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The magnetic flux lattice undergoes a melting transition not only in high-T. oxide superconductors,
but also in conventional superconductors, as recently observed in superconducting niobium films.
Small-angle neutron scattering was used to investigate the properties of the magnetic flux lattice in
a large, high-quality single crystal of niobium. The small London penetration depth of niobium
gives a large magnetic scattering signal, and the use of a high-quality single crystal eliminates other
unwanted scattering (from twin boundaries, voids, etc.). The signal-to-noise ratio is therefore
improved by several orders of magnitude over the best available measurements of high-7', oxide
superconductors. A sixfold hexagonal pattern of peaks is observed in the mixed state
(H,y<H<H_,) at all temperatures. These peaks are resolution limited below the irreversibility
line; above it, the width in the transverse direction increases with temperature due to the vortex
dynamics. Close to H.,, the radial widths of the peaks also broaden. The increase in broadening is
a direct observation of a transition to a disordered phase. Nevertheless, the basic hexagonal pattern
of peaks is maintained throughout the mixed state, indicating that a correlated flux fluid exists in the
reversible regime. Some results on the vortex lattice in superconducting DyBa,Cu;0; are presented
and some of the possible exotic states resulting from the coexistence of antiferromagnetic order and

superconductivity are described.

1. INTRODUCTION

The melting of the flux lattice in high-temperature oxide
superconductors is currenily a subject of great fundamental
and practical interest. The early discovery of an irreversibil-
ity line* in the cuprate superconductors suggested that the
basic vortex behavior was quite different from previously
known superconductors, perhaps due to the much higher
critical temperature T.. Neutron scattering studies of the
melting process to probe the exact nature of the melting tran-
sition would be most interesting, especially since techniques
such as Bitter decoration are restricted to low fields. Unfor-
tunately, the very nature of the high-T_ superconductors
makes observing such a melting transition via neutrons ex-
tremely difficult. The London penetration depth A; in the
oxide superconductors is a factor of 4 or 5 larger than for
niobium (for which A;=~350 A). As a result, the neutron
scattering intensity from the flux lattice, which goes as A\; %,
is much smaller for the high-T. materials. An additional
technical difficulty is that presently available large single
crystals of 123 superconductors have grain boundaries, twin
boundaries, and various other defects that give rise to scat-
tering in the same small-angle region as the vortex scatter-
ing. This dramatically reduces the signal-to-noise ratio for
the vortex scattering, and makes the vortex scattering pattern
much more difficult to study.
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Irreversibility lines have also been recently observed in
niobium, which is an ideal candidate for neutron studies of
the vortex lattice, with the combined benefits of large signal
and low background due to the availability of large, high-
quality single crystals. Pure, defect-free niobium has a
Ginzburg—-Landau parameter « of 0.77, just slightly greater
than the minimum value (1/v2) for type II behavior. In addi-
tion, niobium is a material for which k can be dramatically
increased by the influence of defects such as grain bound-
aries or by the introduction of impurities. Neutron diffraction
experiments on the flux line lattice in niobium have been
performed over the last thirty years, beginning with a study
by Cribier ef al.® that explicitly demonstrated the existence
of a triangular vortex lattice, and continuing with much more
detailed work by groups at Jiilich® and Oak Ridge.* The sub-
sequent work focused on the interaction of the flux lattice
with the crystalline lattice, concentrated mainly on the region
of the phase diagram well below the upper critical field
H(T). The work® that we review here extends the measure-
ments to the H ,(T) line.

In the first part of this article we describe the basics of
the neutron scaitering experiments and the features of the
vortex lattice over the (H,T) plane in niobium. We continue
with a description of our detailed measurements of the melt-
ing of the vortex lattice in niobium and conclude with a
description of some recent work on rare-earth 123 supercon-
ductors.
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. EXPERIMENT
A. Neutron scattering

The bulk of the experimental results described here were
obtained on the 30 m small-angle neutron scattering (SANS)
spectrometers of the Cold Neutron Research Facility at the
National Institute of Standards and Technology. Both spec-
trometers operate in the same way: A beam of neutrons mod-
erated by a cold source is incident on a neutron velocity
selector, which produces a triangular wavelength distribution
of neutrons with ANA~15%. The neutrons pass down a long
(=15 m) variable-length flight path with a pinhole collimator
at each end, which fixes the incident neutron momentum k; .
After the sample there is another variable-length flight path
to a multidetector, which allows the simultaneous collection
of data over some range of momentum transfer Q=Kk;—k;.

