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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-Il 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 ffgld
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INTRODUCTION shown, and the surface is parallel to tke plane. The su-
perconductor plate is assumed to be isotropic for every ma-
Type-Il superconductor samples for magnetization meaterial characteristidapart from the elastic propertjesThe
surements are often thin platelets of thickness much smallghickness of the plated, is very much larger than the real
than the transverse dimensions, for example thin disks opart Ref,) of the complex ac penetration depth.. The
strips, which are put into a perpendicular magnetic field tovortex lines uniformly distributed with inductiodB=n ¢, are
obtain a larger magnetic signal. Therefore the study of theparallel to thexz plane and make an angteto the surface
properties of vortex lines in thin platelets is important from anormal (z direction. Here, ¢ is the flux quantum and is
scientific as well as a practical point of view. the vortex line density measured at the plane perpendicular
In this perpendicular geometry the original Bean modelto the vortex direction. The ac magnetic fidlgl (x direction,
does not apply because of the large and nonuniform demagmngular frequencw) parallel to the sample surface is applied
netization effect associated with such thin samples. Therby the ac currentc in an infinite plane coil that consists of
have been significant recent developments on the theory aftraight wires directed along thedirection and extending in
vortex lines in thin platelets in a perpendicular fiéfd.In  thexy plane. If the vortex lines are pinned elastically, the ac
these theories the vortex lines are inclined at significannagnetic fieldb penetrates exponentially according to the
angles to the disk plane in a perpendicular field. complex ac penetration depity..>° \,. approximately has
In this paper we report unusual vortex line behavior in-the same value for any value of the angléRefs. 8 and 10
volving penetration into a single-crystal Nb disk in a perpen-

dicular dc-magnetic field, in which the vortex lines lie during b=bgexp —\,2). @
the virgin magnetization stage nearly parallel to the surface o .
over a substantial area of the sample. The ac magnetic field generates the screening currég(y

Detection is achieved by a totally contact-free ultrasonicdirection which exerts Lorentz forces on the vortex lines.
method, sensitive to both the in-plane and out-of-plane ori-The Lorentz forceF per unit length of a vortex line is pro-
entations of the vortex lines, in which the ultrasonic wave isPortional to the flux quanturg, and toJs which is propor-
generated and detected through mutual conversion betwedi@nal tob with a proportionality constark; :
the ultrasonic wave and the magnetic field associated with
the vortesz lines. A recently reported contact-free ultrasonic F=Jspo=K1bpo=K;1obo exp—\ac2). )
method T superonducrs s coctee 010 1 v v i perpendiar o e v s, and

X & transferred to the material lattice through the mechanical
tect them and vice versa. How a totally contact-free ultra-
sonic method used in this paper can detect the vortex line

. . S . . ®© 0 0 o o o]
directions inside a superconductor is explained next. yj%x =
g
®

bo

R
CONTACT-FREE ULTRASONICS FOR J52 N ®\® cReldac)
SUPERCONDUCTORS L6 '

Figure 1 shows how ultrasonic waves can be generated FIG. 1. Contact-free generation and detection of ultrasonic
through the interaction of the applied ac magnetic field withwaves for a type-Il superconductor through mutual conversion be-
the penetrated vortex lines. In Fig. 1, the surface and neatween ultrasonic waves and the magnetic field associated with vor-
surface regions of an infinite superconductor plate areex lines.
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coupling between the vortex lattice and pinning sites. There-
fore the force~y, per unit volume given to the material lattice
iS

FV:nF:Klnb¢0:Kln¢0b0 eXF(_)\aCZ) (3)

Re(\,) of single-crystalline Nb is estimated to be a few
micrometer$' at 4.2 K and at frequencies of MHz order.
Re(\,0 is negligible compared to the ultrasonic wavelength
(shear wavelength, about 0.2 mm, and longitudinal wave-
Iength, about 0.5 mm, at_lO MHz for I}_Itarjd th? forces FIG. 2. Experimental setup for contact-free generation and de-
_aCt'ng on th('_:' material lattice from _the plrmlng sites Can_be(ection of ultrasonic waves for a single-crystal Nb disk in a perpen-
integrated with respect to depth giving rise to an effectivegicyiar field. Nb disk(purity 99.9%, diameter 12 mm, thickness
surface forceFg as an ultrasonic wave source: 0.51 mm, and with surface normf10]). T-coil andR-coil (diam-

eter 6.5 mm, with nine turnsGap between each coil and the sur-
face (0.2 mm).

