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Magnetic force acting on a magnetic dipole over a superconducting thin film
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The magnetostatic interaction energy and corresponding magnetic force acting on a magnetic point dipole
placed above a type-Il thin superconducting film in the mixed state with a single vortex are calculated using
electromagnetics coupled with the London theory of superconductivity. If a vortex is trapped by a circular
defect of radiush<A, the magnetic forces, caused by the vortex, differ from the results of free from defect
pinning by the factof1—b/A), whereA is the effective penetration depth. The possibility of formation of the
vortex in the thin film only in the field of the magnetic point dipole is investigated. The critical position of the
dipole for creating the first vortex under the electromagnetic pinning of a circular defect and that position in the
absence of defect pinning are obtained for comparison. In particular, in the liraitAs#1, wherea is the
separation between the dipole and the thin film, the only difference between two results is in the cutoff length,
i.e., in the case of a circular defect the only difference in the critical position calculation is the cutoff at radius
b rather than at coherence lengthThe pinning force of a single vortex by a circular defect is also calculated.
Further, we investigate the conditions of the vortex creation for various ¢mehsding the first, second, and
third vortices for a free of pinning center in the examining region. It is found that the creation of a new single
vortex in the thin film causes an abrupt change in vertical levitation force: the force changed discontinuously.
[S0163-182696)06946-9

. INTRODUCTION pairing symmetry of superconductors. Coffé}falso exam-
ined a point dipole above a semi-infinite type-ll supercon-
The phenomenon of superconducting levitation has alductor in both the Meissner and mixed states based upon
ways attracted wide attention. The high-oxide supercon- axisymmetric models of London theory. Moreover, for strati-
ductor has made it easy to directly observe the magnetitied type-Il superconductors of interest to MFM, the static
levitation and demonstrated tremendous potential for severalortex solutions for both straight line and pancake vortex
fascinating applications such as magnetic bearing, magnetitave been derivéd by using Fourier transformation and
levitation, magnetic suspension, and other magnetic force ré&onvolution. However, none of these studies correlated the
lated deviced~* Concerning the microscopic feature, the Creation of the vortex due to the field of the dipole or mag-
magnetic force microscopéMFM) has been recognized as a netic tip and the effect of the pinning center with the mag-

powerful noncontact probe method, which originally deve|_netic.forqe behaviors, whil_e such correlation could t_Je of
oped on the basis of atomic force microscdfFM).® The practical importance to design MFM systems for experiment

performance of scanning MFM has been applied to investji@nd understand physical properties of superconductors.
gate small magnetic structuré® The MFM image of To obtain further insight into the interaction of a magnetic

high-T, superconductors is now possibfeespecially to in- point dipole over a typ_e-II superconductor in the n_1ixed §tate
vestigate the flux line structure below the transition tempera@nd only one vortex in the superconductor, we investigate
ture. A MFM consists of a tiny magnetic tip which interacts the interaction energy between a point dipole and the screen-
with a stray magnetic field of the sample. The force on thdd currentsior self-interaction enerdy>'*1j, Uy, , and the
scanned tip is measured as a function of the tip position. In JMtéraction energy between a point dipole and a vortex line,
superconducting levitation system, most researéhgial- ~ Uv - We findUj, can be written in the form

culated the magnetostatic interaction between a magnetic tip 1

or a point dipole and a type-Il superconductor in the Meiss- Uip=—25m-B;,, 1.1

ner state, based on the London theory. RecentlyeXal® 2

calculated the levitation force acting on a magnet over avherem is the magnetic moment of the dipole and is located
semi-infinite type-ll superconductor with different pairing at the origin.B;, is the induced field caused by the screening
symmetries in both Meissner and mixed states to study theurrents in the superconductdt, can be written in the form
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Uu,=—m-B

v v

(1.2 Il. CALCULATION OF THE INTERACTION ENERGY

Let us first consider a magnetic point dipole with a mo-
ment m placed outside a type-1l superconductor in the
Meissner state. In London approximation, the free energy of
this system is

whereB, is the magnetic stray field of the vortex. This ex-
pression ol differs from the expression fdJ;, by a factor