Our sample is a 95 g single crystal of niobium, 9 cm in
length, with a diameter of 1.25 cm. The cylinder axis is the
[110] crystallographic axis, which was oriented perpendicu-
lar to the applied field. The neutron beam illuminated a sec-
tion of approximately 1 cm diameter near the midpoint of the
cylinder. Initial measurements were performed in a flow cry-
ostat with an Al vacuum shroud and 77 K beat shield that
was mounted in an electromagnet with holes for the neutron
beam drilled through the pole pieces. Later measurements
were performed in a horizontal superconducting magnet cry-
ostat specially designed for SANS measurements, with
single-crystal sapphire windows along the beam path to re-
duce unwanted cryostat scattering. .

At low temperatures a crystalline vortex lattice is
formed, and the scattering pattern of neutrons from the flux
lattice directly reveals the reciprocal lattice. Our experimen-
tal configuration involved applying the magnetic field nearly
along the incoming neutron direction k;. In this case, the
possible momentum transfers for all six 10 reflections are
approximately parallel to the plane of the detector, so a pat-
tern such as Fig. 1 will appear on the detector. The simulta-
neous appearance of all six spots in this case results from
some domain structure in the formation of the lattice. If the
lattice is formed carefully, it is possible to observe a single
diffraction spot as in Fig. 1(bottom).

This pattern [Fig. 1(top)] was collected in two minutes.
In comparison, a similarly sized single crystal of YBa,Cu;0,
(Ref. 6) requires the subtraction of a zero-field cooled back-
ground scan from the applied field scan, each of which takes
several hours counting time. The excellent quality of the Nb
single crystal—with an almost complete lack of sample-
dependent small-angle scattering, incoherent scattering, and
absorption—not only allowed the rapid collection of data in
the low-temperature regime, but in fact permitted the analy-
sis of the behavior near the H,, phase boundary, where the
signal is drastically reduced.

The reciprocal lattice of a triangular lattice with lattice
constant @ is a self-similar triangular lattice with lattice con-
stant a*=4a/V3a. Since the flux  quantum
$p=2.068X10"" Tm? and the area per flux quantum is
v3a?/2, we can relate the internal magnetic field B to the
lattice parameter by ¢py=v3Ba?/2. The position in reciprocal
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{b)
FIG. 1. (Top) Sixfold scattering pattern as observed on the two-dimensional
multidetector from single crystal niobium at 7'=4.5 K and ugHH=0.12 T. The
gray-scale image is logarithmically scaled. (Bottom) Pattern of a single dif-
fraction spot obtained at 6.85 K and uyH=0.12 T. Here the gray scale is
linear.

space of the 10 reflection, which occurs at a momentum
transfer Qq=a®, is

Q10=27r\/23/1@¢0. (1)

In the H|k; configuration, there are a number of ways to
view the data. One way is a “radial scan,” which is per-
formed by summing the scattering at a particular Q around a
portion, or all, of the detector [see Fig. 2(a)]. These scans (or
sums, in this case) determine the translational correlations
between the flux lines in the lattice. Another possibility is a
“transverse scan,” a sum of the scattering over a small range
of @ as a function of angle ¢ around the detector [see Fig.
2(b)], which gives the angular correlations between the flux
lines. Finally, we can perform rocking scans [see Fig. 2(c)],
where the intensity in a particular region of the detector is
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FIG. 2. Various summations of the Fig. 1(top) pattern: (a) Radial and (b)
transverse scans at 7=2.5 K and uo7=0.15 T. (c) Rocking curve of Nb as
collected on the SANS spectrometer: total intensity in the peak as a function

of magnet angle. (d) Radial scan of 10 peak with improved resolution per-
formed on the BT-7 reflectometer.

recorded as a function of magnet rotation angle w. In this
configuration, the rocking scans primarily determine the
straightness of the flux lines.