Fszf dez=f Kln(ﬁoboexq_)\acZ)dZ
0 0

and that for the shear ultrasonic wakg is proportional to
ug(d) and the normal component of the magnetic field

The surface forces normal and tangential to the surfagg, B €0Sa:
andFg, are given by

=Kineghg/Nae- (4)

E=K,uq(d)B cosa
=K,i exp(—iked)bo(Nepg cOSa)?/N4epVs.  (10)

FSN:Fssina’:Kln(f)obosina/)\ac, (5)

Fsr=FgCosa=Kngoby cosa/\ 4. (6)

Constraining the surface forces to be equal to the stresséire€Kz is a constant ané3=K,K,/0.
associated with the ultrasonic waves generated at the surface The absolute value of the ratio B to Es is calculated as
yields the longitudinal and shear ultrasonic-wave amplitudes

0/(2) =i (Fand pVyo)expl — iki2) |E,/E{|=(Vq/V))tar? a. (11)

=i(Kingobosina/pVioha)exp(—ikiz),  (7)  Thus, we see that the ratio & to Eg can determine the
orientation @ of the vortex lines within the ac penetration
Us(2) =i(Fst/pVsw)exp —iksz) depth range in the case of infinite plane coils, an infinite
. . superconductor plate, and uniformly distributed vortex lines.
=i(Kingobo cosal pVswhac)expl —iksz).  (8) EqFl)Jation(ll) car?not generally be l)J/SGd in the case of disk
coils and a disk sample as used in the experiment, but it can
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 re-

density. Equation&7) and (8) are essentially the same as Eq. €€1Ving coil (R coil) is placed in a symmetrical position on
(2) given in Ref. 6. the other side of the superconductor. An external dc magnetic

Through the inverse physical process, the mutual interadi€!d Hap is applied perpendicular to the superconductor sur-
tion between the vortex lattice and ultrasonic waves thaf@ce- We assume that the single-crystal Nb used in the ex-
takes place within the ac penetration depth on the other side€fiment is nearly isotropic as regards vortex line penetration
of the infinite superconductor plate produces a radiation of© that the vortex lines are spatially distributed symmetri-
an ac magnetic field into the vacuum which is detected by a@!ly with respect to the center axis.
identical infinite plane coil placed there. The radiated ac [ Such a case if only longitudinal waves and no shear
magnetic field is proportional to the ultrasonic displacementvaves are detectedE(=0), it is self-evident that all the
and to the static magnetic field associated with the vortey0rtex lines beneath the coil are aligned at the same angle

lines® Therefore the detected voltage amplituEe(which is 90°. In another words all the vortex lines lie parallel to the
proportional to the radiated ac magnetic fieldr the longi- surface at least within the ac penetration depth. Likewise, if

tudinal waves is proportional ta,(d) and the tangential only shegr waves and no longitudinal waves are detected
component of the magnetic fieBlsin a=nd,sina (E,;=0), it can be concluded that all the vortex lines beneath
' the coil have only components normal to the surface. In other

Here,u,(z) andug(z) are the displacement fields of the ul-
trasonic wavesyV, and Vg are the longitudinal and shear
ultrasonic wave speeds, ahg and kg are the longitudinal
and shear ultrasonic wave numbers, respectivelis the

E,=K,u,(d)néo sina words the angle to the surface normaals 0°. This method
is called, for brevity, EMAT-SC(electromagnetic-acoustic
=Ksi exp(—ik;d)bo(Nepg sina)?/\ ,pV,, (9)  transduction in superconductpiis this paper.
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DETECTION OF THE VORTEX LINE axis_of
DIRECTIONS: EXPERIMENT rotational
symmetry

A single-crystal Nb diskpurity 99.9%, diameter 12 mm,
thickness 0.51 mm, and with the surface norfiidl0]) was
cooled in a zero fieldZFC) down to 4.2 K, and then a
uniform dc magnetic field was applied perpendicular to the
disk plane. The reason for choosing a sample with the sur-
face normal110] is to ensure that all three ultrasonic polar-
izations(longitudinal, fast shear, and slow shear wauesv-
eling along the[110] direction have different wave speeds.
For other symmetry direction§100] and [111]) the two

shear waves degenerate into one shear wave. We can collec

more information by choosing tHd.10] direction. The uni-
form dc magnetic field was increased from 0 kG up to 6 kG
and then decreased to 0 kG in steps of 0.2 kG to 1 kG, at the
same temperature. A transmitting disk coll ¢oil, diameter

6.5 mm, with nine turnswas placed near one surface with a

y

[1T0(J/l\x
' [001]

[110]

(a)

gap of 0.2 mm. A similar receiving coilR coil) was placed z[110] X
in a symmetrical position on the other side of the sample [001]
with the same gafSee Fig. 2.ac currents applied to tHe

coil generate a circular shielding current near the surface of

the sample in the mixed state. The shielding current exerts a y[110]

