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We report on detailed neutron diffraction studies of both pinned and moving magnetic flux line

lattices in 2H-NbSe,.

For field-cooled, pinned lattices, we are able to make a detailed quantitative

comparison with the theory of Larkin and Ovchinnikov and find excellent agreement. In studies of the
dynamics, we find that the longitudinal correlation length of the vortex lattice increases substantially
when it is depinned and moving due to a current exceeding the critical current, and remains large when

the lattice is repinned after turning the current off.

PACS numbers: 74.60.Ec, 61.12.Ex, 74.60.Ge, 74.70.Ad

Pinning of the magnetic flux line lattice (FLL) is
required in order to achieve large critical currents in a
type I superconductor. Previous studies of how these
lattices are pinned have tended to fall into two broad
categories. There have been many studies of the structure
of the FLL using techniques such as magnetic decoration
[1], the scanning Hall probe [2], small angle neutron
scattering [3], scanning tunneling microscopy imaging
[4], and Lorentz microscopy [5]. Most of these studies
tell us about the structure of the lattice when it is static
and already pinned but very little about the dynamics
of how it pins and unpins and what its structure is as
it flows in response to an applied current. The other
broad class consists of studies that probe the dynamics
by measuring transport or magnetic properties such as the
critical current [6,7], resistivity [8], magnetic relaxation,
or susceptibility [9]. These tell us about the dynamics but
require modeling and inference to extract any conclusions
about the structure of the flux lattices themselves as they
pin, unpin, and flow.

In this paper, we report the first detailed and quantita-
tive study of the structure of a FLL as it is unpins and
flows in response to an applied current. We have used
neutron diffraction to image the lattice in a sample of 2H-
NbSe, with both current and voltage contacts so that we
can systematically study the structure of the lattice as it
evolves as a function of both field and applied currents.
We report the observation of a number of novel effects.
We see that when the system is field cooled (FC) with
zero current, the resulting pinned lattice is disordered on
short length scales. The evolution of this order can be fol-
lowed as a function of applied field and a detailed quan-
titative, parameter-free comparison can be made to the
theory of Larkin and Ovchinnikov (LO) [10]. The agree-
ment is excellent. We find that this disordered FLL crys-
tallizes into a lattice with long correlation lengths as it
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unpins and flows in response to an applied current. We
also find that quenching the FLL from this well-ordered
flowing state produces a much more ordered lattice than
field cooling it from above T. in zero current. Thus, at
zero current, we can produce various different states of
the flux lattice with different correlation lengths, depend-
ing on the previous history of the sample’s temperature,
current, and field.

Previous studies [11-14], while pioneering for their
time, have provided only incomplete information on the
various correlation lengths. These studies were qualitative
in nature and have not analyzed the data within the
framework of the concept of correlated volumes. In
addition, none of these measurements studied the field and
the current dependence in a systematic way, as we have in
the present study.

The present experiments were performed on 2H-
NbSe,. We report measurements on two single crystals
whose growth are described elsewhere [15]. Sample 1
had dimensions of 6.5 X 4.3 X 1.0 mm?, and sample 2
had dimensions of 4.8 X 4.6 X 2.0 mm>. Both x-ray
and neutron diffraction studies confirmed the 2H poly-
type and determined the ¢ axis mosaic to be less than
0.1° FWHM. Magnetization and transport studies of
both crystals showed sharp superconducting transitions,
less than 40 mK wide at all fields. For sample 1
T.(0) = 7.2 K and for sample 2 7.(0) = 7.4 K.

We report here on samples studied using the small
angle neutron scattering spectrometer in the cold neutron
guide hall of the Risp DR3 reactor. In the experiment a
superconducting magnet in the persistent mode was used
to apply a horizontal field parallel within 1° to both the
¢ axis of the crystal and the neutron beam. The samples
were masked with Cd foil to expose a ~ 4 X 4 mm? re-
gion to the neutron beam, leaving all electrical contacts
masked to reduce the small angle scattering background.
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We used an incident neutron wavelength of A, ~ 5—18 A
and a bandwidth of AA,/A, ~ 18% or 36%, with an inci-
dent beam divergence of ~0.18° and ~0.1° FWHM in the
horizontal and vertical directions. The diffracted neutrons
were counted by an area detector located at the end of a
6 m evacuated chamber. The scattering geometry allows
us to study all three correlation lengths. The two posi-
tional correlation lengths perpendicular to the flux lines
&0 and €546, which roughly correspond to compres-
sional and shear displacements of the lattice, respectively,
can be extracted from the radial and azimuthal widths of
the six first order scattering peaks on the Ewald sphere,
each of which can be brought down onto the plane of the
detector with appropriate rotating and tilting of the cryo-
stat. The longitudinal correlation length &, which is a
measure of correlations parallel to the direction of the flux
lines is extracted from the widths of the rocking curves.