2. The difference between the self-interaction endygyand
the interaction energy, comes from the fact thad,, is the 1 1
result of an indirect self-interaction between the magnetic U=7_— f Bzdvl+2_ f [B2+\?|VXB|?]dv,,
moment and its imag®. U, typically represents the work #o #o 2.9
done in establishing the permanent magnetic moment in the . - . '
magnetic field, which is induced by the vortex. The magnetidVhere uo is the vacuum permeability and is the London
force acting on the dipole tip then can be expressed as thRenetration depth. The integral of the first term is taken out

negative of the gradient of the interaction energy. The forcé)f the st_Jperconductor except for th_e volume of the dipole
includes two parts: one is due to the screening curren nd the integral of the second term is taken over the sample
. volume. We transform Eq2.1) into a surface integral. Us-

caused by the dipole itself, and the other is due to the pres”—1g the London equation and divergence theofefR,we
ence of the vortex. obtain

The purpose of this study is to theoretically investigate
the magnetic levitation force acting on a dipole tip in the 1
presence of a single vortex in the superconducting thin film. U= >
The approach is based on the London theory. We also take #o
into account the pinning effect of a circular defect and thewhereA is the vector potential anB=VxA. The solutionA
vortex creation in the thin film on the process to study theandB can be written as
change of the magnetic force acting between the dipole and
the vortex. For calculating the free energy of the system, we A=Adipt Ain,  B=BaiptBin, 23
skipped the self-energy of a point dipole because it is a diwhereA, is the vector potential directly contributed from
vergent term. the dipole, andA;, is the induced vector potential due to the

In Sec. Ill, consider a single vortex in the thin film; the screening current of the superconductBg;, and B;, are
magnetic force acting on the magnetic dipole is the effect oimagnetic fields corresponding to the vector potentialg
the superposition of the magnetic field due to the source o’kndA;,. The surface integral includes the surface of the di-
the vortex and the screening current in the thin film. We findpole and the surfacénner and outer surfagef the super-
the vertical force acting on the dipole was contributed by theconductor. The boundary conditions AfandB are continu-
induced screen current and the vortex. Only the effect of #US at the sample surfaces, but the inner surface and outer
vortex contributes to the lateral force. We also investigateSurface are facing in opposite directions; hence the integral
the influence of electromagnetic pinning of a circular defec” the surface of the superconducting sample vanishes.
on the magnetic force. If the defect radius is larger than th&auation(2.2) becomes
superconducting coherence lengtlthen not only is the vor- 1
tex energy changed, but the vector potential due to the vortexy = ——  (AgipXBgipt 2AgipX Bint+ Ain X Bjp) - dor.
will also be different. We hope to capture some of the essen- o J (dipole) 2.4
tial properties of microscopic levitation in this MFM field. In '
Sec. IV we extend our treatment to investigate the situationhe surface integraf gy, do is taken in the limit the radius
of vortex creation in the film under the field of the magneticof the dipoler —0. The first term represents the self-energy
dipole when the dipole approaches the film surface. This i®f the dipoleUgq) . The surface integral of the last term
an attempt to relate the magnetic force acting on the dipole tyanishes whemr —0. If the dipole is at the origin of the
the vortex creation and the pinning effect. With regard to acoordinate system, we rewrite E@.4) as
single quantum flux creation in the film, we use the critical
condition of the system transition before and after the forma- U=Uggg + lim __1 j m_>;r % Bm(r)} Frada,
tion of the first vortex equals in free energy to decide the r—0

f (dipole and superconBA>< B]-do, (2.2

4 r
critical position of the dipole, the critical position at which a (2.5

single quantum flux forms in the film. The change of thewheref is a unit vector in the direction andd(} is the

magnetic forces after the creation of the first vortex eSSeNziament of solid angle subtended at the origin by the area

tially depends on the existence of the pinning effect. We therélementda. The second term of Eq2.5) gives the interac-

study the creation of the vortex for a free of pinning center 44, energy between the screening current of the supercon-
The conditions of critical positions of the dipole for creating gctor and the dipold);,,

the vortex in the thin film and the equilibrium distances be-

tween vortices for a various number of vortex created in 1

sequence in the film are expressed. The equilibrium position Uin=— 2 m- Bin(0). (2.6