B. The flux line lattice in Nb

In the Meissner state, the magnetic field in the sample
must vanish, i.e., B=0. The magnetization M of the sample
then depends directly on the applied magnetic field H,j, to
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produce the required cancellation. The boundary conditions
on the field imply a demagnetizing field, due to the sample
magnetization, that opposes the applied field, and so

H= Happ - M, (2)

where 7 is the demagnetization factor. In the case of an
infinite right cylinder with a field applied perpendicularly to
the cylinder axis #=1/2, the H inside the sample is actually
2H ., in the Meissner state. For the internal field to reach the
iower critical field H 4, a field H app=%H <1 heeds to be ap-
plied.

For Happ/chl, flux will penetrate the sample. The
competition between the short-range repulsion and long-
range attraction of the fluxoids initially causes the formation
of domains of flux lines with a density B, determined by the
strength of the long-range attraction. In this intermediate
mixed state (IMS), the sample magnetization is
M=fBy/uq—H, where f is the fraction of the sample in the
vortex state. As the applied field is H,,,=H+7M, in the
IMS the relation between the applied field and the internal
fields is

Happ=(1_7l)H+f77(B0/ﬂ0)' (3)

In our experimental configuration, f increases linearly from
0 at H,,,=3H,, to 1 at H,,=4H 1+ iBo/ wo=H, . With fur-
ther increase of H, , above H,, the flux lattice density in-
creases throughout the sample. Just below H_, the flux lat-
tice achieves its highest density, and ultimately, at
H,p,=H,, the sample magnetization goes to zero and the
sample is no longer superconducting.

We thus expect to observe the following behavior as a
function of field in a SANS measurement: For H app<oH
the sample is in the Meissner state and there is no scattering.
Just above 3H ., flux penetrates the sample and is confined to
regions with constant flux density B,; elsewhere in the
sample, the flux density is zero. At this point, a scattering
pattern can be observed, with a lattice spacing corresponding
to the flux density By,

[2 ®, @
ag ij BO.
This lattice spacing remains constant while the scattering
intensity increases linearly with field, until H,,,=H,, where
the flux lattice fills the entire sample. Above H,, the flux
density increases, but the scattering intensity decreases as the
fluxoids overlap each other and the contrast is consequently
reduced. The sample magnetization is M=B/u,—~H, so the
flux density is then B=pg[H,,,~(1—n)H)/7. Exactly thlS
behavior has been observed for niobium by Christen et al.*
We can also make the SANS measurements as a function

of “temperature in a constant applied field. Since
H=—-M+B/p,, then

B= /-"O(Happ+ %M) (5)

for our experimental configuration. As the magnetization is
negative and approaches zero near the superconducting
phase boundary, the flux density increases as the phase
boundary is approached, and so the diffraction peaks move
out from their low-temperature position. Since the magneti-
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FIG. 3. (a) Intensity of the 10 peak as a function of temperature and (b)
linearized plot of f(I) vs T*, showing the extrapolation to obtain T.(H).

zation goes to zero at H,, the demagnetization factor does
not affect the determination of the upper critical field, and
the magnetic scattering will disappear at H,,,=H ;.

lll. MELTING OF THE FLUX LATTICE IN NIOBIUM

The observation of irreversibility lines and the implica-
tion of melting phenomena occurring in the flux lattice of the
high-T, superconductors prompted a reexamination of “con-
ventional” superconductors to see if similar phenomena were
possible in these systems. Drulis ez al.” observed irreversibil-
ity effects from flux depinning in vibrating reed measure-
ments on cold-rolled niobium foils. Later work by Schmidt
et al.® demonstrated the existence of a magnetic irreversibil-
ity line in sputtered Nb films that followed the expectations
for a melting line.