Lorentz force on the vortex lines, and it is transferred to the
material lattice through the mechanical coupling between the
vortex lattice and pinning sites. We assume that the single-
crystal Nb used in the experiment is nearly isotropic as re-

gards to vortex line penetration, so that the vortex lines are b FST a):is. of
spatially distributed in a symmetric way with respect to the ( ) gg}gg@

center axis. Therefore the surface force obtained by integrat-

ing the Lorentz force with respect to de;pth hgs tgngential and g 3. (a) The surface forces acting on the sample surface
normal componentEstandFsy as depicted in Fig. 3. Here gptained by integrating the Lorentz force with respect to defpih,

Fsy is the source of longitudinal ultrasonic waves dfgk, is normal to the surface and is the source of longitudinal ultrasonic
which has only a radial component, is the source of sheafaves.Fg;is tangential to the surface and has only a radial com-
ultrasonic wavesE sy is divided into two mutually orthogo- ponent.Fgy is divided into two mutially orthogonal in-plane com-
nal in-plane componentsstx andFgty, and generates two ponentsFgrx andFFgry, Which generate two shear waves through
shear waves through the acoustic birefringence effect. Ththe acoustic birefringence effect. The two shear waves are polarized
two shear waves are polarized along the material symmetrylong the material symmetry directior{€01] and[110], respec-
directions[001] and[110], respectively. Th-coil current  tively. (b) The surface forces just beneath a small area oftheil.
frequency was scanned in a 5-MHz range between 7 and 1Phe direction of a small wire element in the small area makes an
MHz. During the scanning, the thickness resonance condi@ngle? with the[001] direction.

tion kd=msr is satisfied for particular values & wherek

is the ultrasonic wave numbed, is thickness, andn is a  die out by acoustic attenuation. These remaining acoustic
positive integer, thereby generating a standing wave andiaves move the vortex lines and are detected by gatinRthe
greatly improving the generation efficiency. The generateaoil. Thus, the detected ac signal voltage is solely due to the
ultrasonic wave moves the vortices at the opposite surface @fcoustic wave and possible environmental noise, and nothing
the sample and thereby generates an ac magnetic field in fre¢se. It is now clear that this is not simply a popular eddy
space that is detected by tRecoil. At a given frequency a current measurement and differs significantly from that. Ul-
burst sinusoidal excitation of duration 2& (long enough to  trasonic data are obtained as detected voltage amplitude ver-
establish a standing waves used and detection is achieved sus frequency. A similar detailed description of the measure-
by monitoring the induced voltage in tHe coil, gating the  ment method has been given in the context of a normally
coil output for a 20us duration starting Jus after the burst conducting metal samplg.

ends. In this respect the excitation and detection processes Figures 4a), 4(b), and 4c) were obtained at 4.2 K under
are in fact separated in time, and the detected voltage amplapplied magnetic field$i,, of 0.8 kG, 1.6 kG, and 5 kG,
tude is proportional to that of the acoustic contribution dur-respectively, during the increasing dc magnetic field stage.
ing excitation. In another words, immediately after the sinu-Since the detected voltage amplitude is proportional to
soidal excitation burst in th€ coil ends the ac magnetic field ultrasonic-wave amplitudgEgs. (9) and (10)], the vertical
ceases to exist but acoustic standing waves remain in thexes of Figs. &), 4(b), and 4c) are set as the ultrasonic-
sample for a whilgla few tens of microsecongsintil they =~ wave amplitude. These vertical axes are normalized by a
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FIG. 5. Resonant peak amplitude for contact-free ultrasonics vs

the applied dc magnetic field ., at 4.2 K. The sample was cooled

| (C) in zero field(ZFC) down to 4.2 K, and then a uniform dc magnetic
field was applied perpendicular to the disk plat®.The second-

order longitudinal resonant peak, (b) the fifth-order shear reso-

nant peakS, 5, and(c) the fourth-order shear resonant pegk;.

Solid circles and open circles correspond to increasing and decreas-

ing fields, respectively. The thick horizontal dotted liNein (a) is

9 10 11 the noise level. The thin solid curve {b) and(c) is a square law

Frequency (MHz) curveAzHy.

NN
T

N
T
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FIG. 4. Resonant peaks for contact-free ultrasonics obtained ofi'es: The waves Cgrespondlng 395 and S, , are polarized
single-crystal Nb in the superconducting st&te2 K). The sample ~ along [001] and [110], respectively. These waves can be
was cooled in zero fieldZFC) down to 4.2 K, and then a uniform identified by their wave velocitieg=2 fd/m, wheref is the
dc magnetic field was applied perpendicular to the disk plapés resonance frequency. The frequencies obtained at 4.2 K for
the second-order longitudinal resonangs andS, 4 are the fifth-  L,, S; 5, andS, 4 in Fig. 4b) are, respectively, 10.23, 9.46,
and fourth-order shear resonancea). Only longitudinal waves and 10.57 MHz, with corresponding velocities 5220, 1930,
were obtained under 0.8 k@) both longitudinal waves and shear and 2700 m/s. These velocites are nearly equal to but a little
waves were obtained under 1.6 kG, doglonly shear waves were |arger than the calculated velocities 5030, 1820, and 2570
obtained under 5 kG. Vertical axes (@,(b),(c) are normalized by a  m/s obtained using the known single-crystal elastic constants
certf';lin common value. The same value is also used to normalize th§f Nb at room temperatur“é’,as expected from the difference
vertical axes of other figuregFigs. S, 7, 8, 9, 10, 12, and k3 5 temperature. Similar velocity values were obtained in
therefore all these vertical axes may be directly compared. Figs. 4a) and 4c). Changes in amplitude at resonance due to

