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Vortex lines nearly parallel to the surface of a single-crystal superconductor disk
in a perpendicular field
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Using a contact-free ultrasonic method we obtain strong experimental evidence that vortex lines penetrating
into a type-II single-crystal superconductor disk in a perpendicular dc magnetic field lie during the virgin
magnetization stage nearly parallel to the surface over a substantial area of the sample. This phenomenon is
very different from the predictions of various existing theoretical models in which the vortex lines are inclined
at significant angles to the disk plane. We demonstrate that this phenomenon continues until the applied field
is increased to a magnitude that correlates with the lower critical fieldHc1 .
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INTRODUCTION

Type-II superconductor samples for magnetization m
surements are often thin platelets of thickness much sm
than the transverse dimensions, for example thin disks
strips, which are put into a perpendicular magnetic field
obtain a larger magnetic signal. Therefore the study of
properties of vortex lines in thin platelets is important from
scientific as well as a practical point of view.

In this perpendicular geometry the original Bean mo
does not apply because of the large and nonuniform dem
netization effect associated with such thin samples. Th
have been significant recent developments on the theor
vortex lines in thin platelets in a perpendicular field.1–5 In
these theories the vortex lines are inclined at signific
angles to the disk plane in a perpendicular field.

In this paper we report unusual vortex line behavior
volving penetration into a single-crystal Nb disk in a perpe
dicular dc-magnetic field, in which the vortex lines lie durin
the virgin magnetization stage nearly parallel to the surf
over a substantial area of the sample.

Detection is achieved by a totally contact-free ultraso
method, sensitive to both the in-plane and out-of-plane
entations of the vortex lines, in which the ultrasonic wave
generated and detected through mutual conversion betw
the ultrasonic wave and the magnetic field associated w
the vortex lines. A recently reported contact-free ultraso
method6,7 for superconductors uses a contact-free coil to g
erate ultrasonic waves and a contact quartz transducer to
tect them and vice versa. How a totally contact-free ult
sonic method used in this paper can detect the vortex
directions inside a superconductor is explained next.

CONTACT-FREE ULTRASONICS FOR
SUPERCONDUCTORS

Figure 1 shows how ultrasonic waves can be genera
through the interaction of the applied ac magnetic field w
the penetrated vortex lines. In Fig. 1, the surface and n
surface regions of an infinite superconductor plate
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shown, and the surface is parallel to thexy plane. The su-
perconductor plate is assumed to be isotropic for every
terial characteristic~apart from the elastic properties!. The
thickness of the plate,d, is very much larger than the rea
part Re(lac) of the complex ac penetration depthlac . The
vortex lines uniformly distributed with inductionB5nf0 are
parallel to thexz plane and make an anglea to the surface
normal (z direction!. Here,f0 is the flux quantum andn is
the vortex line density measured at the plane perpendic
to the vortex direction. The ac magnetic fieldb0 (x direction,
angular frequencyv! parallel to the sample surface is applie
by the ac currentI C in an infinite plane coil that consists o
straight wires directed along they direction and extending in
thexy plane. If the vortex lines are pinned elastically, the
magnetic fieldb penetrates exponentially according to t
complex ac penetration depthlac .8,9 lac approximately has
the same value for any value of the anglea ~Refs. 8 and 10!:

b5b0 exp~2lacz!. ~1!

The ac magnetic fieldb generates the screening currentJS (y
direction! which exerts Lorentz forces on the vortex line
The Lorentz forceF per unit length of a vortex line is pro
portional to the flux quantumf0 and toJS which is propor-
tional to b with a proportionality constantK1 :

F5JSf05K1bf05K1f0b0 exp~2lacz!. ~2!

The Lorentz force is perpendicular to the vortex lines, an
is transferred to the material lattice through the mechan

FIG. 1. Contact-free generation and detection of ultraso
waves for a type-II superconductor through mutual conversion
tween ultrasonic waves and the magnetic field associated with
tex lines.
©2003 The American Physical Society11-1
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coupling between the vortex lattice and pinning sites. The
fore the forceFV per unit volume given to the material lattic
is

FV5nF5K1nbf05K1nf0b0 exp~2lacz!. ~3!

Re(lac) of single-crystalline Nb is estimated to be a fe
micrometers11 at 4.2 K and at frequencies of MHz orde
Re(lac) is negligible compared to the ultrasonic waveleng
~shear wavelength, about 0.2 mm, and longitudinal wa
length, about 0.5 mm, at 10 MHz for Nb! and the forces
acting on the material lattice from the pinning sites can
integrated with respect to depth giving rise to an effect
surface forceFS as an ultrasonic wave source:

FS5E
0

`

FVdz5E
0

`

K1nf0b0 exp~2lacz!dz

5K1nf0b0 /lac . ~4!

The surface forces normal and tangential to the surface,FSN
andFST, are given by

FSN5FS sina5K1nf0b0 sina/lac , ~5!

FST5FS cosa5K1nf0b0 cosa/lac . ~6!