One would naively expect that the melting of the flux
line lattice might be manifested by a sudden transition from
the low-temperature hexagonal pattern of Fig. 1 to an isotro-
pic ring of scattering on the detector, indicative of an isotro-
pic liquid state. We therefore performed field cooling mea-
surements, starting well above the superconducting transition
at constant H,,, and then slowly (<0.1 K/5 min and even
slower near the H ., line) lowered the temperature, collecting
scattering patterns at various temperatures. Care was taken to
avoid overshooting the new temperature set point on chang-
ing the temperature. From our discussion above, we expect
the intensity to appear just below T.(H), as the magnetic
contrast appears, and this is in fact what happens [see Fig.
3(a)]. We note that since « is small for our niobium sample,
the two-fluid model does not exactly apply; however, we
have used the T* behavior of the London model to guide us
in linearizing the temperature dependence of the scattering
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FIG. 4. Intrinsic transverse (top) and radial (bottom) widths as a function
of T.

intensity, and so allow the extrapolation of the intensity to
zero and the determination of T.(H) [Fig. 3(b)]. From our
temperature scans we were able to determine the H, phase
boundary. In addition, we immediately noticed that (i) the
temperature dependence of the scattering was smooth, with
no discontinuities; (ii) the scattering intensity was not lost
until just below the extrapolated H_, line; and (iii) we al-
ways had a sixfold pattern—no ring of scattering ever ap-
peared. Not only did the scattering from the vortices main-
tain its hexagonal symmetry at all fields and temperatures in
the mixed state;, but it was locked by the crystalline anisot-
ropy, since we consistently observed the same orientation for
the sixfold diffraction pattern over many different experi-
mental configurations.

If, however, we examined the widths of the peaks in the
radial and transverse directions as a function of temperature,
we found (see Fig. 4) that at some temperature T,(H) well
below T.(H), an intrinsic width developed in the transverse
direction. This width determines the degree of orientational
correlations. The radial width remained resolution limited
until some higher temperature T,(H), whereupon it also de-
veloped an intrinsic width. We also measured the scattering
pattern from the vortex lattice on the NIST BT-7 reflectome-
ter. The spectrometer resolution here is a factor of 3 better
for radial scans than the corresponding SANS resolution [see
Fig. 2(d)]. We observed the radial width increase above the
resolution limit with the reflectometer at the same tempera-
ture as we had observed on the SANS, and this therefore
lends confidence the intrinsic radial widths develop at higher
temperatures than the intrinsic transverse widths.

To further clarify the nature of these two transitions, we
performed isothermal field sweeps and found that the peak
intensities and widths were reversible above the T, line and
hysteretic below. The restoration of the reversible behavior
above T, leads us to believe that we have observed the onset
of a correlated flux fluid state above T',. This state may not
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FIG. 5. Phase diagram H vs T for Nb as determined by neutron scattering.
The H_; and H,, boundaries are indicated, as are the points where the radial
and transverse widths broaden.

be a hexatic phase, since in hexatic systems both the trans-
verse and radial widths appear to be coupled and therefore
the intrinsic widths would be expected to develop together.’

Figure 5 displays the experimentally determined phase
diagram for our niobium crystal. The lower and upper critical
fields have been determined via neutrons by the respective
onset and loss of scattering from the flux laitice. We can
estimate from the two-fluid model that x ~ H_/H
= 2. This is larger than the value of xk~0.8 obtained for high
purity and defect-free niobium.*® Qur sample and those of
Drulis e al.” and Schmidt et al.® are high purity niobium;
however, the various preparation methods created samples
with varying defect and grain boundary concentrations, as
reflected by the value of . Those samples with larger x have
a larger H,,(T): the k~7 cold-rolled foil” higher than our
sample and the x=~10 sputtered film® still larger. The phase
diagram also shows T,(H), T,(H), and the irreversibility line
Ti(H). The irreversibility line and T,(H), which we identify
with a melting curve, are well below that reported for the
cold-rolled foils,” which is lower again than the melting
curve for the sputtered niobium films.® This supports the rea-
sonable expectation that T, depends on the pinning strength
and defect density.