the dc-magnetic field change are shown in Fig. 5: Figures
certain common value. The same value is also used to noB(a), 5(b), and Jc), respectively, show the longitudinal-wave
malize the vertical axes of the other figur@sgs. 5, 7, 8, 9, amplitudes at resonance corresponding oand the shear-
10, 12, and 1B and therefore all these vertical axes may bewave amplitudes at resonance corresponding;tpands, 4
directly compared. The following remarkable findings areversus the applied dc magnetic fiett,, at 4.2 K. Solid
revealed: one can see only a longitudinal wave in Fg),4 circles and open circles correspond to increasing and de-
both longitudinal and shear waves in Figb¥ and only creasing fields, respectively. The increase in field and de-
shear waves in Fig.(4). HereS, s andS, 4 are the fifth- and crease in field took place each over a time interval longer
fourth-order shear resonance dngis the second-order lon- than 60 min. This was sufficiently slow for the results to be
gitudinal resonance. The resonance orders were determinétependent of this time. The thick horizontal dotted Iie
by the number of resonance peaks obtained at lower frequemnepresents the noise level. There are three distiggtranges
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axis of demagnetizing factor, but these vortex lines lie nearly paral-
rotational lel to the surface at least within the range of the ac magnetic
symmetry Hap field penetration depth over a substantial area of the sample
facing the coil untilH,, is increased to 1 kG at 4.2 K. This
<> can be inferred because only longitudinal waves and no shear
\\ waves are detected iH1 as shown in Figs. 4 and 5.
A sketch how such vortex lines should be arranged is
surface\|/ shown in Fig. 6 in which we assume that single-crystal Nb is
"‘I‘ """"" ’\ """"" 'ﬂ\'Reaac) nearly isotropic as regards vortex line penetration, so that the
i vortex lines are spatially distributed with axial symmetry.

Detecting no shear waves does not necessarily mean that no
FIG. 6. Sketch of vortex lines parallel to the surface of a diskShear waves are generated in the sample because there may

superconductor in a perpendicular field. The vortex lines lie parallePe @ small shear-wave signal hidden under the noise kvel

to the surface within the ac penetration depth range during the vir his possibility is discussed later.

gin magnetization stage. The circular central area of the sample AS H,, is increased above 1 kG new vortex lines keep

facing theT or R coil is shown. The vortex line dimensions and the penetrating, and the vortex lines inside begin to move to a
actual distribution drawn are arbitrary. perpendicular configuration. This can be inferred because

in the case of increasing field. In the first range below 1 kaOth longitudinal and shear waves are detecteti The
(H1) only longitudinal waves are obtaingig. 5a)], in the ratio of these two polarizations changes as the field is further

second range between 1 kG and 2.7 &) both longitu- increased. Just befote,, reaches the end ¢12 [pointsL 4

. . in Fig. 5@ and Sy in Fig. 5b)], all the vortex lines stand
gzgﬁl :gg i?]ht?%r t\;lvi?&/eanZf aobtg\?'en%a?iq;ﬁg)) ' 05n(lby) 'sﬁggr perpendicular to the surface, and then the sample shifts to the

: : . | state. This is deduced because only shear waves are
waves are obtaineffFigs. §b) and Hc)]. In Fig. 5a) we see 1°rMa :
that whenH,, is increased to 0.4 k@oint L,) a longitudi- ~ detected at the upper endid2. In the third rangeki3) only
nal wavel , apppears above the noise lewel HerelL, in Fig. shear waves are detected because the EMAT-SC mechanism
4(a) was obtained i,,=0.8 kG) in this first rangeH1. It IS taken over by another mechanism appropriate for the nor-
grows larger a#i,, is increased. At about 1.3 k@ointL), ~ mMal statelwhich we refer to simply as EMATRefs. 12 and
it reaches a maximum value, and then becomes smaller 84)): @s explained later. The end of the second range corre-
H.p is further increased. It vanishes at 2.7 k®int L) at sponds to the higher critical field.,. All the wave polar-

the end ofH2 and does not appear again on further increasi-zations are detected after decreasing the field to 0 kG be-
ing the field.L, in Fig. 4b) was obtained i ,,=1.6 kG) in cause vortex lines are trapped with finite angles in the

this second rangéi2. On decreasing the field, appears sample by pinnning effects. We also attribute all other hys-

again at 2.7 kG, grows larger as the field is decreased dowf§Telic ffects to these pinning effects. .
to 0 kG, and retains an appreciable value at 0 kG. In Fig, To investigate the generality of these phenomena at dif-

