in 100 mT.
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We have performed detailed high-resolution SANS m
surements to examine the morphology of the VL in an
tempt to elucidate experimentally the nature of the 45° re
entation close toH1. Understanding the role of nonlocality i
the VL morphology of the nonmagnetic borocarbide co
pounds is of key importance if the effects of magnetic ord
ing on the superconductivity in the mixed state of the ma
netic RE ion containing materials are to be quantitativ
understood. Furthermore, the nature of any possible fi
order phase transitions and the influence of static~pinning!
and dynamic~thermal! disordering effects is of topical an
fundamental scientific interest with respect to the first-or
VL melting transition in high-temperature superconducti
materials.25

SANS measurements were carried out using the D22
fractometer at the Institut Laue Langevin, Grenoble, Fran
The instrument was configured in a high-resolution mo
using a mean incident neutron wavelength of 10 Å with 10
wavelength spread and collimation defined by a 30-m
diameter circular aperture and 5-mm sample aperture s
rated by a collimation length of 17.06 m. The diffracted i
tensity was imaged using a 1283128 ~7.5 mm2) pixel area
detector 17 m from the sample. To maximize the intensity
any particular diffraction spot the sample and electromag
could be tilted together about a horizontal or vertical axis
satisfy the Bragg condition for that spot. Background me
surements, taken with the sample in the normal stateT
.Tc), have been subtracted from each pattern prior to an
sis. The YNi2B2C single crystal used for these measureme
was grown using a high-temperature flux method with iso
pic 11B to reduce neutron absorption, as describ
elsewhere.9
mT.
FIG. 2. ~Color! ~a! SANS diffraction pattern from the VL in YNi2B2C at 4.5 K, prepared using the FCO preparation technique in 100
The VL is the same as that in Fig. 1 but after application of the small damped oscillating field.~b! Schematic of the two-domain low-field

phase with orientation of the diagonals of the rhombic unit cells along the@110# and @ 1̄10# directions.
5-2
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VORTEX-LATTICE TRANSITIONS IN YNi2B2C: NATURE . . . PHYSICAL REVIEW B 66, 014515 ~2002!
A VL can be ‘‘grown’’ within the superconducting crysta
by various combinations of field and temperature histories
the sample enters the superconducting state from abov
therTc or Bc2. In principle, cooling the crystal throughTc in
the chosen applied magnetic field@field cooling~FC!# should
generate a magnetic-field distribution close to the equi
rium magnetization or VL arrangement.26 On the other hand
vortex pinning often disorders and introduces mosaic in
FC VL structure due to competition between Meissner exp
sion of flux and pinning as the sample is cooled belowTc .
Other field-temperature profiles attempting to prepare
nominally ‘‘equilibrium’’ VL all suffer from competition be-
tween Meissner expulsion and pinning effects. For exam
zero-field cooling~ZFC! to the destination temperature fo
lowed by application of the desired field results in a noneq
librium VL with the sample in a Bean-like critical state.27 A
similar result is expected by cooling in an applied field mu
higher than the desired value, possibly even higher thanBc2,
before lowering the field to the chosen value@high-field cool-
ing ~HFC!#. In a superconductor with significant pinning, th
ZFC and HFC process effectively result in a sample mag
tization of approximately opposite signs on either side of
hysteretic magnetization curve. The FC procedure is ge
ally considered to result in a VL state closest to
equilibrium.26

Figure 1 shows a diffraction image from the VL followin
field cooling in 100 mT to 4.5 K. The VL resulting from th
FC procedure is clearly rather disordered. At low fields~be-
low about 100 mT! the VL in YNi2B2C should in fact be
almost hexagonal, consisting of two equivalent, orthogo
domains when the field is aligned along thec axis of the
tetragonal crystal.15 Closer inspection of Fig. 1, howeve
shows that scattered intensity lies predominantly on, and
tended azimuthally, about either side of four principal Bra
reflections. The azimuthally distributed scattered intens
does not lie on a circle, i.e., constant scattering vectoruqu,
but lies on a ‘‘squared-off’’ ring of intensity. We have foun
the partially disordered FC VL to be a common observat
in our SANS studies of borocarbide materials despite the
that bulk pinning in these materials is thought to be rat
weak with abulk critical current density,Jc , of the order
103 A cm22.28–30

In an attempt to improve the spatial order of the vort
lines and achieve a more equilibrium VL arrangement
have used an oscillating field technique to postanneal the
VL and better resolve scattered intensities from individ
Bragg reflections. After FC to the desired temperature
applied field was sinusoidally oscillated with exponentia
damped initial amplitude of 10% of the FC value. The fie
cooled and oscillating~FCO! technique is analogous t
‘‘shaking’’ the VL assisting thermal activation in an attem
to achieve a vortex arrangement closer to the true equ
rium and has been applied by other workers elsewhere.31–33