Constraining the surface forces to be equal to the stre
associated with the ultrasonic waves generated at the su
yields the longitudinal and shear ultrasonic-wave amplitu

ul~z!5 i ~FSN/rVlv!exp~2 ik lz!

5 i ~K1nf0b0 sina/rVlvlac!exp~2 ik lz!, ~7!

us~z!5 i ~FST/rVsv!exp~2 iksz!

5 i ~K1nf0b0 cosa/rVsvlac!exp~2 iksz!. ~8!

Here,ul(z) andus(z) are the displacement fields of the u
trasonic waves.Vl and Vs are the longitudinal and shea
ultrasonic wave speeds, andkl and ks are the longitudinal
and shear ultrasonic wave numbers, respectively.r is the
density. Equations~7! and~8! are essentially the same as E
~2! given in Ref. 6.

Through the inverse physical process, the mutual inte
tion between the vortex lattice and ultrasonic waves t
takes place within the ac penetration depth on the other
of the infinite superconductor plate produces a radiation
an ac magnetic field into the vacuum which is detected by
identical infinite plane coil placed there. The radiated
magnetic field is proportional to the ultrasonic displacem
and to the static magnetic field associated with the vor
lines.6 Therefore the detected voltage amplitudeEl ~which is
proportional to the radiated ac magnetic field! for the longi-
tudinal waves is proportional toul(d) and the tangentia
component of the magnetic fieldB sina5nf0 sina,

El5K2ul~d!nf0 sina

5K3i exp~2 ik ld!b0~nf0 sina!2/lacrVl , ~9!
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and that for the shear ultrasonic waveEs is proportional to
us(d) and the normal component of the magnetic fie
B cosa:

Es5K2us~d!B cosa

5K3i exp~2 iksd!b0~nf0 cosa!2/lacrVs . ~10!

HereK2 is a constant andK35K1K2 /v.
The absolute value of the ratio ofEl to Es is calculated as

uEl /Esu5~Vs /Vl !tan2 a. ~11!

Thus, we see that the ratio ofEl to Es can determine the
orientationa of the vortex lines within the ac penetratio
depth range in the case of infinite plane coils, an infin
superconductor plate, and uniformly distributed vortex lin
Equation~11! cannot generally be used in the case of d
coils and a disk sample as used in the experiment, but it
be used in an important special case explained next.

In Fig. 2, a transmitting disk coil (T coil! is placed in a
coaxial orientation near a superconductor disk. A similar
ceiving coil (R coil! is placed in a symmetrical position o
the other side of the superconductor. An external dc magn
field Hap is applied perpendicular to the superconductor s
face. We assume that the single-crystal Nb used in the
periment is nearly isotropic as regards vortex line penetra
so that the vortex lines are spatially distributed symme
cally with respect to the center axis.

In such a case if only longitudinal waves and no sh
waves are detected (Es50), it is self-evident that all the
vortex lines beneath the coil are aligned at the same a
90°. In another words all the vortex lines lie parallel to t
surface at least within the ac penetration depth. Likewise
only shear waves and no longitudinal waves are detec
(El50), it can be concluded that all the vortex lines bene
the coil have only components normal to the surface. In ot
words the angle to the surface normala is 0°. This method
is called, for brevity, EMAT-SC~electromagnetic-acousti
transduction in superconductors! in this paper.

FIG. 2. Experimental setup for contact-free generation and
tection of ultrasonic waves for a single-crystal Nb disk in a perp
dicular field. Nb disk~purity 99.9%, diameter 12 mm, thicknes
0.51 mm, and with surface normal@110#!. T-coil andR-coil ~diam-
eter 6.5 mm, with nine turns!. Gap between each coil and the su
face ~0.2 mm!.
1-2
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VORTEX LINES NEARLY PARALLEL TO THE SURFACE . . . PHYSICAL REVIEW B 68, 184511 ~2003!
DETECTION OF THE VORTEX LINE
DIRECTIONS: EXPERIMENT