of the vortex can be determined by the condition of force

equilibrium. Finally, Sec. V includes discussions and conclu- Next we introduce a vortex into this system. A single

sions. vortex embedded in the type-Il superconductor. It is easy to
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VA where ¢, is the flux quanturh/2e and ¢’ is a unit vector in
the ¢ direction when the origin is located at the center of the
vortex.
By the superposition principle, the vector potentfalis

m $ the superposition of the vector potenthgsl andA, due to the

T source of the vortex and the magnetic dipole, respectively.
a Now, we solve the vector potenti&l; and A, individually.
In the case ofd<\, the vector potentialA; satisfies the
equatiod>?

—1

7]

P00 _
27R

dé(z)

VXVXA1=T A,;| for z=0, (3.9

FIG. 1. The diagram of a magnetic point dipalm) placed
above a thin superconducting film, and a single vortex embedded in
it.

vortex thin film |:

VXVXA;=0 elsewhere (3.5
find the interaction energy between the vortex and the dipole.
The vortex line produces a magnetic fidg. The magnetic \whereR=rZ+r2—2rr, coséandé s the angle between

dipole interacts with the stray magnetic fie, which  5nqy . Using the angular symmetry of geometry, the vector
emerges from the superconducting sample. Thus the magytentialA, can be written as

netic interaction energy of the permanent magnetic moment

in the field of the vortexy,, is

A=f1(R2)0, (3.6
U,=—-m-B,(0). 2.7
Finally, the total interaction energy is the superposition ofWhiCh leads to an equation for the scalar functign
Egs.(2.6) and(2.7):

?f, 9 9 2f, oo
Un=Uint+U,, F_Fﬁr 15(”1):[T_A7Tr az), @37
=— E m-Bj,—m-B, . where A=2)\?/d is the effective penetration depth. Equation
2 (3.7) was solved by expanding in the first-order Bessel func-
(2.8 tion
lIl. INTERACTION BETWEEN A POINT DIPOLE " bo 1
WITH A SINGLE VORTEX IN A THIN FILM fl:J dk J;(kRye K2 = . (3.9
0 27 kA+1

We consider a single vortex embedded in an infinite
type-Il thin superconducting film and directed perpendicu-.. . . . .
Igﬂy to its suprface. The gasic dimensionlessp pgrameterg'm'larly’ the solution ofA, is obtained
which is assumed to be small, is the ratio of the thickness of
the film d to the penetration depthi A magnetic dipole with
momentm normal to the plane of the thin film is placed ata A,=
distancea above the film surface, as shown in Fig. 1. The
film lies in thex-y plane with the vortex located at distance wom (=
ro from the origin of the coordinate system. It can be ana- T aa dkm
lyzed by using the London theory of vortex in the supercon- 0
ductor, assuming the radius of the vortex core is very small. (3.9
From Maxwell's and London’s equations, the vector poten-
tial A can be expressed as

MoMm r
47 [r?+(z—a)*]¥"?

Jikne kzraly 70,

_ MM [ k?A K(z—a)7
d AZ_H JO dkal(kr)e 0, z<O0.

b0 1 . d The first term of Eq.(3.9) comes from the dipole and the
VXVXA+ =52 =1l o', |z|< 5 (32 second term is the induced vector potential due to the screen-
0 ing current. The magnetic inductidcan thus be calculated
by taking the curl ofA, i.e.,B=VXA. The cylindrical coor-

VXVXA=0, z<— > 3.3 cBhnates ¢, 6,2) with center on the origin are used to express
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,uom 3r(z—a) k? Mint_ m¢0 k? v
B= [r2+(z—a)2]"? f dKiATT o=~ r, f dkfasg Jukroe ™
wom [ 2(z—a)?—r? (319
X Jy(krye kztair 4 (75 (2= a) 7 whereF, is the vertical force(in the z direction andF, is
the lateral force. Then? term in Eq.(3.17) is the component
° k2 ot do of vertical force due to the superconductor in the Meissner
f dk a7 Jolkne (zra) e+ oy state, and theng, term in Eq.(3.17 is the component of
vertical force contributed by the vortex. In this system, the
o k . . - interaction force between the dipole and the screening cur-
X f dkix7 e MC,f+Cy0+Cik], z>0, rent is repulsive, and the interaction force between the dipole
0 and the vortex is attractive.
(3.11 We consider the simplest case to examine the vertical