5(b) the shear wavé, 5is absent at low values 1, and ferent temperatures, we also carried o_ut similar measure-
only appears wheh “is increased to 1 kGpoint S,), de- ments &5 K and 6 K(ZFC and then a uniform dc magnetic
fining the beginningagHZ field was applied perpendicular to the disk plangigures

e ; _ P 7(a), 7(b), and 7c) were obtainedtb K under applied mag-
S, 5in Fig. 4(b) was obtainedKi,,= 1.6 kG) in this sec- A .
ond rangeH2. It grows larger a#l ,, is increased and joins a Set[c f'i‘dsﬂap of Q'7 EG' 14 kct;.' if“fdf’ i(G’ reélpecnvegy,
square-law curv@Aocng, the thin solid curve in Fig. ®)] uring the increasing dc-magnetic field stage. Figures,

) L2 8(b), and &c) were obtained ta6 K under applied magnetic
T s Ao o g e o e, 105 G, 08 K0, ana G, espectvely.
fieIéI 6 KG) is reacheo?s in Igig 4c) was obtainedt(lpp the increasing dc magnetic field stage. One can see only a
15 ) ap L 2 LSO o
—5KG) in this third rangeH3. As H, is decreased from 6 longitidinal wave in Fig. 7a) and in Fig. &), both longitu

X : . C dinal and shear waves in Fig.(8) and in Fig. &b), and only
kG to 2.7 kG(point Sy), it decreases following a similar path shear waves in Fig.(@ and in Fig. &). Similar velocity

to that for increasing field. ABl,, is further decreased down values to thosé5220, 1930, and 2700 m/sbtained at 4 K

to 0 kG it continuously decreases but along a different path. - :
from the square-law curve and from the path for increasin Tgséﬁc?’l(?)(]bga’n?jngt ééc)lg[girgesoggn&%)atagdl{gFé%S. 18,

field, showing significant hysteresis. It retains an appreciable Figures &), 9(b), and 9c) respectively show the

vglu_e at 0 kG. In Fig. &) th? shear WaVéSZv‘.‘ fo".OWS a longitudinal-wave amplitudes at resonance corresponding to

similar path oS, 5. HereS, 4 in Fig. 4(b) and in Fig. 40) L, and the shear-wave amplitudes at resonancé&fgrand

was obt'alned in the second rarig@ and the third rangel 3, S,.4 versus the applied dc magnetic fiith, at 5 K. Solid

respectively. circles and open circles correspond to increasing and de-

creasing fields, respectively. Figures(dQ 10(b), and 1Gc)

show the data obtained at 6 K. One can also see the same

three ranges in Figs. 9 and 10 as seen in Fig. 5, the first range
We propose the following interpretation: vortex lines (H1) in which only longitudinal waves are obtaingligs.

begin penetration at a very low fieldi,, because of the large 9(a) and 1@a)], the second rangeH2) in which both longi-

VORTEX LINES NEARLY PARALLEL TO THE DISK
SURFACE IN A PERPENDICULAR FIELD
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FIG. 7. Resonant peaks for contact-free ultrasonics obtained on_FIG. 8. Resonant peaks for contact-free ultrasonics obtained on
single-crystal Nb in the superconducting st&eK). The sample single-crystal Nb in the superconducting stéeK). The sample

was cooled in zero fiel@ZFC) down to 5 K, and then a uniform dc  Was cooled in zero fieldFC) down to 6 K, and then a uniform dc
magnetic field was applied perpendicular to the disk planes the ~ Magnetic field was applied perpendicular to the disk planes the
second-order longitudinal resonan& ands, 4 are the fifth- and second-order longitudinal resonan& s andsS, 4 are the fifth- and

fourth-order shear resonande) Only longitudinal waves were ob- fourth-order shear resonances) Only longitudinal waves were
tained under 0.7 kG(b) both longitudinal waves and shear waves obtained under 0.5 kGb) both longitudinal waves and shear waves

were obtained under 1.4 kG, arfd) only shear waves were ob- were obtained under 0.8 kG, arid) only shear waves were ob-
tained under 5 kG. tained under 5 kG.