We have studied the field dependence and the effect
of different magnetic and current histories [field cooled
(FC), zero field cooled (ZFC), and high field cooled (HFC),
a process in which the sample is cooled with H > H;]
on both the locations and widths of the six lowest order
peaks. The locations of the peaks indicate that the flux
lattice always remains aligned to the crystalline a axis
for all fields, histories, and currents studied. At different
fields, the peaks are always found to occur, to within the
measurement errors, at 7 = 27 (2B/v/3¢0)"/2, where 7 is
the scattering vector. To within the resolution, we have
not found any evidence of asymmetries in the intensities,
widths, or locations of the six lowest order peaks as a
function of current or field history. All three procedures
gave rise to resolution limited peaks in the azimuthal and
radial directions for all fields. This implies long ranged
orientational order and a lower limit on & [’JLG and ¢ ;”G of
roughly 0.2 um at 500 Oe. On the other hand, the widths
of the rocking curves were sensitive to the process used to
form the FL. At H = 2 kOe the ZFC and HFC processes
produced &; of ~5 and >12 um, respectively. At this
field, the FC process produced peaks with an intermediate
value of ¢, ~ 8 um. For fields H/H., < 0.15 (H,; =
22 kOe), increasing the field caused a narrowing of the
peak widths indicative of an increase of £;, which becomes
resolution limited for fields above this. Controlling the
cooling rate between ~ 0.5 K/min and ~1 K/sec did not
alter the observations discussed above. We believe that
the fact that a HFC procedure generates lattices with a
longer longitudinal correlation length can be understood as
arising from the fact that the more well correlated the initial
state, the better the final lattice. At high fields, interactions
dominate and one pins a more ordered structure than from
a ZFC lattice where pinning dominates and interactions
are relatively less important. The low critical currents
of our samples (J. ~ 30—50 A/cm?) are crucial to seeing
this response as a large J. would produce field gradients
in a HFC or ZFC experiment which would obscure these
effects.

Shown in Fig. 1 are the FWHM rocking curve widths
o, for sample 2 as a function of field at a tempera-
ture of 4.7 K for FC lattices. These widths were ob-
tained from two different types of analyses. In the first,
the widths were obtained from the directly measured
rocking curves and calculated using o2 = ona — o2,
where o, is the instrumental resolution. In the sec-
ond type of analysis, they were extracted from the ra-
dial widths of the diffracted spots on the plane of the
detector itself at the peak of the rocking curves us-
ing the relation [16] (FWHMyer-raa)® = [@?(b? + ¢?) +
(2bc¢)?]/(a® + b? + c?) + d?, where a is the beam diver-
gence, b = o, ¢ = 0AA,/A, is the energy divergence,
and d is the detector smearing. Both techniques give the
same values for o,,, implying that we have a good un-
derstanding of the resolution function. The possibility to
obtain o, by these two ways results from the fact that in
reciprocal space the radial direction on the plane of the
detector is not exactly orthogonal to the rocking curve.
One should not confuse the radial direction on the plane
of the detector with the pure radial §-26 scan, which is di-
rectly related to the compressional order of the lattice, as
discussed earlier. Extracting o, from the widths of the
peaks on the detector has the advantage that it requires
less counting time, and we will exploit this in our experi-
ments on the effects of current to be discussed later.

Shown in Fig. 2 are the longitudinal correlation lengths
as a function of magnetic field extracted from the FC
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FIG. 1. The field dependence of o, taken at 4.7 K, extracted
from full rocking curves (squares) and from an analysis of the
radial width of the spot on the plane of the detector at the
peak of the rocking curve (circles). The inset shows a rocking
curve measured at 2 kOe following a ZFC process, fitted by a
Gaussian (dashed) and Lorentzian (solid).
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FIG. 2. The field dependence of ¢, on a log-log plot at
4.7 K. The inset shows these values (filled circles) on a linear
plot with the prediction of the collective pinning theory of
Larkin and Ovchinnikov (solid line). The dotted line is the
prediction for R, and the open circle is the result of a decoration
experiment.