An image of the FCO prepared VL~100 mT, 4.5 K! is shown
in Fig. 2~a! and is in fact thesameVL as that shown in Fig.
1 measured after field oscillation. The improvement in orie
tational order is quite remarkable. Figure 2~a! shows 12
Bragg peaks from two domains of rhombic VL. The me
change in intervortex spacing at peak amplitude during
01451
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cillation is around 5% and therefore should not introdu
significant changes in the bulk vortex behavior. Oscillati
simply shakes the VL to promote ordering by allowing vo
tices to move away from randomly distributed pinning site
Using the Bean critical state model, a value for thebulk
critical current density of 103 A cm22 ~Ref. 30! and our
crystal dimensions, a quick calculation34 shows that an am-
plitude of a few tens of milli Tesla~i.e., around 10% of the
main field! should be sufficient to fully penetrate the crysta
The remaining data presented in this paper has been m
sured using the FCO VL preparation procedure with 10
amplitude. We believe the field oscillation procedure resu
in a VL distribution closer to the equilibrium, especial
when pinning and static disordering of the VL becomes s
nificant for fields below about 100 mT in YNi2B2C.30

Figure 2~a! shows the SANS diffraction pattern from
YNi2B2C at low fields, i.e.,H,H1. The positions of the
twelve Bragg peaks do not lie on a circle of constantuqu, as
would be expected from a VL with hexagonal symmet
Instead the diffraction pattern consists of four intense Bra
reflections with two weaker peaks on either side. The diffr
tion pattern corresponds to two domains of rhombic VL w
opening angleb smaller than 60°, as shown schematically
Fig. 2~b!. By fitting 2D Gaussian functions to the multide
tector data for each Bragg reflection we are able to accura
determineb. For the data presented in Fig. 2~a! at 100 mT
and 4.5 K,b.54°. To our knowledge, these data repres
the first successful resolution of Bragg scattering from
two domain low-field VL state forBic using SANS. Due to
the azimuthal broadening that occurs in the FC lattice~Fig.
1!, previous SANS experiments were mostly carried out w
B inclined toc in order to break the fourfold symmetry an
force a single VL domain.15 In Fig. 2~a! we have been able to
overcome the increasing disordering effects of pinning at l
fields by using the FCO VL preparation technique describ
above.

It is interesting to note that due to the rhombic geome
of the unit cell, the positions of the twelve first-order Brag
reflections appear at differentuqu values,q1 and q2 as de-
picted schematically in Fig. 2~b!. For the data presented i
Fig. 2~a! with b;54°, q1 andq2 differ by around 9%. The
integrated intensityI hk of an (h,k) diffraction spot depends
on the square of the form factorFhk and the magnitude of the
scattering vectorqhk via:35

I hk52pVfS g

4D 2 ln
2

F0
2qhk

uFhku2, ~1!

whereV is the illuminated sample volume, or domain vo
ume contributing to the Bragg reflection,f is the neutron
flux, ln is the neutron wavelength,g is the neutron magnetic
moment andF0 is the flux quantum. For high-k materials,
the approximate~London! form for Fhk is

Fhk5
B

11qhk
2 l2

~2!

ignoring contributions from the finite-sized vortex cor
Sinceqhk

2 l2@1 in this case the intensity of the Bragg refle
5-3



y
ng the

S. J. LEVETT, C. D. DEWHURST, AND D. McK. PAUL PHYSICAL REVIEW B66, 014515 ~2002!
FIG. 3. ~Color! ~a! SANS diffraction pattern from the VL in YNi2B2C at 4.5 K, FCO in 170 mT~image symmetrized about one full
measured quadrant!. ~b! Schematic of the two-domain high-field phase with orientation of the diagonals of the rhombic unit cells alo
@010# and @100# directions.
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tions varies approximately as 1/qhk
5 . Using the measured val

ues of q1 and q2 as 4.72 Å21 and 4.32 Å21 the ratio of
intensities between the two spots should be around 1.6, c
to the value of 1.8 we find for the data presented in Fig. 2~a!.
With increasing field,b decreases continuously as the rhom
bic unit cell distorts along the direction of its diagonal un
reorientation atH1. The data presented in Fig. 2~a! is repre-
sentative of that measured at low fields below the reorien
tion field for this crystal (H1.140 mT).

