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Vortex motion in type-ll superconductors probed by muon spin rotation
and small-angle neutron scattering
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We report muon spin rotationuSR) measurements on the moving vortex lattitl ) in the type-II
superconductor Pb-In, backed up by small-angle neutron scat{@&/gS) observations on the same sample.
We observe a motional narrowing of theSR lineshapep(B) and by SANS, alignment of the VL to the
direction of vortex motion. We have calculated th&R lineshape expected with a range of orientations of the
moving VL. We demonstrate how the neuSR 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 linex 10 rad s* T~ is the muon gyromagnetic ratio. Posi-
motion on the muon spin rotation signal in the mixed state otrons emitted due to the decay of the mudiitetime T,
a type-Il superconductor. We relate the magnetic field prob~2.2 us) are detected. Measurement of both the direction of
ability distributionp(B) [also known as the muon spin rota- positron emission as well as the time between muon implan-
tion (uSR) line shapgto the flux structure while in motion. tation and positron detection provides a direct measuue, of

It is well known that when a transport current is applied tosince the emitted positron emerges predominantly along the
a type-1I superconductor in the mixed state, the vortex latticelirection of the muon spin at the moment of decay.
(VL) can break free from pinning and move in the direction In the mixed state of a type-Il superconductor, the muons
of the Lorentz forcé. The moving VL is a very interesting are implanted at random positions in a magnetic field distri-
nonequilibrium system, exhibiting a variety of dynamical bution B(r). Hence, P*(t)=P*(0)(e”:®"") , where
phases as a function of temperature, disorder, driving forcd, - -)r denotes an average over a VL unit cell. During flux-
and applied magnetic field. It has been extensively studieffoW: the magnetic field becomes a function of time. For a
theoretically~* and by computer simulatioPs which are of ~ VL moving as a whole with velocity past a fixed muon, we
particular interest because they predict an ordering and aligrh—ave
ment of the VLcausedy flux flow. Early experiment§ saw ¢
no sign of alignment but recent small-angle neutron scatter- P*(t)= P+(0)< exp( i”ﬂf B(r—w)dr)> . (1)
ing (SANS) data do show this effeét. Our measurements 0
repr_esent a new micro_scopic technique for providing in_for--rhe magnetic field probability distributiop(B) is then
mation about the moving VL on the scale of the flux line given by the(rea) Fourier transform of Eq(1):'°
spacing. In this paper, we demonstrate this technique by de-
tailed xSR measurements on the moving VL in a type-ll p(B)=Re{ Yu P+ (t)e 7Bt

r

. 2

superconducting alloy Pbin. First we briefly describe the 7P (0) Jo
SR technique, as used to probe the mixed state of type-ll
superconductors and other magnetic systems. Our experi- It is possible to determing(B) directly from uSRP ™ (t)
mental results are then presented, followed by a comparisotiata using a Fourier transform or by means of a more sophis-
with our theoretical calculations as well as with recent SANSticated maximum entropy techniqieWe used the latter as
datd* obtained from the moving VL in the same sample. it has several advantages over the conventional technique.
In a typical muon spin rotation experiment, the main aim  The experiments reported here were carried out at ISIS,
is to determine the magnetic field probability distribution Rutherford-Appleton Laboratory, where theSR beamline
p(B) from the (compleX polarization P*(t)= Py+iPy, provides pulses of longitudinally polarized muons. The
which represents the precession of the muon spins in aample was a polycrystalline p§n, , alloy; the alloy ingot
field in the z direction!>® Positive muons, produced natu- was made by melting a mixture of pure Pb and In in a Pyrex
rally spin-polarized by pion decay, are implanted into thetube, in an atmosphere of purified argon. The ingot was then
specimen, and each muon spin precesses in the local maguenched in air and subsequently annealed for 300 h at
netic field at a frequencyw=1vy,B, where y,=8.513 270°C under Ar.
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FIG. 1. Schematic diagram of the experimental setup used in the

#SR measurements. 0.02 0.025 0.03 0.035 0.04
B[M

Annealing increases sample homogeneity and reduces FIG. 3. Maximum entropy-fitteduSR p(B) line shapes for a
bulk pinning. The specimen was then spark-cut from the infange of applied currents at 30 mT and 4.2 K. The peak at approxi-
got and chemically polished in order to remove residuamately 30 mT arises from muons stopping in the sample cryostat.
traces of oxidation, resulting in a shiny surface with very IowThiS background peak has been subtracted from the data shown in
surface pinning?*3 Fig. 2.