A single-crystal Nb disk~purity 99.9%, diameter 12 mm
thickness 0.51 mm, and with the surface normal@110#! was
cooled in a zero field~ZFC! down to 4.2 K, and then a
uniform dc magnetic field was applied perpendicular to
disk plane. The reason for choosing a sample with the
face normal@110# is to ensure that all three ultrasonic pola
izations~longitudinal, fast shear, and slow shear waves! trav-
eling along the@110# direction have different wave speed
For other symmetry directions~@100# and @111#! the two
shear waves degenerate into one shear wave. We can c
more information by choosing the@110# direction. The uni-
form dc magnetic field was increased from 0 kG up to 6
and then decreased to 0 kG in steps of 0.2 kG to 1 kG, at
same temperature. A transmitting disk coil (T coil, diameter
6.5 mm, with nine turns! was placed near one surface with
gap of 0.2 mm. A similar receiving coil (R coil! was placed
in a symmetrical position on the other side of the sam
with the same gap.~See Fig. 2.! ac currents applied to theT
coil generate a circular shielding current near the surfac
the sample in the mixed state. The shielding current exer
Lorentz force on the vortex lines, and it is transferred to
material lattice through the mechanical coupling between
vortex lattice and pinning sites. We assume that the sin
crystal Nb used in the experiment is nearly isotropic as
gards to vortex line penetration, so that the vortex lines
spatially distributed in a symmetric way with respect to t
center axis. Therefore the surface force obtained by integ
ing the Lorentz force with respect to depth has tangential
normal componentsFST andFSN as depicted in Fig. 3. Here
FSN is the source of longitudinal ultrasonic waves andFST,
which has only a radial component, is the source of sh
ultrasonic waves.FST is divided into two mutually orthogo-
nal in-plane componentsFSTX andFSTY, and generates two
shear waves through the acoustic birefringence effect.
two shear waves are polarized along the material symm
directions@001# and @11̄0#, respectively. TheT-coil current
frequency was scanned in a 5-MHz range between 7 an
MHz. During the scanning, the thickness resonance co
tion kd5mp is satisfied for particular values ofk, wherek
is the ultrasonic wave number,d is thickness, andm is a
positive integer, thereby generating a standing wave
greatly improving the generation efficiency. The genera
ultrasonic wave moves the vortices at the opposite surfac
the sample and thereby generates an ac magnetic field in
space that is detected by theR coil. At a given frequency a
burst sinusoidal excitation of duration 20ms ~long enough to
establish a standing wave! is used and detection is achieve
by monitoring the induced voltage in theR coil, gating the
coil output for a 20-ms duration starting 1ms after the burst
ends. In this respect the excitation and detection proce
are in fact separated in time, and the detected voltage am
tude is proportional to that of the acoustic contribution d
ing excitation. In another words, immediately after the sin
soidal excitation burst in theT coil ends the ac magnetic fiel
ceases to exist but acoustic standing waves remain in
sample for a while~a few tens of microseconds! until they
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die out by acoustic attenuation. These remaining acou
waves move the vortex lines and are detected by gating thR
coil. Thus, the detected ac signal voltage is solely due to
acoustic wave and possible environmental noise, and not
else. It is now clear that this is not simply a popular ed
current measurement and differs significantly from that. U
trasonic data are obtained as detected voltage amplitude
sus frequency. A similar detailed description of the measu
ment method has been given in the context of a norm
conducting metal sample.12

Figures 4~a!, 4~b!, and 4~c! were obtained at 4.2 K unde
applied magnetic fieldsHap of 0.8 kG, 1.6 kG, and 5 kG,
respectively, during the increasing dc magnetic field sta
Since the detected voltage amplitude is proportional
ultrasonic-wave amplitude@Eqs. ~9! and ~10!#, the vertical
axes of Figs. 4~a!, 4~b!, and 4~c! are set as the ultrasonic
wave amplitude. These vertical axes are normalized b

FIG. 3. ~a! The surface forces acting on the sample surfa
obtained by integrating the Lorentz force with respect to depth.FSN

is normal to the surface and is the source of longitudinal ultraso
waves.FST is tangential to the surface and has only a radial co
ponent.FST is divided into two mutially orthogonal in-plane com
ponentsFSTX andFSTY, which generate two shear waves throu
the acoustic birefringence effect. The two shear waves are polar

along the material symmetry directions,@001# and @11̄0#, respec-
tively. ~b! The surface forces just beneath a small area of theT coil.
The direction of a small wire element in the small area makes
angleu with the @001# direction.
1-3
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KATSUHIRO KAWASHIMA AND OLIVER B. WRIGHT PHYSICAL REVIEW B 68, 184511 ~2003!
certain common value. The same value is also used to
malize the vertical axes of the other figures~Figs. 5, 7, 8, 9,
10, 12, and 13!, and therefore all these vertical axes may
directly compared. The following remarkable findings a
revealed: one can see only a longitudinal wave in Fig. 4~a!,
both longitudinal and shear waves in Fig. 4~b!, and only
shear waves in Fig. 4~c!. HereS1,5 andS2,4 are the fifth- and
fourth-order shear resonance andL2 is the second-order lon
gitudinal resonance. The resonance orders were determ
by the number of resonance peaks obtained at lower freq