FIG. 4. ~Color! SANS diffraction pattern from the VL in
YNi2B2C at 4.5 K, FCO in 130 mT, illustrating a coexistence
both the low- and high-field rhombic VL phases nearH1.
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Figure 3~a! shows the VL at 170 mT~i.e., aboveH1)
where the rhombic VL has reorientated by 45° andb has
abruptly switched to a value greater than 60°. For the d
presented in Fig. 3~a! at 170 mTb.82° with rhombic unit-
cell diagonals now oriented along the@100# and @010# crys-
tallographic directions@Fig. 3~b!#. The corresponding SANS
diffraction pattern possesses eight first-order Bragg pe
present in pairs. Each pair of spots is split azimuthally wh
the visible higher-order~1,1! reflections are extended in th
radial direction as expected, although not optimized in int
sity ~‘‘rocked on’’! in Fig. 3~a!. A schematic representation o
the two-domain high-field rhombic lattice structure is pr
sented in Fig. 3~b!. With further increasing the applied field
b increases continuously untilb590° with a single square
VL domain.15

We now turn our attention to the transition region close
H1. Figure 4 shows the diffraction image from the VL me
sured at a field of 130 mT. The diffraction pattern shown
rather complex suggesting that the VL at this field consists
several domains of different structure and orientation.
comparison with Fig. 2, evidence of the low-field phase
clearly apparent. At the same time the four most inten
Bragg peaks begin to broaden coincident with the appe
ance of scattered intensity at the~1,1! position associated
with the high-field distorted rhombic VL phase~top bottom
and left right of image!. The data presented in Fig. 4 strong
suggests a coexistence of both the low- and high-field rho
bic VL phases depicted individually in Figs. 2 and 3. T
positions of much weaker higher-order reflections can o
be explained if both phases are simultaneously present.
two phases appear to coexist over a narrow field wind
aboutH1, between 110 mT and 170 mT.

Figure 5 showsb over a wide field range from the low
field rhombic, through the high-field rhombic phase until t
5-4
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VORTEX-LATTICE TRANSITIONS IN YNi2B2C: NATURE . . . PHYSICAL REVIEW B 66, 014515 ~2002!
lattice becomes square. High-resolution SANS and our fi
oscillation VL preparation techniques have allowed us to
termineb accurately throughH1 where we apparently see
coexistence of both low- and high-field phases~by multiple
2D Gaussian fits to the multidetector data!. The VL structure
does not appear to smoothly deform throughH1 synonymous
with a continuous reorientation transition. Instead,b takes
two well-defined values corresponding to the VL phases
low and aboveH1. The inset to Fig. 5 shows the scatter
intensity associated with the low- and high-field phases a
function of field through the coexistence regime. Here, int
sity data is shown for the low-field only first order peaks~at
q1 in Fig. 2! and the~1,1! diffraction peaks associated wit
only the high-field rhombus~Fig. 3!. In each case the inten
sity has been normalized by the respectiveq5 andB2 terms,
in order to remove theq andB dependence of scattered in
tensity from the VL@see Eqs.~1! and ~2!#. The resulting
quantity is then directly proportional to the population
each type of domain present. The inset to Fig. 5 provi
convincing evidence for coexistence of two VL phases an
crossover in the relative intensities associated with the
phases as low- and high-field domain populations vary w
increasing field.

The broadened nature of the suggested first-order tra
tion atH1 is due to a weak static disordering~pinning! of the
VL. An entirely analogous behavior is seen in the nonu
form melting of the VL in the high-temperature superco
ducting Bi2Sr2CaCu2O81d compound in single crystals with
finite pinning or crystallographic disorder features.25 Indeed,
general arguments36 suggest that first-order transitions b
come less sharp in the presence of weak disorder while
treme disorder can transform them into second-order tra
tions. The effect of disorder in the present case is to crea
local variation in transition fieldH1 ~or VL melting tempera-
ture in Ref. 25!. As pointed out by Franzet al.,23 the free-
energy difference between the two phases is very small in
region close toH1 and it is thus likely that real system
should remain in a metastable state and experiment w
detect only a smooth crossover from lattices withb,60° to
y
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one withb.60°. Both the reorientation of the VL describe
here and melting of the VL offer25 excellent examples for the
study of first-order transitions in vortex matter in the pre
ence of weak static disorder.

In summary, we have used high-resolution SANS to d
termine the nature of the 45° reorientation of the vortex l
tice in YNi2B2C, driven by nonlocal interactions whenBic.
Our data illustrates the coexistence of both low- and hi
field VL phases over a narrow field range~60 mT! with the
VL taking discrete values for the apex angle,b, at either side
of the transition. Our data supports the notion of a first-or
phase transition in the vortex lattice atH1 and, within the
resolution of our measurement, we find no evidence fo
smooth rotation of the unit cell between the two phas
Broadening of the macroscopic transition width and coex
ence of low- and high-field rotated VL phases is consist
with the behavior expected from a first-order transition in t
presence of weak static disorder~vortex pinning!.

FIG. 5. Apex angleb of the VL unit cell vs field at 4.5 K. The
shaded region represents the finite region of coexistence of the
mutually rotated VL phases. Inset: Relative populations of the lo
and high-field phases aboutH1.
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