The sample had dimensions 280x1 mn? and was
placed at 45° to the muon beam and the applied magnetimomentum, the above arrangement ensures that the magnetic
field, which was perpendicular to the incoming muon mo-field is perpendicular to the muon spin, and at the same time
mentum(Fig. 1). Since the muon spin is antiparallel to its maximizes the sample area “seen” by both the muon beam

and the magnetic field. Transport current was applied along
erp————— the long dimension of the sample, at right angles to the mag-
Exparimantal, 4.2K - I . . .

“Thacratical —— netic field and the muon beam, giving rise to vortex motion.
Current was fed to the sample using superconducting wires
soldered across its ends. Anhydrous antiferromagnetiOf-e
was placed around the sample in order to depolarize muons
E missing the sample. We used pulsed transport currents up to
80 A with an applied magnetic field of 30 mT. The current
pulses were 20s wide and were synchronized with the
muon pulses which were approximately 80 ns long, repeating
! every 20 ms. The use of pulsed currents reduced average
] ohmic heating and also enabled us to check that there was
i negligible heating of the sample during the current pulse,
which we could shift relative to the muon pulse. We found
that the muon precession spectrum was only affected when
the muons were in the sample at exactly the same time as the
current pulses. Hence, the change®(B) as a function of
the transport current can be attributed to vortex motion
alone.

Figure 2 shows a maximum entropy fit pgB), obtained
using SR P (t) data in the absence of a transport current

FIG. 2. Experimental and theoreticp(B) line shapes corre- (i. €., stationary VL. Also shown is the line shape obtained
sponding to a stationary VL. The theoretical cutdashed linghas  from a solution to the full Ginzburg-LandaGL) equations
been obtained from a solution to the full Ginzburg-Landau equausing a method developed by Brar@iEigure 3 shows maxi-
tions fork=5.2 andb=B/B,=0.1, whereB,,=270 mT at4.2K, mum entropy fits tquSR spectra for a range of applied cur-
using a method developed by Brari&ef. 18. The value of« was  rents at 30 mT and 4.2 K. It can be seen that as the vortices
chosen to give agreement between the two line shapes. Due to finiteove faster, motional narrowing @f B) occurs, i.e., muons
sample magnetization, this gives-27 mT for an applied field of experience an effective magnetic field closer to the average
30 mT. field. At extremely high vortex velocities, the magnetic field
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FIG. 4. Calculateg(B) for a moving VL, assuming that the VL FIG. 5. Calculatedp(B) for a moving VL, assuming a uni-
moves as a whole along a vortex nearest-neighbor direction, with formly distributed set of orientations of the VL present, each mov-
single orientation. Small “side-band” peaks are due to modulationing as a whole with a well-defined velocity.

of the muon precession frequency. . . . -
P a y shapes with the quite different ones shown in Fig. 3 leads to

in the mixed state is almost completely averaged out, tendin@ﬂe conclusion that on the time scale of the muon lifetime,
t

to give a delta functions(B—B), whereB is the average 1€ vortices donot move exactly in a single, VL nearest-

- . . eighbor direction.
magnetic field. However, as we now shpw, this resuit is not d' \?Ve have therefore taken our simulation to the opposite
necessaryconsequence of flux line motion. |

. imit, and averaged equatiai) over all angles between the
To interpret these results, we have performed a genere\xflr_] nearest-neighbor direction and the direction of vortex

numerical implementation of Ed1). In this, we averaged qion which gives the results shown in Fig. 5. It can be
over 1d initial muon positions in the VL unit cell, anB(r)  geen that the calculations exhibit all the characteristic fea-
within the unit cell was given by the solution to the GL tyres of Fig. 3, with the development at high currents of a
equations that fitted our static VhSR results in Flg 2. peak at the average field posmmhmh is 27 m'D and two
Since uSR is not sensitive to times much longer than thebroad satellites on either sidéhese satellites reflect contri-
muon lifetime 7,, we multiplied P*(t) by a Gaussian butions top(B) from VL motion nearly parallel to a VL
apodization factor of the form expt%20?). The apodiza- lattice vectof. These theoretical results appear similar to
tion time o was set to a few times the muon lifetime. The those obtained by Delrieu for the case of NMR line shape in
minimum width of thep(B) produced by the calculation is the moving mixed stat¥ However, his numerical evaluation
inversely proportional to the apodization time. After obtain-of the exact calculation was restricted to né&y, and he
ing P*(t), we used Eq(2) to calculatep(B). incorrectly calculated the power spectrum of the field distri-
The direction of the VL velocity, as expected from bution instead op(B). His experimental results, on a very
experiments;! theorie$* and simulations ® is parallel to a  thin foil, are similar to Fig. 3 and were interpreted as being
nearest-neighbor direction. In Fig. 4 we show the numeridue to a uniformly distributed set of orientations of the mov-

