
PHYSICAL REVIEW B 66, 054506 ~2002!
Vortex motion in type-II superconductors probed by muon spin rotation
and small-angle neutron scattering
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We report muon spin rotation (mSR) measurements on the moving vortex lattice~VL ! in the type-II
superconductor Pb-In, backed up by small-angle neutron scattering~SANS! observations on the same sample.
We observe a motional narrowing of themSR lineshapep(B) and by SANS, alignment of the VL to the
direction of vortex motion. We have calculated themSR lineshape expected with a range of orientations of the
moving VL. We demonstrate how the newmSR results give information on the moving VL which is comple-
mentary and consistent with the SANS data.
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We report here the observation of the effects of flux li
motion on the muon spin rotation signal in the mixed state
a type-II superconductor. We relate the magnetic field pr
ability distributionp(B) @also known as the muon spin rota
tion (mSR) line shape# to the flux structure while in motion

It is well known that when a transport current is applied
a type-II superconductor in the mixed state, the vortex lat
~VL ! can break free from pinning and move in the directi
of the Lorentz force.1 The moving VL is a very interesting
nonequilibrium system, exhibiting a variety of dynamic
phases as a function of temperature, disorder, driving fo
and applied magnetic field. It has been extensively stud
theoretically1–4 and by computer simulations5–9 which are of
particular interest because they predict an ordering and a
ment of the VLcausedby flux flow. Early experiments10 saw
no sign of alignment but recent small-angle neutron scat
ing ~SANS! data do show this effect.11 Our measurement
represent a new microscopic technique for providing inf
mation about the moving VL on the scale of the flux lin
spacing. In this paper, we demonstrate this technique by
tailed mSR measurements on the moving VL in a type
superconducting alloy PbIn. First we briefly describe t
mSR technique, as used to probe the mixed state of typ
superconductors and other magnetic systems. Our ex
mental results are then presented, followed by a compar
with our theoretical calculations as well as with recent SA
data14 obtained from the moving VL in the same sample.

In a typical muon spin rotation experiment, the main a
is to determine the magnetic field probability distributio
p(B) from the ~complex! polarization P1(t)5Px1 iPy ,
which represents the precession of the muon spins i
field in the z direction.15,16 Positive muons, produced natu
rally spin-polarized by pion decay, are implanted into t
specimen, and each muon spin precesses in the local m
netic field at a frequencyv5gmB, where gm58.513
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3108 rad s21 T21 is the muon gyromagnetic ratio. Pos
trons emitted due to the decay of the muons~lifetime tm
'2.2 ms) are detected. Measurement of both the direction
positron emission as well as the time between muon imp
tation and positron detection provides a direct measure ov,
since the emitted positron emerges predominantly along
direction of the muon spin at the moment of decay.

In the mixed state of a type-II superconductor, the muo
are implanted at random positions in a magnetic field dis
bution B(r ). Hence, P1(t)5P1(0)^eigmB(r )t& r , where
^•••& r denotes an average over a VL unit cell. During flu
flow, the magnetic field becomes a function of time. Fo
VL moving as a whole with velocityv past a fixed muon, we
have

P1~ t !5P1~0!K expS igmE
0

t

B~r2vt!dt D L
r

. ~1!

The magnetic field probability distributionp(B) is then
given by the~real! Fourier transform of Eq.~1!:15

p~B!5ReH gm

pP1~0!
E

0

`

P1~ t !e2 igmBtdtJ . ~2!

It is possible to determinep(B) directly frommSRP1(t)
data using a Fourier transform or by means of a more sop
ticated maximum entropy technique.17 We used the latter as
it has several advantages over the conventional techniqu

The experiments reported here were carried out at IS
Rutherford-Appleton Laboratory, where themSR beamline
provides pulses of longitudinally polarized muons. T
sample was a polycrystalline Pb0.8In0.2 alloy; the alloy ingot
was made by melting a mixture of pure Pb and In in a Py
tube, in an atmosphere of purified argon. The ingot was t
quenched in air and subsequently annealed for 300 h
270°C under Ar.
©2002 The American Physical Society06-1
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Annealing increases sample homogeneity and redu
bulk pinning. The specimen was then spark-cut from the
got and chemically polished in order to remove resid
traces of oxidation, resulting in a shiny surface with very lo
surface pinning.12,13

The sample had dimensions 2033031 mm3 and was
placed at 45° to the muon beam and the applied magn
field, which was perpendicular to the incoming muon m
mentum~Fig. 1!. Since the muon spin is antiparallel to i

FIG. 1. Schematic diagram of the experimental setup used in
mSR measurements.