_ /.Lom ®© kZA K(
B= fo dkiasr e

b0 ([~ k
2n fo dk AT 1

a3, (kr)f — Jo(kr)K]

eq C,f+C,0—Cyk],

z<0,

(3.12
where

©

crzal(kruo(krmngl [Jnsa(kr)—Jn-1(kr)]

X Jh(krg)comé,

(3.13

Co= ngl [3,.1(kr)+J,_1(kr)]J,(kr)sinné,
(3.19

ck=Jo<kr>Jo<kro>+zr§l JIn(kr)Jn(kro)com,
(3.15

andJ,(x) is thenth order Bessel function.

Using the result as we obtained in the Sec. Il we can find

the force which acts on the dipole tip. From Ed&.9),
(3.17), and(3.12), we get the interaction energy

Un=Uin(a)+U, ,(a,rp)

2 2
Sl Jdk € e
8w 0 kA+1

m¢>0f dk k
KA +1

Jo(krg)e ke,

(3.16

force, i.e., the dipole is placed just above the vortex. In this
casef =0, we getly(krg) =1 andJ,(kry) =0. Therefore we
obtain immediately from Eq3.17)

F,=F.+F,,
3
pom? [A 1 A +£ A _ g2alA 2a
“4mAt|a 4 4\ a A
Mdo A 2 e @
—m[— E + | — e El K s (319)

whereF; and F, are respectively caused by the screening
current and the vortex, anl;(z) are the exponential inte-
gral. The exponential integréd,(z) are defined as follows:

El(z)zf dt e 't~ 1. (3.20
z
Taking two limitations in Eq(3.19, we have
3,LL0m2 A m¢0 A
F[vm - g —ﬁ 1—35 for a>A,
3.2)
pom? 1 meyg
7~ T6m BN 2. aZA for a<A. (3.22

This result is similar to the results of Refs. 16 and 17 for the
semi-infinite superconductor case, which is given as

Mg

71'a3

A
a

F 3/,L0m2
Z” 327at

N
1—35) for a>A.
(3.23

In Fig. 2 we present the dependence of the levitation férce
andF, on the vertical distanca (normalized in units of the
effective penetration depilior r,=0. We see that these two
force curves intersect at the poiag=0.25 A, which means

The first term in Eq.(3.16 represents the self-interaction the vertical levitation forceF, becomes equal to zero if
energy caused by the screening current and the second teffi=2¢,A/u,. Figure 3 shows the force componefits and

in Eqg. (3.16 represents the interaction energy between the=_ acting on the dipole, as a function of lateral distance. The
dipole and the vortex. The magnetic force components aCt'nﬂ)rces have been calculatedat A. The value of the verti-

on the dipole can be obtained as follows:

F _ M _ pom® F K < o 2ka
=7 9a 4w Jo UNkA+1

md’o k2 ka
% |k g dolkrore

(3.17)

cal force due to the screening current is constant because we
have not considered the edge effect of the sample. This force
is independent of lateral distancgand can be seen from the
first term on the right-side of Eq3.17). The vertical force,
caused by the vortex, decreases with increasing lateral dis-
tance from the vortex center. Figure 4 presents the lateral
force as a function of vertical distance. The lateral force has



54 MAGNETIC FORCE ACTING ON A MAGNETIC DIPOIE . .. 15433

103 105 0.6
4 4 a
10 10 B
10 102 &
<« 102 102 4 <0.
£ < g
X 10! 100 € =
§ 10° 100 2
=107 107 o =
102 102 g
103 108 3
10-4 Lo gl LNl 4Q4 0.0 PR RN RN WU NN T N TN SN IR SURY UUUUN VORI S N SR S
10-! 10° 10! 0.0 0.5 1.0 1.5 2.0
ajA a/A
FIG. 2. The vertical force componenfs andF, as a function FIG. 4. The lateral forc§ro as a function of the vertical dis-

of the vertical distance at distancea,=0. Both lines are calculated tancea at distance y=A.
from Eg. (3.19.
would influence the magnetic force acting on the dipole. We

been calculated at,=A. The lateral force show its maxi- consider the pinning center as a circular defect with ratius
mum some distance away from the center of the vortex. We assumeb<A, but larger than the coherence length