FIG. 4. Resonant peaks for contact-free ultrasonics obtaine
single-crystal Nb in the superconducting state~4.2 K!. The sample
was cooled in zero field~ZFC! down to 4.2 K, and then a uniform
dc magnetic field was applied perpendicular to the disk plane.L2 is
the second-order longitudinal resonance.S1,5 andS2,4 are the fifth-
and fourth-order shear resonances.~a! Only longitudinal waves
were obtained under 0.8 kG,~b! both longitudinal waves and shea
waves were obtained under 1.6 kG, and~c! only shear waves were
obtained under 5 kG. Vertical axes of~a!,~b!,~c! are normalized by a
certain common value. The same value is also used to normaliz
vertical axes of other figures~Figs. 5, 7, 8, 9, 10, 12, and 13!:
therefore all these vertical axes may be directly compared.
18451
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cies. The waves corresponding toS1,5 andS2,4 are polarized
along @001# and @11̄0#, respectively. These waves can b
identified by their wave velocitiesV52 f d/m, wheref is the
resonance frequency. The frequencies obtained at 4.2 K
L2 , S1,5, andS2,4 in Fig. 4~b! are, respectively, 10.23, 9.46
and 10.57 MHz, with corresponding velocities 5220, 193
and 2700 m/s. These velocites are nearly equal to but a l
larger than the calculated velocities 5030, 1820, and 2
m/s obtained using the known single-crystal elastic consta
of Nb at room temperature,13 as expected from the differenc
in temperature. Similar velocity values were obtained
Figs. 4~a! and 4~c!. Changes in amplitude at resonance due
the dc-magnetic field change are shown in Fig. 5: Figu
5~a!, 5~b!, and 5~c!, respectively, show the longitudinal-wav
amplitudes at resonance corresponding toL2 and the shear-
wave amplitudes at resonance corresponding toS1,5 andS2,4
versus the applied dc magnetic fieldHap at 4.2 K. Solid
circles and open circles correspond to increasing and
creasing fields, respectively. The increase in field and
crease in field took place each over a time interval lon
than 60 min. This was sufficiently slow for the results to
independent of this time. The thick horizontal dotted lineN
represents the noise level. There are three distinctHap ranges

on

he

FIG. 5. Resonant peak amplitude for contact-free ultrasonics
the applied dc magnetic fieldHap at 4.2 K. The sample was coole
in zero field~ZFC! down to 4.2 K, and then a uniform dc magnet
field was applied perpendicular to the disk plane.~a! The second-
order longitudinal resonant peakL2 , ~b! the fifth-order shear reso
nant peakS1,5, and ~c! the fourth-order shear resonant peakS2,4.
Solid circles and open circles correspond to increasing and dec
ing fields, respectively. The thick horizontal dotted lineN in ~a! is
the noise level. The thin solid curve in~b! and ~c! is a square law
curveA}Hap

2 .
1-4
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VORTEX LINES NEARLY PARALLEL TO THE SURFACE . . . PHYSICAL REVIEW B 68, 184511 ~2003!
in the case of increasing field. In the first range below 1
(H1) only longitudinal waves are obtained@Fig. 5~a!#, in the
second range between 1 kG and 2.7 kG (H2) both longitu-
dinal and shear waves are obtained@Figs. 5~a!, 5~b!, and
5~c!#, and in the third range above 2.7 kG (H3) only shear
waves are obtained@Figs. 5~b! and 5~c!#. In Fig. 5~a! we see
that whenHap is increased to 0.4 kG~point La) a longitudi-
nal waveL2 appears above the noise levelN. HereL2 in Fig.
4~a! was obtained (Hap50.8 kG) in this first rangeH1. It
grows larger asHap is increased. At about 1.3 kG~point Lc),
it reaches a maximum value, and then becomes smalle
Hap is further increased. It vanishes at 2.7 kG~point Ld) at
the end ofH2 and does not appear again on further incre
ing the field.L2 in Fig. 4~b! was obtained (Hap51.6 kG) in
this second rangeH2. On decreasing the fieldL2 appears
again at 2.7 kG, grows larger as the field is decreased d
to 0 kG, and retains an appreciable value at 0 kG. In F
5~b! the shear waveS1,5 is absent at low values ofHap , and
only appears whenHap is increased to 1 kG~point Sb), de-
fining the beginning ofH2.

S1,5 in Fig. 4~b! was obtained (Hap51.6 kG) in this sec-
ond rangeH2. It grows larger asHap is increased and joins
square-law curve@A}Hap

2 , the thin solid curve in Fig. 5~b!#
at 2.7 kG~point Sd) at the end ofH2 and the beginning o
H3, and continues to grow larger until the maximum appl
field ~6 kG! is reached.S1,5 in Fig. 4~c! was obtained (Hap
55 kG) in this third rangeH3. As Hap is decreased from 6
kG to 2.7 kG~point Sd), it decreases following a similar pat
to that for increasing field. AsHap is further decreased dow
to 0 kG it continuously decreases but along a different p
from the square-law curve and from the path for increas
field, showing significant hysteresis. It retains an apprecia
value at 0 kG. In Fig. 5~c! the shear waveS2,4 follows a
similar path toS1,5. HereS2,4 in Fig. 4~b! and in Fig. 4~c!
was obtained in the second rangeH2 and the third rangeH3,
respectively.

VORTEX LINES NEARLY PARALLEL TO THE DISK
SURFACE IN A PERPENDICULAR FIELD

We propose the following interpretation: vortex line
begin penetration at a very low fieldHap because of the large

FIG. 6. Sketch of vortex lines parallel to the surface of a d
superconductor in a perpendicular field. The vortex lines lie para
to the surface within the ac penetration depth range during the
gin magnetization stage. The circular central area of the sam
facing theT or R coil is shown. The vortex line dimensions and th
actual distribution drawn are arbitrary.
18451
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demagnetizing factor, but these vortex lines lie nearly pa
lel to the surface at least within the range of the ac magn
field penetration depth over a substantial area of the sam
facing the coil untilHap is increased to 1 kG at 4.2 K. Thi
can be inferred because only longitudinal waves and no s
waves are detected inH1 as shown in Figs. 4 and 5.