tudinal and shear waves are obtairj€&iys. 9a), 9(b), 9(c)  the same sample in a normally conducting state at 13 K in
and Figs. 1(), 10(b), 10(c)], and the third rangeH3) in  which the EMAT mechanism is effective and in a perpen-
which only shear waves are obtainffeigs. 9b), 9(c) and  dicular magnetic fieldT-coil currents generate eddy currents
10(b), 10(c)]. But the extent of the three ranges is found toin the near surface region. These currents experience Lorentz
be different: H1, H2, andH3 at 5 K are below 0.8 kG, forces in a static magnetic field. It has been found to be a
between 0.8 and 2.1 kG, and above 2.1 kG, respectively. Thgood approximation for normally conducting metals that
corresponding rangesg & K are below 0.6 kG, between 0.6 Lorentz forces can be considered to be directly applied to the
and 1.2 kG, and above 1.2 kG, respectively. The ends of theolid and thereby generate ultrasonic waves. Ultrasonic
first rangeH1 at 4.2 K, 5 K, and 6 K correspond to 1 kG, 0.8 waves are detected through the inverse physical process. It is
kG, and 0.6 kG, respectively. The end field of the first rangewell known'** that in a perpendicular field only shear
H1 versus temperature is shown in Fig. 11. The thin solidvaves can be generated and detected, and the overall conver-
curve is calculated from the standard expression for theion efficiency is proportional to the square of the static mag-
lower critical field Hgy(T)=H(0){1—(T/To)?, where netic fieId,A:Kng.
H.1(0) andT, are taken as 1.2 kG and 9.25 K, respectively. Figures 12a), 12(b), and 12c) were obtained in the nor-
H¢1(0) for Nb has been found in the range of 1.1-1.8 kGmal state at 13 K under applied magnetic fiekg, of 0.5
(Ref. 15. Figures 6 and 11 suggest that the penetrating vorkG, 2 kG, and 5 kG, respectively, during the increasing dc-
tex lines lie parallel to the surface at least within the acmagnetic field stageS, 5 and S, 4 are the fifth- and fourth-
magnetic field penetration depth during the virgin magneti-order shear resonance. No longitudinal waves but only shear
zation stage until the applied field is increased to a certainvaves are obtained, as is evident in Figs(al,212(b), and
magnitude that seems to be related to the lower critical field 2(c). Figures 18) and 13c), respectively, show the shear-
Hep- wave amplitudes at resonance 815 and S, 4 versus the
Similar measurements were done using the same coils arapplied dc magnetic fieldl,, at 13 K. All the data points for
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FIG. 9. Resonant peak amplitude of contact-free ultrasonics vs
the applied dc magnetic field,, at 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 plaf®. The second-order
longitudinal resonant peak,, (b) the fifth-order shear resonant
peaksS; 5, and(c) the fourth-order shear resonant pesk,. Solid
circles and open circles correspond to increasing and decreasirpge
fields, respectively. The thin solid curve {b) and(c) is a square cir
law curveAxH3 .

FIG. 10. Resonant peak amplitude for contact-free ultrasonics vs
the applied dc magnetic field,, at 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 plaf@. The second-order
longitudinal resonant peak,, (b) the fifth-order shear resonant
akS,; 5, and(c) the fourth-order shear resonant pegk,. Solid

cles and open circles correspond to increasing and decreasing
fields, respectively. The thin solid curve {b) and(c) is a square

law curveAxHZ .

both increasing and decreasing fields fit almost perfectly to . .
the thin solid curveA:Kng and no hysteretic effects are the coil, with small peripheral effects. Although we assume

observed as expected. Comparison of Figs. 4, 7, 8 and I:ithe penetrated vortex lines are spatially distributed with axial

12 and comparison of Figs. 5, 9, 10 and Fig. 13 emphasizeymmetry’ one may not assume that the distribution is con-

how different the polarizations of the ultrasonic waves arestant along the radial direction. In another words, the tangen-

for the superconducting state and normal state. tial and r_lormal_ Co_mponenfSSTandFSNof the surface force_
are spatially distributed with axial symmetry, but these will

vary along the radial direction. Consider a small area of the
DISCUSSION T coil and an area of the same size of tRecoil directly

Equation(11) can be used in the special case of disk coilsOPposite one_anoth_er with respect to the sample. We tfike the
and a disk sample provided that the vortex lines are spatiallgmall area dimension to be large compared to the distance
distributed symmetrically with respect to the center axis and0-2 mm between the coil and the surface of the supercon-
the anglea is either 90° or 0°. Here we discuss a different
case in which the angle is neither 90° nor 0°.