It is important to knowF,  since it might be possible for Under this condition, a proper correction for the vortex en-
a vortex to become depinned. How does the lateral forcergy and the vector potential should be made.
compete with local pinning force? If the vortex becomes de- The self-energy of the vortex in the superconducting thin
pinned when the dipole is scanning it, then the vortex wouldilm is?*#
be attracted and moved near the bottom of the dipole, i.e., )
ro—0, and hence the lateral forég —0. The local pinning E &5 (A)

=——In| <.
force for a vortex may be estimated by the difference of the * 2mpoA T\ €
lateral force for a vortex with and without pinning. In the

o . In the case of the circular defect the only difference in the
limit of ro=<A, Eq.(3.18 can be reduced to a simple form vortex energy calculation is the cutoff btrather than at,
for a>A anda<A

and the self-energy of the defect with one quanta of the mag-

(3.26

 3mdy . 4A f A - netic flux is
o= m o E or a>A, (3.29 qﬁé A
E,a=5—— In| /. (3.27)
mdo o 2m oA b
=—-—=— for a<A. 3.2
fo 2ma’ A (329 Now we find the vector potential,4, due to the trapped

The lateral force varies linearly with the lateral distance forvortex. LetAsq have the form

both situgtions. _ o Agg=PBA;, (3.29
If the single vortex is trapped by a pinning center, and the
vortex core will coincides with the pinning center, this effect where 8 is the coefficient which relates to the effect of the
defect. The coefficien8 can be determined by considering
0.8 0.8 the condition of flux quantization. The total magnetic flux

trapped in the thin filn{including the defegtis equal to the
i flux quantumd,. Integrating vector potentiah,q4 along the
= 0.6 10.6 F circular contour of the defect in the superconducting film just
° bt as that done in Ref. 26, we have
£ 8
— 0.4 10.4 &
2 g wh?B,(r=b)+ fﬁr xAld-dll— 31% bA1d~dI2=¢>o
> 0.2 {02 3
— SSS— for z=0, (3.29
0'(? RIS EEE Y B 0.0 where B, is the z component of magnetic fiel@ in the
00 050 1.0 150 2.00 region of the defect coreB, is distributed uniformly in the
/A region ofr<b andz=0 becaus&V XB=puyJ=0. It is con-

venient to use the London equation to obtjnand we have
FIG. 3. The vertical forcé, and lateral forcé=, as a function

of the lateral distance, at distancea=A. The curvegsolid line) of Bdo

the vertical force are calculated from E(.17), and the curve Bz~m for r<A. (3.30
(dashed ling of the lateral force is calculated from E@.18. The

value of the vertical force due to the screening current is constantSubstituting Eqs(3.28 and(3.30 into Eq.(3.29, we obtain
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film surface? Of course, it is possible to allow a vortex to
p=1-1- (3.3)  form in the thin film in the field of magnetic dipole moment.
We now investigate the interaction between a dipole moment
The vector potential 4 and one or more vortices which are created in the thin film
by the field of dipole itself. The conditions of creation of the
b J,(kR)e K2 flux quantum in the film will be found. The behavior of
Aw=|1- A Ar= 1_ A f dk T kA+1 magnetic force before and after the vortex creation in the
(3.32 film are also examined.
which differs fromA; by the factor(1—b/A). We proceed as
above to see in place of the interaction energy of the second
term on the right-hand side of E(B.16) is the product of the Let a point dipole be placed just above the circular defect.
original form times the factoB and similarly of magnetic Initially, if the point dipole is so far from the thin film that
force in Eq.(3.17 with relation to the vortex term and in Eq. the film is in the Meissner state, the persistent currents in the
(3.18. Since in our calculations we assummeA, the factor ~ film are established to screen the magnetic field of the dipole.
B is a small amount of correction. Here we propose that thén this situation, the levitation force acting on the dipole is
distance between the dipole and the defect is large, so thebtained as
interaction between the dipole and the small defect core need 2 3
not be considered. p_ MoM j K o 2ka 4.
: . . 2 . .
Let us estimate the interaction force between the vortex 4 kKA+1
and the defect, i.e., the pinning force. The interaction energ
between the vortex and the defe,, has the forr’