data in Fig. 1, using the relation ¢, = /A7 = 1/70, =
(3 m)[(3)2¢0/2Ba2]/2. Our data show that, over the
field range in which we could follow it, &, increases
monotonically with field with a nonzero intercept at zero
field. By independently measuring the critical current
for this sample we can use our neutron data to perform
the first quantitative test [17] of the predictions of the
LO theory. In that theory, the longitudinal correlation
length of a bundle of vortices L% (or £, in our notation)
in the appropriate limit should be given by ~ AR./ay,
where R, is a positional correlation length given by
£(Jo/J)V?, where Jy is the depairing critical current,
and A is the superconducting magnetic penetration depth.
This simplifies to L? = A(&ceo/ad) 6:/1272)"2, where
A is a prefactor of order unity, £ is the superconducting
coherence length, and ¢ is the speed of light. Shown
in the inset of Fig. 2 as the solid line is the prediction
for L2 of the theory using our measured critical currents.
The measured values of L are the filled circles. Several
points should be noted. The magnitudes of L% predicted
from theory agree well with the data, with the prefactor A
for the line shown being 0.5. The fit of the theory to
the measured field dependence of L% is also excellent.
This represents the first direct quantitative test of this
theoretical prediction, and we find agreement (to within
a factor of 2) for both the absolute magnitude as well
as the field dependence of LY. We can also compare
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the theory with the measured value of R, as obtained
from a decoration experiment. Shown as the dotted line
in the inset to Fig. 2 is the quantity agL%/A. The open
circle is the value obtained from a magnetic decoration
experiment, as described elsewhere [1]. The theory fits
both experiments quite well. Finally, the theory also
makes a prediction about the line shapes: The rocking
curves should be better fit by Lorentzians than Gaussians.
This can be seen simply as the fact that the Fourier
transform of an exponential is a Lorentzian. The better fit
of the Lorentzian to our data is obvious (inset to Fig. 1).
Shown in Fig. 3 are the effects on the radial width of
the spot on the plane of the detector at the peak of the
rocking curve of a transverse transport current applied in
a direction perpendicular to the external field. The data
were taken on sample 1 at 4.7 K, which was field cooled
at H = 2.5 kOe with no current applied while cooling.
After cooling, the measurements were performed upon
increasing the current from zero to 2L, (L. ~ 1 A, J_ ~
50 A/cm?) and then decreasing it back to zero. The
different symbols refer to different current sequences
as described in the figure. Each experimental point
corresponds to roughly 15 min of counting. After field
cooling with zero current, we find a flux crystal with a o,
of 0.19°, which corresponds to a longitudinal correlation
length of &, ~ 40ap. As is evident from the figure,
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FIG. 3. FWHM of the radial width of the spot on the plane
of the detector at the peak of the rocking curve as a function
of the applied current following a FC process at 2.5 kOe
and 4.7 K. Each data point corresponds to a measurement of
~15 min. Data shown here were collected using four different
current sequences as described in the figure. The circled data
points were obtained from full rocking curves.
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applying a transport current which is significantly smaller
than the critical current does not, to within our resolution,
have any effect on ¢£,. However, when L ~ L., we find
an abrupt annealing of the lattice as evidenced by the
FWHM dropping, corresponding to 1/¢, < 1/80a, for
our flux crystal. For currents above L., we continue to
see well ordered flux crystals. The well ordered flux
crystal remains after the transport current is decreased
back to zero. This is independent of the rate at which
this current is removed. Thus a cycling of the applied
current allows us to anneal away the effects of pinning
disorder as evidenced by a measurement of £, in the flux
crystal. Full rocking curves taken as marked on Fig. 3
quantitatively agree with this picture. A complete set of
rocking curves collected on sample 2 using a conventional
spectrometer (to be reported elsewhere) are also consistent
with the results described above.

Our observation of flux lattice states with varying
degrees of disorder all at the same temperature, field, and
zero current implies that under these conditions the lattice
does not rearrange itself on length scales longer than a
minimum pinning length on the time scales (minutes to
hours) of this experiment. When we field cool in zero
current, the disordered state is produced for one of at least
two possible reasons: Either (i) this is the equilibrium
state and the cooling rates are sufficiently slow that
the system can find it or (ii) the system rapidly enters
a disordered, pinned nonequilibrium state as it passes
through H., and remains disordered as it is further cooled
because the pinning free energy barriers are too high to
cross. When the applied current is increased above L.,
the lattice flows past the pinning potential, averaging out
its effects so the vortex-vortex interactions become more
dominant and induce a longer correlation length [18].
When the current is then turned off, there are again two
possibilities corresponding to the above scenarios: Either
(i) the system is stuck by the high pinning barriers in the
more well ordered state even though a more disordered
state has a lower free energy or (ii) the more ordered
state actually has a lower free energy so the system simply
remains there.

In conclusion, we have presented the results of a
quantitative study of the correlations of a magnetic flux
line lattice as a function of field and with applied currents
below, at, and above the critical current. For field-cooled,

pinned lattices we have quantitatively tested the LO
theory and find it to work quite well. We also report the
observation of a number of novel effects for flux lattices
as they are unpinned. Field-cooled lattices, which at low
fields have only short ranged correlations, are found to
crystallize into well-ordered lattices when they unpin and
flow. Quenching lattices from the flowing state is found
to produce much more well-ordered structures than are
formed if one field cools with zero applied current.
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