FIG. 2. Experimental and theoreticalp(B) line shapes corre-
sponding to a stationary VL. The theoretical curve~dashed line! has
been obtained from a solution to the full Ginzburg-Landau eq

tions fork55.2 andb5B̄/Bc250.1, whereBc25270 mT at 4.2 K,
using a method developed by Brandt~Ref. 18!. The value ofk was
chosen to give agreement between the two line shapes. Due to

sample magnetization, this givesB̄;27 mT for an applied field of
30 mT.
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momentum, the above arrangement ensures that the mag
field is perpendicular to the muon spin, and at the same t
maximizes the sample area ‘‘seen’’ by both the muon be
and the magnetic field. Transport current was applied al
the long dimension of the sample, at right angles to the m
netic field and the muon beam, giving rise to vortex motio
Current was fed to the sample using superconducting w
soldered across its ends. Anhydrous antiferromagnetic Fe2O3
was placed around the sample in order to depolarize mu
missing the sample. We used pulsed transport currents u
80 A with an applied magnetic field of 30 mT. The curre
pulses were 20ms wide and were synchronized with th
muon pulses which were approximately 80 ns long, repea
every 20 ms. The use of pulsed currents reduced ave
ohmic heating and also enabled us to check that there
negligible heating of the sample during the current pul
which we could shift relative to the muon pulse. We fou
that the muon precession spectrum was only affected w
the muons were in the sample at exactly the same time as
current pulses. Hence, the changes inp(B) as a function of
the transport current can be attributed to vortex mot
alone.

Figure 2 shows a maximum entropy fit top(B), obtained
usingmSR P1(t) data in the absence of a transport curre
~i. e., stationary VL!. Also shown is the line shape obtaine
from a solution to the full Ginzburg-Landau~GL! equations
using a method developed by Brandt.18 Figure 3 shows maxi-
mum entropy fits tomSR spectra for a range of applied cu
rents at 30 mT and 4.2 K. It can be seen that as the vort
move faster, motional narrowing ofp(B) occurs, i.e., muons
experience an effective magnetic field closer to the aver
field. At extremely high vortex velocities, the magnetic fie

e

-

ite

FIG. 3. Maximum entropy-fittedmSR p(B) line shapes for a
range of applied currents at 30 mT and 4.2 K. The peak at appr
mately 30 mT arises from muons stopping in the sample cryos
This background peak has been subtracted from the data show
Fig. 2.
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in the mixed state is almost completely averaged out, tend
to give a delta functiond(B2B̄), where B̄ is the average
magnetic field. However, as we now show, this result is no
necessaryconsequence of flux line motion.

To interpret these results, we have performed a gen
numerical implementation of Eq.~1!. In this, we averaged
over 104 initial muon positions in the VL unit cell, andB(r )
within the unit cell was given by the solution to the G
equations that fitted our static VLmSR results in Fig. 2.
Since mSR is not sensitive to times much longer than t
muon lifetime tm , we multiplied P1(t) by a Gaussian
apodization factor of the form exp(2t2/2s2). The apodiza-
tion time s was set to a few times the muon lifetime. Th
minimum width of thep(B) produced by the calculation i
inversely proportional to the apodization time. After obta
ing P1(t), we used Eq.~2! to calculatep(B).

The direction of the VL velocity, as expected fro
experiments,11 theories3,4 and simulations5–8 is parallel to a
nearest-neighbor direction. In Fig. 4 we show the num
cally calculatedp(B) assuming that the VL is moving as
whole with a single, well-defined velocity. The quantityR is
a dimensionless measure of the vortex velocity and
given by R52puvu/(gma0DB), where DB[max$B(r )%
2min$B(r )% anda0 is the vortex spacing. Thus,R represents
the ratio of the frequency with which the VL unit cells pa
the muon, to the spread of precession frequencies with
VL unit cell. In Fig. 4, we predict at largeR a characteristic
two-peak line shape, without the central peak seen in
data. The two peaks arise because motional narrowin
never complete. Instead, the time-averaged field at largeR is
a one-dimensional distribution, with the maximum fie
along lines where the VL cores pass, and minimum field
between. The two peaks inp(B) are at the values of this
maximum and minimum field. Comparison of these li

FIG. 4. Calculatedp(B) for a moving VL, assuming that the VL
moves as a whole along a vortex nearest-neighbor direction, w
single orientation. Small ‘‘side-band’’ peaks are due to modulat
of the muon precession frequency.
e
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shapes with the quite different ones shown in Fig. 3 lead
the conclusion that on the time scale of the muon lifetim
the vortices donot move exactly in a single, VL neares
neighbor direction.