cally calculatedp(B) assuming that the VL is moving as a N9 VL. Nonetheless, therie an alignment of the moving VL
whole with a single, well-defined velocity. The quantRyis In our _th|cker samples_, as shown by small-angle heutron
a dimensionless measure of the vortex velocity and isvsv?fhttgtrg;%S’\Al‘glrtséxe)lfnpcii”orglents on a polycrystalline sample
given by R=2m|v|/(y,a0AB), where AB=maxB(r)} y :

~ min{B(r)} anday is the vortex spacing. ThuR represents In order to show how sensitive our theoretical predictions
{B(r)} 0 P 9. P are to VL orientation, we generalized our model to include a

the ratio of the frequency with which the VL unit cells pass a1y distributed range of orientations of the VL, with
the muon, to the spread of precession frequencies within 8ngular probability density given by

VL unit cell. In Fig. 4, we predict at larg® a characteristic
two-peak line shape, without the central peak seen in the 2., 2
data. The two peaks arise because motional narrowing is f(0;ag)°<21 (e (0= 2nmle)l20y) 3
never complete. Instead, the time-averaged field at IRrige "

a one-dimensional distribution, with the maximum field where ¢ is the angle between a VL principal direction and
along lines where the VL cores pass, and minimum field inthe direction of VL motion andr, represents the width of
between. The two peaks ip(B) are at the values of this the distribution. Forr,=0.2 the resultingd(B) line shapes

maximum and minimum field. Comparison of these line@re essentially identical to the ones shown in Fig. 5. &pr
< 0.1 rad thep(B) line shapes begin to exhibit some of the
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that the moving VL exhibits aange of orientations with
respect to the direction of motion. Analysis of the data shows
that there is an extra transverse width of 0.2 tems) in
addition to the resolution-limited finite radial and transverse
widths of the Bragg peaksS.This extra transverse width is
believed to correspond to a range of VL orientations present
during flux flow, thus confirming the misalignment indicated
by our uSR results.

Calculation$® suggest that in a weakly disordered three-
dimensional superconductgsuch as our Pb-In allgy the
vortices flow,on averagealong well-defined static channels
which are elastically coupled. Depending on the roughness
of these channels, the moving VL system would then appear
to be topologically ordered, giving rise to six diffraction
peaks, the intensity-spread of which is an indication of the
channel roughness. On a small time sdalech as the muon
lifetime) an implanted muon would then sample the channel
roughness as multiple orientations of the VL, leading to the
p(B) spectra shown in Fig. 3. It is certainly clear that in our
L L . L L experiment on a real three-dimensioaD) system the VL
% 30 3% 40 45 50 55 does not move as a completely orientationally aligned solid,

bc-plxels) as suggested by many theoretical restift&” It would be of

FIG. 6. Small-angle neutron diffraction pattern obtained from agreat interest to carry out experiments on more nearly two-
polycrystalline Pb-In sample, for a pulsed transport current of 80 Adimensional2D) systems using low-energy muoffdie ex-
temperature of 4.2 K, and 50 mT applied magnetic field. The curpect that future work using our technique will enable further
rent pulse width was 20s at a frequency of 50 Hz. The sample was details of vortex motion, such as the correlation function for

placed at 45° to both the neutron beam and the applied magnetitie local vortex velocity, to be obtained in suitable systems.
field.
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The experimental work was carried out at ISIS,
Rutherford-Appleton Laboratory, U.K. and Institut Laue
features of those shown in Fig. 4. Thus #8R technique is Langevin (ILL), Grenoble. We would like to thank E. H.
sensitive to a small amount of angular disordering of the VLBrandt for providing his code for solving the Ginzburg-
flow. Landau equations, R. Cubitt and C. Dewhurst for contribu-
In order to determine whether this could be a resolution otions to SANS measurements, and A. Bradshaw, and G.
the apparent discrepancy, we carried out SANS experimentd/alsh for technical assistance. D.C. acknowledges financial
on our uSR sample, under similar experimental conditions.support from the School of Physics & Astronomy of the
Figure 6 shows the neutron diffraction pattern from the VLUniversity of Birmingham, the Committee of Vice-
as “frozen” in the sample from its moving state, created by aChancellors and Principalghrough an ORS awaydand the
pulsed transport current. Our SANS measurements suggeat G. Leventis Foundation.
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