The screening current distribution made by a one-loop
coil was calculated in Ref. 16. For such a loop coil the
screening current distribution is not constant and has a peak
just beneath the loop of a coil. In the experiment reported
here, theT andR coils are placed at a very small distance
from the superconductor disk. The ratio of the coil diameter
to the distance is about 3#he coil diameter is 6.5 mm and
the distance is 0.2 mnThe diameter of the coil is much FIG. 11. The end value of the first magnetic field range
smaller than the superconductor by a factor of abotth2  H1 vs temperature. The thin solid curve is drawn ushhg(T)
sample diameter is 12 mmin such a case we can assume a=H(0){1—(T/T.)?}, whereH,(0) andT, are taken as 1.2 kG
moderately constant screening current distribution beneathnd 9.25 K, respectively.

End of Hl (kG)
o o =
D o v

10

Temperature (K)
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FIG. 12. Resonant peaks for contact-free ultrasonics obtained on
single-crystal Nb in the normal staté3 K). S; s and S, 4 are the
fifth- and fourth-order shear resonances. Only shear waves we
obtained(a) under 0.5 kG(b) under 2 kG, andc) under 5 kG.

FIG. 13. Resonant peak amplitude for contact-free ultrasonics vs
rthe applied dc magnetic fiel,, in the normal state at 13 Ka)

ﬁo longitudinal wave obtainedp) the fifth-order shear resonant
peakS, 5, and(c) the fourth-order shear resonant pegk,. Solid

ductor disk. but I ht | t circles and open circles correspond to increasing and decreasing
uctor disk, but small enough 1o assume a nearly constan Ids, respectively. The thin solid curve {h) and(c) is a square

surface f_orce distribution in the superconductor surface jugtaw curveAxH2. .
beneath it. Such a small area can be assumed to be a part of P
an infinite plane coil. The tangential and normal components
FsrandFgy of the surface forc& g are depicted in Fig. (@),

and the forces are also shown in FigbBtogether with the =K,[n(r)sina(r)]?ds, (14)
small areaF gy generates a longitudinal wavégis divided ) ) 5
into two mutually orthogonal in-plane componefitg;xand ~ Where K,=Ksi exp(-ikid)bod/hapV) . HereV, andk, are
Fsry, and generates two shear waves through the acoustife speed and wave number of the longitudinal ultrasonic

birefringence effect. The two shear waves are polarizedV@ve, respectively.

N - ) The voltage amplitud&; detected by théR coil for lon-
along the orthogonal d|rect|on|§00_1] and [110], respec gitudinal waves is obtained by integrating E@4) over the

tively. Here the[001], [110], and[110] directions coincide il area:
with the x, y, andz axes, respectively. Le# be an angle

e, =Ksi exp(—ik;d)bg[n(r) g sina(r)1?dS\4pV,

between thg001] direction and the direction of the small . 5
wire element within the small area. In that case E|=K4L[n(r)sma(r)] ds
FSTXZFSTSin 6, (12) 27 ry
=K4f f [n(r)sina(r)]?rdrd 6
0 0
Fsty=FgrC0S6. (13
27 rq .
Assuming that the penetrated vortex lines are spatially :K4f0 dﬂfo [n(r)sina(r)]?rdr, (15

distributed with axial symmetry, the vortex line density can

be expressed by(r) and the angle byx(r), wherer is  wherer, is the coil radius. We need to make another assump-

measured from the coil center. tion that all the penetrated vortex lines have nearly the same
The voltage amplitude, detected by the small arekSof  anglea to the surface normal within the ac penetration depth

theR coil for longitudinal ultrasonic waves is given by using range. This assumption is not realistic if used for all angles.

Eqg. (9): But we make this assumption only in a limited case. We
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optained in t_he experiment no shear waves but o.nly Iongifcu- |E, /Es[001]| :Z(Vs[001]/V|)ta“2 a, (21)
dinal waves in a perpendicular magnetic field during the vir-
gin magnetization stage, and this experimental fact strongly |Ei /Eqa10)] = 2(Vgii10) V) tar? av. (22)
suggests that is nearly 90°. We use this assumption only in
this limited situation when is nearly 90°. Since the shear ultrasonic-wave sigha,1o; is not yet de-
Then Eq.(15) becomes tected at the end dfil in Fig. 5a), we can say that either
there exists no shear ultrasonic wave thereegg o) is SO
r N i
_ . 2 small that it is hidden under the noise lew!
E\=2mK,sir? afo [n(r)]7rdr. (16) If Egp110; €Xists, but is hidden under the noise ledgl «