We have therefore taken our simulation to the oppos
limit, and averaged equation~1! over all angles between th
VL nearest-neighbor direction and the direction of vort
motion, which gives the results shown in Fig. 5. It can
seen that the calculations exhibit all the characteristic f
tures of Fig. 3, with the development at high currents o
peak at the average field position~which is 27 mT! and two
broad satellites on either side@these satellites reflect contr
butions to p(B) from VL motion nearly parallel to a VL
lattice vector#. These theoretical results appear similar
those obtained by Delrieu for the case of NMR line shape
the moving mixed state.10 However, his numerical evaluatio
of the exact calculation was restricted to nearHc2 and he
incorrectly calculated the power spectrum of the field dis
bution instead ofp(B). His experimental results, on a ver
thin foil, are similar to Fig. 3 and were interpreted as bei
due to a uniformly distributed set of orientations of the mo
ing VL. Nonetheless, thereis an alignment of the moving VL
in our thicker samples, as shown by small-angle neut
scattering~SANS! experiments on a polycrystalline samp
with steady vortex motion.11

In order to show how sensitive our theoretical predictio
are to VL orientation, we generalized our model to include
normally-distributed range of orientations of the VL, wit
angular probability density given by

f ~u;su!} (
n51

6

~e2(u22np/6)2/2su
2
!, ~3!

whereu is the angle between a VL principal direction an
the direction of VL motion andsu represents the width o
the distribution. Forsu50.2 the resultingp(B) line shapes
are essentially identical to the ones shown in Fig. 5. Forsu
,0.1 rad thep(B) line shapes begin to exhibit some of th

a
n

FIG. 5. Calculatedp(B) for a moving VL, assuming a uni-
formly distributed set of orientations of the VL present, each mo
ing as a whole with a well-defined velocity.
6-3
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features of those shown in Fig. 4. Thus themSR technique is
sensitive to a small amount of angular disordering of the
flow.

In order to determine whether this could be a resolution
the apparent discrepancy, we carried out SANS experim
on ourmSR sample, under similar experimental condition
Figure 6 shows the neutron diffraction pattern from the V
as ‘‘frozen’’ in the sample from its moving state, created by
pulsed transport current. Our SANS measurements sug

FIG. 6. Small-angle neutron diffraction pattern obtained from
polycrystalline Pb-In sample, for a pulsed transport current of 80
temperature of 4.2 K, and 50 mT applied magnetic field. The c
rent pulse width was 20ms at a frequency of 50 Hz. The sample w
placed at 45° to both the neutron beam and the applied magn
field.
.
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that the moving VL exhibits arange of orientations with
respect to the direction of motion. Analysis of the data sho
that there is an extra transverse width of 0.2 rad~rms! in
addition to the resolution-limited finite radial and transver
widths of the Bragg peaks.19 This extra transverse width is
believed to correspond to a range of VL orientations pres
during flux flow, thus confirming the misalignment indicate
by our mSR results.

Calculations4,9 suggest that in a weakly disordered thre
dimensional superconductor~such as our Pb-In alloy!, the
vortices flow,on average, along well-defined static channel
which are elastically coupled. Depending on the roughn
of these channels, the moving VL system would then app
to be topologically ordered, giving rise to six diffractio
peaks, the intensity-spread of which is an indication of t
channel roughness. On a small time scale~such as the muon
lifetime! an implanted muon would then sample the chan
roughness as multiple orientations of the VL, leading to t
p(B) spectra shown in Fig. 3. It is certainly clear that in o
experiment on a real three-dimensional~3D! system the VL
does not move as a completely orientationally aligned so
as suggested by many theoretical results.3,4,6,7It would be of
great interest to carry out experiments on more nearly tw
dimensional~2D! systems using low-energy muons.20 We ex-
pect that future work using our technique will enable furth
details of vortex motion, such as the correlation function
the local vortex velocity, to be obtained in suitable system

The experimental work was carried out at ISI
Rutherford-Appleton Laboratory, U.K. and Institut Lau
Langevin ~ILL !, Grenoble. We would like to thank E. H
Brandt for providing his code for solving the Ginzburg
Landau equations, R. Cubitt and C. Dewhurst for contrib
tions to SANS measurements, and A. Bradshaw, and
Walsh for technical assistance. D.C. acknowledges finan
support from the School of Physics & Astronomy of th
University of Birmingham, the Committee of Vice
Chancellors and Principals~through an ORS award!, and the
A. G. Leventis Foundation.
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