A. Pinning effect of a circular defect

Yiere the dipole is at the poi®,0a) and the defect center is
at the origin. Equation{4.1) is equal toF; which was ob-
r tained in Eq.(3.19.
) The point dipole is lowered to a positiay, the position
LA at which the first vortex is created in the thin film, and then
r b trapped by the defect. In order to find the critical posita'x_q_m
_Yn(_) }Jn(K) for b<A, (3.33 we need to compare the free energy of no vortex existence

o

Vp: 2,LLOA 2 ')’n(r {

A and the free energy of the appearance of the first vortex
and instead of none in the film. The free energy of the system
before,U,, and after,U,, the creation of the first vortex,
r r b b respectively, are written as
netf x| -val 5 / 3]l 3
(3.34 Uo=Uin(a1), 4.2
where H,(x) are the Struve function, and,(x) are the b
Bessel function of the second kind. Ui=Uin(ag) +{ 1~ +|U,(a1,00+ Eyg- (4.3

The asymptotic behavior is given by
The critical position of the dipole, can be found by setting

dEA b2 Uy=U;. Thena,; can be determined using the following
A a b A
b5 b? [—— et/ g | 22| 1— —) a=|n(—), (4.4
Vo~ it r—— In| 1— Tz for b<r<A. (3.36 a; A A b

where a=uom/¢A reflects the normalized strength of the
magnetic moment, anB,(a;/A) is an exponential integral.
E'ConS|der|ng the case;>A, we have

It is easy to see from Ed3.36 that the vortex-defect inter-
action is attractive; indeed, the capture of a vortex by th
defect is always favored. On the basis of E2}36), we have

42 a;=\(1—b/A)a/In(A/b) A. (4.5
0

= 2mugAE’ (3:37  |tis clear that the critical positiom, for creating the first
vortex depends on the strength of the magnetic moment and

To compare Eq(3.37) with Eq. (3.18, we can estimate the the defect radius. The levitation force acting on the dipole

force necessary to overcome the electromagnetic pinning byan be obtained easily by using the result of the last section

using the calculation in the lateral force of the dipole tip

effect on the pinned vortex. F,=Fi(ay), (4.6

(o &V
PT o ar

r=b+¢

IV. CREATION OF THE VORTEX IN THE THIN FILM Fo,=Fi(ay) +Fa(a;)(1-b/A), 4.7

In the previous section, we discussed the interaction bewhereF, andF, represent the vertical force on the dipole
tween a single vortex being in the thin film and a dipolewith none and one quanta of the flux in thin film, respec-
above the film. A natural question would arise. Are any extréively. The expressions df; andF, have been expressed in
vortices formed in the thin film when the dipole is near thean earlier section. Equatigd.7) shows clearly how the ver-
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tical force changes as a vortex is captured by the defect. The If the dipole is at the point0,0a,), the creation of the
force F, caused by the dipole itself is still the same after thesecond vortex appears. The free energy of the systems be-
creation of the vortex. An additional forde,, caused by the fore,U,, and afterU,, the creation of the second vortex are
pinned vortex, appears after the creation of the vortex.

Hence, from Eqs(4.6) and(4.7), the difference of the verti- Ui=Ujp(a) +U,(a,0)+E,, (4.13

cal force,|AF,|, is

do (A
U,=Uj(ay)+2U,(as,r;)+2E,+ In{ —1,

b TN r
|AFZ|:’(1_K F2(a1) 0 (4‘14)
mé b A 2 a wherer =2r, is the distance between two vortices ands
:—03 (1—_) —|—]+|—= +ea1’AE1(—1” the equilibrium position of the vortex from the origifr
2mA A a a A equilibrium center. The last term of Eq(4.14) is the inter-