. can be roughly estimated. The ratio of the longitudinal wave
The voltage amplitudegq,; detected by the small aretS signal E, to the noise signak, of N at the end ofH1 is

of the.R cpil for the_shear ultrasonic wave polarized along 5oyt 33Figs. 5a) and §b)], and thereforex is estimated to
[001] is given by using Eq(10): be at least larger than 82°. This value is obtained as follows:

es0011= Kail exp( —iKgoo2d) Dol N(r) g cosa(r)]?
X Sln2 6d S/)\achS[om]
=Ks[n(r)cosa(r)]?sir? 6 dS, (17

where K5: K3| exp(—iks[001]d) bO(Z)S/AanVS[OOl] . Here
V001 and Kepoogj are the speed and wave number of theSince this angle applies to the end Hdfl, it represents a
shear ultrasonic wave polarized along ff@91] direction, minimum value. The angle will therefore be much closer to
respectively. 90° at lower fields.
The term siR 6 appears in Eq(17) because both the gen-  To our knowledge no existing theories have predicted
erating and detecting efficiencies must be multiplied bygsin these phenomena and neither have any other known obser-
The voltage amplitud&gey; detected by th& coil for  vation techniques revealed them. There have been significant
the shear ultrasonic wave polarized ald@@1] is obtained recent developments on the theory of vortex line penetration
by integrating Eq(17) over the coil area: into a platelet in a perpendicular magnetic fi&fd"'8The
critical-state model solution for a circular disk characterized
by an arbitrary critical currenic(B) was given, but only
finite values for perpendicular components of flux density
were calculated.In the geometrical barrier model a thin su-
perconducting strip of rectangular cross section in a perpen-
dicular field was treated both in the absence and in the pres-
ence of pinning, but only finite values for perpendicular field
density B, were calculated? An interesting phenomenon
predicted for superconductor strips and disks of finite thick-
ness is a “current string,” but no such phenomenon as ob-
(18 served in the present paper was tredtéa. exact analytical
Using the same assumption fa(r), Eq. (18) becomes solution was given for the critical-state problem in long thin
superconductor stripsbut only the perpendicular finite com-
ponentB, was computed. Very similar vortex line configu-
rations to that inferred here were calculatéd® but the
o ] theory was given on the assumption of zero lower critical
In a 5|m|Iar. manner the voltage amP“thE%[JO] qetected field H.y, valid only if |H|>H., everywhere inside the su-
by the R coil for the shear ultrasonic wave polarized along perconductor.
[110] is Most magnetic measurements on superconductors are car-
ried out by techniques relying on spatial integration, such as
- 2 magnetometry and ac suceptibility. It is difficult to detect the
Eet1100~ KGL[n(r)COSa(r)] cos ¢ dS local vortex line distribution with these methods. There have
r been significant advances in experimental technitjuéo
_ ! 2 map vortex line distributions at surfaces, by means of deco-
_WKGCOS?afo [n(r)Jrdr, 20 ratign techniqued’ Hall probes?®?! scann%ng tunneling
i L ) _ _ microscopy?? scanning superconducting quantum interfer-
whereKg=Ksi exp(-ikg110/d)bod/NackVer101- HEréVyii0)  ence device(SQUID) microscopy’® and magnetic-force
andkg110y are the speed and wave number of the shear ulmicroscopy?* These techniques can only detect the ends of
trasonic wave polarized along tlié 10] direction, respec- vortex lines at the sample surface but not those lying inside
tively. and parallel to the superconductor surface. The magneto-
The absolute values of the ratio Bf to Egjoo1) and that of  optical techniqué&?®can detect magnetic fields inside a thin
E| to Eq110; are calculated from Eq$16), (19), and(20) as  sample but cannot detect individual vortices. The Faraday

a=tan [ V(E/Eq110) (Vi /2Vg110)) ]
>tan Y[ V(E | /Ep) (V) /2Vga10))]

=tan [\33x{5220(2x1930}]~82°. (23

Esfo01)= KsL[n(r)COSa(r)]zsin2 6ds
:stzwfrl[n(r)cow(r)]zsin2 6 rdr do
0 0

2 ry
=K5f sinzadef [n(r)cosa(r)]?rdr.
0 0

"
Eqjoo1j= 7K cOS af [n(r)]?rdr. (19
0
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effect used in this technique detects vortex lines parallel t@eneral trends as in the present single-crystal case. In con-
the direction of the propagation of the normally incident lin- clusion, since the phenomenon observed here affects various
early polarized light so that it is very difficuilt to detect vor- experimental results, it should especially not be neglected for
tex lines parallel to the surface. Electron holography andhe correct interpretation of the results of magnetic measure-
Lorentz microscopy tEChniqU€§29 detected individual vor- ments in superconductor disk samples.

tex lines inside Superconductors and Oblique to the Sample A Similar experiment using high_temperature Supercon_
surface, and also detected Josephson vortices parallel to th@ctor samples is the subject of future work. Considering the
surface. The phenomenon described in this paper has ngtactical importance of the problem of the magnetization of a
been detected so far by these two techniques. thin superconducting platelet in a perpendicular field it is

_ Similar phenomena were observed by one of the authorg, e that this system will be investigated in detail, theoreti-
in a polycrystalline Nb disk® but the experiment was done cally and experimentally

only at one temperatur@.2 K), precluding the deduction of
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