A sketch how such vortex lines should be arranged
shown in Fig. 6 in which we assume that single-crystal Nb
nearly isotropic as regards vortex line penetration, so that
vortex lines are spatially distributed with axial symmetr
Detecting no shear waves does not necessarily mean tha
shear waves are generated in the sample because there
be a small shear-wave signal hidden under the noise leveN.
This possibility is discussed later.

As Hap is increased above 1 kG new vortex lines ke
penetrating, and the vortex lines inside begin to move t
perpendicular configuration. This can be inferred beca
both longitudinal and shear waves are detected inH2. The
ratio of these two polarizations changes as the field is furt
increased. Just beforeHap reaches the end ofH2 @pointsLd
in Fig. 5~a! and Sd in Fig. 5~b!#, all the vortex lines stand
perpendicular to the surface, and then the sample shifts to
normal state. This is deduced because only shear wave
detected at the upper end ofH2. In the third range (H3) only
shear waves are detected because the EMAT-SC mecha
is taken over by another mechanism appropriate for the n
mal state@which we refer to simply as EMAT~Refs. 12 and
14!#, as explained later. The end of the second range co
sponds to the higher critical fieldHc2 . All the wave polar-
izations are detected after decreasing the field to 0 kG
cause vortex lines are trapped with finite angles in
sample by pinnning effects. We also attribute all other h
teretic effects to these pinning effects.

To investigate the generality of these phenomena at
ferent temperatures, we also carried out similar meas
ments at 5 K and 6 K~ZFC and then a uniform dc magnet
field was applied perpendicular to the disk plane!. Figures
7~a!, 7~b!, and 7~c! were obtained at 5 K under applied mag-
netic fieldsHap of 0.7 kG, 1.4 kG, and 5 kG, respectivel
during the increasing dc-magnetic field stage. Figures 8~a!,
8~b!, and 8~c! were obtained at 6 K under applied magnetic
fields Hap of 0.5 kG, 0.8 kG, and 5 kG, respectively, durin
the increasing dc magnetic field stage. One can see on
longitidinal wave in Fig. 7~a! and in Fig. 8~a!, both longitu-
dinal and shear waves in Fig. 7~b! and in Fig. 8~b!, and only
shear waves in Fig. 7~c! and in Fig. 8~c!. Similar velocity
values to those~5220, 1930, and 2700 m/s! obtained at 4 K
@Figs. 4~a!, 4~b!, and 4~c!# are obtained at 5 K@Figs. 7~a!,
7~b!, and 7~c!# and at 6 K@Figs. 8~a!, 8~b!, and 8~c!#.

Figures 9~a!, 9~b!, and 9~c! respectively show the
longitudinal-wave amplitudes at resonance correspondin
L2 and the shear-wave amplitudes at resonance forS1,5 and
S2,4 versus the applied dc magnetic fieldHap at 5 K. Solid
circles and open circles correspond to increasing and
creasing fields, respectively. Figures 10~a!, 10~b!, and 10~c!
show the data obtained at 6 K. One can also see the s
three ranges in Figs. 9 and 10 as seen in Fig. 5, the first ra
(H1) in which only longitudinal waves are obtained@Figs.
9~a! and 10~a!#, the second range (H2) in which both longi-

l
ir-
le
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KATSUHIRO KAWASHIMA AND OLIVER B. WRIGHT PHYSICAL REVIEW B 68, 184511 ~2003!
tudinal and shear waves are obtained@Figs. 9~a!, 9~b!, 9~c!
and Figs. 10~a!, 10~b!, 10~c!#, and the third range (H3) in
which only shear waves are obtained@Figs. 9~b!, 9~c! and
10~b!, 10~c!#. But the extent of the three ranges is found
be different: H1, H2, andH3 at 5 K are below 0.8 kG
between 0.8 and 2.1 kG, and above 2.1 kG, respectively.
corresponding ranges at 6 K are below 0.6 kG, between 0.
and 1.2 kG, and above 1.2 kG, respectively. The ends of
first rangeH1 at 4.2 K, 5 K, and 6 K correspond to 1 kG, 0
kG, and 0.6 kG, respectively. The end field of the first ran
H1 versus temperature is shown in Fig. 11. The thin so
curve is calculated from the standard expression for
lower critical field Hc1(T)5Hc1(0)$12(T/Tc)

2%, where
Hc1(0) andTc are taken as 1.2 kG and 9.25 K, respective
Hc1(0) for Nb has been found in the range of 1.1–1.8
~Ref. 15!. Figures 6 and 11 suggest that the penetrating v
tex lines lie parallel to the surface at least within the
magnetic field penetration depth during the virgin magn
zation stage until the applied field is increased to a cer
magnitude that seems to be related to the lower critical fi
Hc1 .