The broadening is definitely dynamic in origin, and there
are two possibilities for the behavior which we observe. The
first possibility is that the onset of broadening in the trans-
verse width indicates a transition to an orientationally disor-
dered phase and that the broadening of the radial width at a
higher temperature is associated with the loss of translational
order. In this case, the low-temperature phase is crystalline,
the transition to an orientationally disordered phase occurs at
T(H), and a correlated flux fluid exists above T,(H).

The second possibility is that the transverse broadening
is “lattice dynamical” in origin, associated with the same
soft shear mode of the vortex lattice that would be involved
in melting. This would imply that if much higher instrumen-
tal resolution were available, we would see wings of inelastic
scattering on the sides of an elastic Bragg peak. The present
(best available) resolution would convolve the elastic and
inelastic scattering into a single broadened peak. In this case,
we would be observing the effect of the inelastic scattering
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FIG. 6. Radial sum of the difference pattern between field-cooled and zero-
field cooled Dy123 at T=10 K and poH=0.5 T. The peak position indicates
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on the linewidth at T, and the lattice would not melt until
the intrinsic radial width begins to develop.

Given the correlation between the onset of irreversibility
in the isothermal scans and the abrupt onset of an intrinsic
transverse width in the constant field scans, we believe that
the first explanation is the correct one. We cannot entirely
rule out the second; however, in either case we observe a
correlated flux fluid, due to the non-negligible interactions of
the crystal with the vortices. It is interesting to note that
broadening in the radial and transverse widths, similar to
what we have observed for this two-dimensional system, has
also been observed in melting transitions in two-dimensional
colloidal suspensions.'*

IV. THE FLUX LINE LATTICE IN MAGNETIC 91123
SUPERCONDUCTORS

The coexistence of antiferromagnetism and supercon-
ductivity poses the question: What is the effect of an under-
lying magnetic order on the vortex laitice? The high-T. com-
pounds DyBa,Cu;0; and ErBa,Cu;0, are already known to
have a very well-defined zero-field ordering of the rare-earth
moments at low temperatures (Ty=~1 K) (Ref. 12) without
significant detriment to the superconductivity. We have ob-
served the flux line lattice in a 250 mg single crystal of
DyBa,Cu;0;, at 10 K in a 5 T applied field (see Fig. 6), well
above any temperature where one would expect any effects
from the ordering of the rare-earth sublattice. The 10 peak
appears at Q;,=20.0105 A~ which is expected for a vortex
lattice that is close to triangular, as has been observed by
Keimer et al.”® in YBa,Cu;0;.

At lower temperatures there are several possible interest-
ing behaviors. Above the onset of long-range order, the en-
hanced susceptibility of the rare-earth moments would allow
a variation of the rare-earth moment alignment that would
decorate the vortices. Since the total magnetic flux must be
quantized, the addition of the Dy magnetization Mp, will
then give a new momentum transfer for scattering from the
vortex lattice

Qui0=2m\2pu(H+Mpy) V3. (6)
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The measured saturated Dy moment is approximately 7 w,
which implies that yoMp,~1T. In a 0.1 T applied field, we
would then expect that the vortex density would increase by
roughly a factor of 3 due to the saturated alignment of the Dy
moments.

Below Ty, the Dy magnetization will be close to zero at
modest applied fields, and so we would return to the original
behavior for the flux lattice. However, another possible be-
havior below Ty could be observed by applying a field
strong enough to put the Dy moments through a metamag-
netic or spin-flop transition. If the sample has a nonzero de-
magnetization factor, there would then be coexistence of
“paramagnetic” domains that have a net magnetization, with
reflections as described by Eq. (6), and “antiferromagnetic”
domains where there is no net magnetization, as described by
Eq. (1). Another possibility proposed by Buzdin et al. is
the existence of two-quanta vortices in metamagnetic super-
conductors, which could occur if the applied field for the
metamagnetic or spin-flop transition is near A ;. In this re-
gime, because of the spatial variation of the vortex field, the
metamagnetic transition could be localized to a region near
the vortex core and substantially affect the structure of the
vortex. Work is in progress to experimentally explore these
possibilities.
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