(4.8  action energy between two vortics.In this derivation,
) . ) ] r;<A is assumed. We do not consider these two vortices
If the dipole is a large distance from the film, E4.8) be-  coinciding because they need more energy to form two-

comes gquanta vortex. In the following, we express the procedures to
find a, andr:
IAF,|= m_d’g (1_ E) ( 1_3£>_ 4.9 The condition for equilibrium of vortices is
T A al
U,
. o T
B. Without pinning effect
We continue to make the assumption that the vortex is ~ _ Méo fwdk k? —kay L ar |+ b5 1
formed perpendicularly through the thin film one at a time 27 Jo kA+1 € 2 1 oA 1y
when the dipole is vertically approaching the film surface.
Sometimes it is not necessary to have a pinning center inthe ~ =0. (4.19

examining region, as we did in Sec. IV A. Here we investi- e critical condition of the system before and after the cre-

gate the system free of defect pinning. _ _ation of the second vortex occurs Hs is equal toU,; we
In the Meissner state, the levitation force acting on a di,5ye

pole is the same as that given in Eg.1). As the dipole is

lowered to a positiom, the creation of the vortex appears in Meg (= Kk ) ¢g A

the film. In this case, the third term in E4.3) has to be iy f dk A1 e ‘%4 S\ In(g>

replaced by the self-energy of the vortégn(A/&)/2mueA 0 #o

and the factorB of the second term in Eq4.3) has to be ¢g A

removed; then the critical positicam, satisfies In(F)
1

oA =0. (4.1

A a; Applying these t ditions to determimg andr, w:
A aap (B (A pplying these two conditions to determireg andr,, we
a, © ' El(z\) a=In g)' 410 \ewrite Eqgs.(4.15 and(4.16
This result differs from the result of E4.4) by the radiush A [A)? A3 e [2)| A\2
which is replaced by the coherence lengtland the factor a_z_ a_2 +2 a_2 —e%E, A a=2 E d
(1—Db/A). In the limiting casea;>A, we have (4.1
a;=+alln(A/§) A. (4.11 A—eaz’AE 3, il iomn A 418
a, YA E 2r,)

After the creation of the first vortex, as we know, a change in
the vertical force is responsible for the vortex creation. TheFigure 5 shows the critical positiorss, a, and the equilib-
difference of the vertical force between the first vortex cre-rium positionr, versusx. The height of the critical position
ated and no vortex existing in the film has the form a, is lower than that of the critical positioa, for the same
reduced magnetic momeat The vertical force on the dipole

IAF,|= Meo (1 3 A before,F, , and afterF,,, the creation of the second vortex

2 mad a,

is obtained as follows, respectively:

for a;>A. (4.12

k2
k A1 e k2 (4.19

When the dipole continues to approach the film, increas- E —Fi(ay)— m_¢>0 foc
ing in magnetic field, the possibility of creation of the second 77T 1\%2 2
vortex appears. To perform the corresponding calculations

we should know the interaction energy between two vortices Moo (= G 1.,
in the case of infinitely thin superconducting film, which was ~ Fz,=Fi(az)— —— J dkiaz1 ¢ kaz( 1=7 kzrl)'
obtained in Ref. 25. Now for simplicity to analysis, we pay 0 (4.20
our attention to the case of the distance between two vortices ’

r small enough to satisfy<<A. The difference in the vertical force is




15 436 J. C. WEI, J. L. CHEN, L. HORNG, AND T. J. YANG 54

100 100 1100

1 10 <
1 o < Ej
= K -
102 102
- L ————— b ¥} ] -3 T 0 v L e 1073
10130'l 10° 10! 1010'1 10° 10!
a(pom/d)oA) a(pom/d)oA)
FIG. 5. The critical positiona; ,a, and the equilibrium position FIG. 6. The critical positioraz and the equilibrium positionis,
r, of the vortices as a function af for the parameten/é=10°, andr; as a function ofx for the parameten/¢=10°, wherer , and
r 3 specify the equilibrium positions of the vortex before and after
|AF,|=|F, —F,| the creation of the third vortex, respectively.
2 1
Mm¢o 1 A 2 a, was after the creation of the third vortex. The change of the
=53 | + ™ +eaZ’AE1<X) vertical force acting on the dipole after the creation of the
2 2 third vortex in the film is
2 2 3
Mg I A A
_4;*(’0/\_15 Y kel VY _zﬁ AR _ meg 1 Al A2+ asing (33
™ a a a |AF,|= 27 A2 as as € iy
A4 e |2 2 2 2
+6|—| +e*2/2E| —|]|. (4.21 Meyo (3r3°—2r5°%) A A
a, A — = e —
8’7T A a.3 a3
From the result of Fig. 5, we see that most values of the 3 4
critical positiona, are much smaller than the effective pen- _ol 2] 46l 2| +ex/AE (% (4.26
etration depthA. We use here the conditica,/A<1; from az as HA ’
Eq. (4.21) we obtain Again, in theay/A<1 limit, we find
m 1 A 2 r 2 2 2 2
|A|:z|:2i°rg ~ —3(—1) (4.22 IR R b P L R }
m a a2 z 2’7T Xg a3 2 a3 a3 )
The values of ,/a, are about 0.21 to 0.26 for a range @f (4.27)