Similar measurements were done using the same coils

FIG. 7. Resonant peaks for contact-free ultrasonics obtaine
single-crystal Nb in the superconducting state~5 K!. The sample
was cooled in zero field~ZFC! down to 5 K, and then a uniform dc
magnetic field was applied perpendicular to the disk plane.L2 is the
second-order longitudinal resonance.S1,5 andS2,4 are the fifth- and
fourth-order shear resonance.~a! Only longitudinal waves were ob
tained under 0.7 kG,~b! both longitudinal waves and shear wav
were obtained under 1.4 kG, and~c! only shear waves were ob
tained under 5 kG.
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the same sample in a normally conducting state at 13 K
which the EMAT mechanism is effective and in a perpe
dicular magnetic field.T-coil currents generate eddy curren
in the near surface region. These currents experience Lor
forces in a static magnetic field. It has been found to b
good approximation for normally conducting metals th
Lorentz forces can be considered to be directly applied to
solid and thereby generate ultrasonic waves. Ultraso
waves are detected through the inverse physical process.
well known12,14 that in a perpendicular field only shea
waves can be generated and detected, and the overall co
sion efficiency is proportional to the square of the static m
netic field,A5KHap

2 .
Figures 12~a!, 12~b!, and 12~c! were obtained in the nor

mal state at 13 K under applied magnetic fieldsHap of 0.5
kG, 2 kG, and 5 kG, respectively, during the increasing
magnetic field stage.S1,5 and S2,4 are the fifth- and fourth-
order shear resonance. No longitudinal waves but only sh
waves are obtained, as is evident in Figs. 12~a!, 12~b!, and
12~c!. Figures 13~b! and 13~c!, respectively, show the shea
wave amplitudes at resonance forS1,5 and S2,4 versus the
applied dc magnetic fieldHap at 13 K. All the data points for

on FIG. 8. Resonant peaks for contact-free ultrasonics obtained
single-crystal Nb in the superconducting state~6 K!. The sample
was cooled in zero field~ZFC! down to 6 K, and then a uniform dc
magnetic field was applied perpendicular to the disk plane.L2 is the
second-order longitudinal resonance.S1,5 andS2,4 are the fifth- and
fourth-order shear resonances.~a! Only longitudinal waves were
obtained under 0.5 kG,~b! both longitudinal waves and shear wav
were obtained under 0.8 kG, and~c! only shear waves were ob
tained under 5 kG.
1-6
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both increasing and decreasing fields fit almost perfectly
the thin solid curveA5KHap

2 and no hysteretic effects ar
observed as expected. Comparison of Figs. 4, 7, 8 and
12 and comparison of Figs. 5, 9, 10 and Fig. 13 empha
how different the polarizations of the ultrasonic waves
for the superconducting state and normal state.

DISCUSSION

Equation~11! can be used in the special case of disk co
and a disk sample provided that the vortex lines are spat
distributed symmetrically with respect to the center axis a
the anglea is either 90° or 0°. Here we discuss a differe
case in which the anglea is neither 90° nor 0°.

The screening current distribution made by a one-lo
coil was calculated in Ref. 16. For such a loop coil t
screening current distribution is not constant and has a p
just beneath the loop of a coil. In the experiment repor
here, theT and R coils are placed at a very small distan
from the superconductor disk. The ratio of the coil diame
to the distance is about 32~the coil diameter is 6.5 mm an
the distance is 0.2 mm!. The diameter of the coil is much
smaller than the superconductor by a factor of about 2~the
sample diameter is 12 mm!. In such a case we can assume
moderately constant screening current distribution bene

FIG. 9. Resonant peak amplitude of contact-free ultrasonic
the applied dc magnetic fieldHap at 5 K. The sample was cooled i
zero field~ZFC! down to 5 K, and then a uniform dc magnetic fie
was applied perpendicular to the disk plane.~a! The second-order
longitudinal resonant peakL2 , ~b! the fifth-order shear resonan
peakS1,5, and~c! the fourth-order shear resonant peakS2,4. Solid
circles and open circles correspond to increasing and decrea
fields, respectively. The thin solid curve in~b! and ~c! is a square
law curveA}Hap

2 .
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the coil, with small peripheral effects. Although we assum
the penetrated vortex lines are spatially distributed with ax
symmetry, one may not assume that the distribution is c
stant along the radial direction. In another words, the tang
tial and normal componentsFST andFSN of the surface force
are spatially distributed with axial symmetry, but these w
vary along the radial direction. Consider a small area of
T coil and an area of the same size of theR coil directly
opposite one another with respect to the sample. We take
small area dimension to be large compared to the dista
~0.2 mm! between the coil and the surface of the superc

s

ing

FIG. 10. Resonant peak amplitude for contact-free ultrasonic
the applied dc magnetic fieldHap at 6 K. The sample was cooled i
zero field~ZFC! down to 6 K, and then a uniform dc magnetic fie
was applied perpendicular to the disk plane.~a! The second-order
longitudinal resonant peakL2 , ~b! the fifth-order shear resonan
peakS1,5, and~c! the fourth-order shear resonant peakS2,4. Solid
circles and open circles correspond to increasing and decrea
fields, respectively. The thin solid curve in~b! and ~c! is a square
law curveA}Hap

2 .

FIG. 11. The end value of the first magnetic field ran
H1 vs temperature. The thin solid curve is drawn usingHc1(T)
5Hc1(0)$12(T/Tc)

2%, whereHc1(0) andTc are taken as 1.2 kG
and 9.25 K, respectively.
1-7
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ductor disk, but small enough to assume a nearly cons
surface force distribution in the superconductor surface
beneath it. Such a small area can be assumed to be a p
an infinite plane coil. The tangential and normal compone
FST andFSN of the surface forceFS are depicted in Fig. 3~a!,
and the forces are also shown in Fig. 3~b! together with the
small area.FSN generates a longitudinal wave.FST is divided
into two mutually orthogonal in-plane componentsFSTX and
FSTY, and generates two shear waves through the acou
birefringence effect. The two shear waves are polari
along the orthogonal directions@001# and @11̄0#, respec-
tively. Here the@001#, @110#, and @11̄0# directions coincide
with the x, y, and z axes, respectively. Letu be an angle
between the@001# direction and the direction of the sma
wire element within the small area. In that case

FSTX5FSTsinu, ~12!

FSTY5FSTcosu. ~13!

Assuming that the penetrated vortex lines are spati
distributed with axial symmetry, the vortex line density c
be expressed byn(r ) and the angle bya(r ), where r is
measured from the coil center.

The voltage amplitudeel detected by the small areadSof
theR coil for longitudinal ultrasonic waves is given by usin
Eq. ~9!:

FIG. 12. Resonant peaks for contact-free ultrasonics obtaine
single-crystal Nb in the normal state~13 K!. S1,5 and S2,4 are the
fifth- and fourth-order shear resonances. Only shear waves
obtained~a! under 0.5 kG,~b! under 2 kG, and~c! under 5 kG.
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el5K3i exp~2 ik ld!b0@n~r !f0 sina~r !#2dS/lacrVl

5K4@n~r !sina~r !#2dS, ~14!

where K45K3i exp(2ikld)b0f0
2/lacrVl . Here Vl and kl are

the speed and wave number of the longitudinal ultraso
wave, respectively.

The voltage amplitudeEl detected by theR coil for lon-
gitudinal waves is obtained by integrating Eq.~14! over the
coil area:

El5K4E
S
@n~r !sina~r !#2dS

5K4E
0

2pE
0

r 1
@n~r !sina~r !#2rdrdu

5K4E
0

2p

duE
0

r 1
@n~r !sina~r !#2rdr , ~15!

wherer 1 is the coil radius. We need to make another assum
tion that all the penetrated vortex lines have nearly the sa
anglea to the surface normal within the ac penetration de
range. This assumption is not realistic if used for all angl
But we make this assumption only in a limited case. W

on

re

FIG. 13. Resonant peak amplitude for contact-free ultrasonic
the applied dc magnetic fieldHap in the normal state at 13 K.~a!
No longitudinal wave obtained,~b! the fifth-order shear resonan
peakS1,5, and~c! the fourth-order shear resonant peakS2,4. Solid
circles and open circles correspond to increasing and decrea
fields, respectively. The thin solid curve in~b! and ~c! is a square
law curveA}Hap

2 .
1-8
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obtained in the experiment no shear waves but only long
dinal waves in a perpendicular magnetic field during the v
gin magnetization stage, and this experimental fact stron
suggests thata is nearly 90°. We use this assumption only
this limited situation whena is nearly 90°.

Then Eq.~15! becomes

El52pK4 sin2 aE
0

r 1
@n~r !#2rdr . ~16!

The voltage amplitudees[001] detected by the small areadS
of the R coil for the shear ultrasonic wave polarized alo
@001# is given by using Eq.~10!:

es[001]5K3i exp~2 iks[001]d!b0@n~r !f0 cosa~r !#2

3sin2 udS/lacrVs[001]

5K5@n~r !cosa~r !#2 sin2 u dS, ~17!

where K55K3i exp(2iks[001]d)b0f0
2/lacrVs[001] . Here

Vs[001] and ks[001] are the speed and wave number of t
shear ultrasonic wave polarized along the@001# direction,
respectively.

The term sin2 u appears in Eq.~17! because both the gen
erating and detecting efficiencies must be multiplied by sinu.

The voltage amplitudeEs[001] detected by theR coil for
the shear ultrasonic wave polarized along@001# is obtained
by integrating Eq.~17! over the coil area:

Es[001]5K5E
S
@n~r !cosa~r !#2 sin2 u dS

5K5E
0

2pE
0

r 1
@n~r !cosa~r !#2 sin2 u rdr du

5K5E
0

2p

sin2 u duE
0

r 1
@n~r !cosa~r !#2rdr .

~18!

Using the same assumption fora(r ), Eq. ~18! becomes

Es[001]5pK5 cos2 aE
0

r 1
@n~r !#2rdr . ~19!

In a similar manner the voltage amplitudeEs[11̄0] detected
by the R coil for the shear ultrasonic wave polarized alo

@11̄0# is

Es[11̄0]5K6E
S
@n~r !cosa~r !#2 cos2 u dS

5pK6 cos2 aE
0

r 1
@n~r !#2rdr , ~20!

whereK65K3i exp(2iks[11̄0]d)b0f0
2/lacrVs[11̄0] . HereVs[11̄0]

andks[11̄0] are the speed and wave number of the shear
trasonic wave polarized along the@11̄0# direction, respec-
tively.

The absolute values of the ratio ofEl to Es[001] and that of
El to Es[11̄0] are calculated from Eqs.~16!, ~19!, and~20! as
18451
-
-
ly

l-

uEl /Es[001]u52~Vs[001] /Vl !tan2 a, ~21!

uEl /Es[11̄0]u52~Vs[11̄0] /Vl !tan2 a. ~22!

Since the shear ultrasonic-wave signalEs[11̄0] is not yet de-
tected at the end ofH1 in Fig. 5~a!, we can say that eithe
there exists no shear ultrasonic wave there orEs[11̄0] is so
small that it is hidden under the noise levelN.

If Es[11̄0] exists, but is hidden under the noise levelN, a
can be roughly estimated. The ratio of the longitudinal wa
signal El to the noise signalEn of N at the end ofH1 is
about 33@Figs. 5~a! and 5~b!#, and thereforea is estimated to
be at least larger than 82°. This value is obtained as follo

a5tan21@A~El /Es[11̄0]!~Vl /2Vs[11̄0]!#

.tan21@A~El /En!~Vl /2Vs[11̄0]!#

5tan21@A333$5220/~231930!%#'82°. ~23!

Since this angle applies to the end ofH1, it represents a
minimum value. The angle will therefore be much closer
90° at lower fields.

To our knowledge no existing theories have predic
these phenomena and neither have any other known ob
vation techniques revealed them. There have been signifi
recent developments on the theory of vortex line penetra
into a platelet in a perpendicular magnetic field.1–5,17,18The
critical-state model solution for a circular disk characteriz
by an arbitrary critical currentj C(B) was given, but only
finite values for perpendicular components of flux dens
were calculated.1 In the geometrical barrier model a thin su
perconducting strip of rectangular cross section in a perp
dicular field was treated both in the absence and in the p
ence of pinning, but only finite values for perpendicular fie
density Bz were calculated.2,3 An interesting phenomenon
predicted for superconductor strips and disks of finite thi
ness is a ‘‘current string,’’ but no such phenomenon as
served in the present paper was treated.4 An exact analytical
solution was given for the critical-state problem in long th
superconductor strips,5 but only the perpendicular finite com
ponentBz was computed. Very similar vortex line configu
rations to that inferred here were calculated,17,18 but the
theory was given on the assumption of zero lower criti
field Hc1 , valid only if uHu@Hc1 everywhere inside the su
perconductor.

Most magnetic measurements on superconductors are
ried out by techniques relying on spatial integration, such
magnetometry and ac suceptibility. It is difficult to detect t
local vortex line distribution with these methods. There ha
been significant advances in experimental techniques19–29 to
map vortex line distributions at surfaces, by means of de
ration techniques,19 Hall probes,20,21 scanning tunneling
microscopy,22 scanning superconducting quantum interfe
ence device~SQUID! microscopy,23 and magnetic-force
microscopy.24 These techniques can only detect the ends
vortex lines at the sample surface but not those lying ins
and parallel to the superconductor surface. The magn
optical technique25,26 can detect magnetic fields inside a th
sample but cannot detect individual vortices. The Fara
1-9
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effect used in this technique detects vortex lines paralle
the direction of the propagation of the normally incident li
early polarized light so that it is very difficuilt to detect vo
tex lines parallel to the surface. Electron holography a
Lorentz microscopy techniques27–29 detected individual vor-
tex lines inside superconductors and oblique to the sam
surface, and also detected Josephson vortices parallel t
surface. The phenomenon described in this paper has
been detected so far by these two techniques.

Similar phenomena were observed by one of the auth
in a polycrystalline Nb disk,30 but the experiment was don
only at one temperature~4.2 K!, precluding the deduction o
v.

.
s.

K

v.

s

.

r-
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general trends as in the present single-crystal case. In
clusion, since the phenomenon observed here affects var
experimental results, it should especially not be neglected
the correct interpretation of the results of magnetic meas
ments in superconductor disk samples.

A similar experiment using high-temperature superco
ductor samples is the subject of future work. Considering
practical importance of the problem of the magnetization o
thin superconducting platelet in a perpendicular field it
hoped that this system will be investigated in detail, theor
cally and experimentally.
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