from 0.1 to 10. _ The values ofr/a; andr,/a; are about 0.24 to 0.38 and
In the following, let us treat the problem of three vortices. g 18 1o 0.26 respectively, for a range @ffrom 0.1 to 10.

We co_nside_r fthese vortices to form an equilateral triangleg om the above results, the change in the vertical force origi-
Following similar procedure, we have nates from the vortex creation. In the free of pinning case,
there is no lateral force signal owing to the symmetry of the

force interacting among a magnetic dipole, screening current,
and a single vortex in a type-ll superconducting thin film are
whereas is the position of the dipole for creating the third calculated. The vertical component of the magnetic force is
vortex in the film andr, andr; specify the equilibrium po- attractive or repulsive depending on the strength of the mag-
sitions of the vortex from the origin of the system before andnetic moment and the distance between the dipole and the
after the creation of the third vortex, respectively. Figure 6vortex. We also have found that there exists a simple rela-
shows the critical positiora; of the creation of the third tionship between the vertical levitation force and effect pen-
vortex and the equilibrium positiorrs andr ; versuse. Itis  etration depthA=2\?d for the special case of a dipole
clear that the equilibrium position of the vortéar the dis- placed just above the vortex. In the limit efA>1, the
tance between vorticebecomes farther than the position it vertical levitation force varies linearly witth. This result

(A (A2 AN ag) | A\?
——| =] +2| —| —eBE) 2| |a=2|— vortex geometry.
_a3 a3 a3 A I'2 !
(4.23 V. DISCUSSION AND CONCLUSION
_ﬁ_ A 2+2 n 3—ea3’AE as _ -4 é 2 We have shown the interaction energy between a dipole
a3 \ag as A rs) ' moment and the screening current of the superconductor us-
(4.24 ing a direct calculation of the free energy of the system and
compare the result with the image mettfSdhe interaction
A as A energy between a dipole moment and a single vortex also
a C Eaf 7| |@=In z +61In A —21In 2r,|’  have been obtained from energy consideration. The magnetic
3
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gave a more complicated characterization of the force as different pinning mechanisms. A physically important situa-
function of London penetration depthand thicknessl than  tion such as the well studied limé>A is readily apparent.
that obtained in Ref. 16 for the levitation force for a half- We have found that the critical position of the vortex cre-
space superconductor. Clearly, the asymptotic result at largation depends on the strength of the magnetic moment and
dipole-sample distance depends on the thickness of the sthe radius of the circular defect. A vortex creation in the film
perconducting sample, which could be important for analyzimeans a change in magnetic force which acts on the dipole.
ing pairing symmetry in superconductors. The lateral forceThese results provide a method of investigating pinning na-
varies linearly withr, for both large and small dipole-sample ture in thin films through the measurements of the magnetic
distances, in the limit of <A. If a vortex becomes de- force on the dipole tip.
pinned, the dipole tip will feel a finite change in the lateral ~As concerns vortex creation in free of pinning effect, we
force. The local pinning force for a single vortex then can behave obtained at what position a created vortex is energeti-
estimated by the difference of lateral force for a vortex withcally favorable for a various number of vortices, including
and without pinning. If a vortex is trapped by a circular the first, second, and third vortices. The results have shown
defect, the vector potential due to the source of the trappethat by increasing the number of vortex creations in the su-
vortex is reduced by a factdt—b/A) as compared with that perconducting thin film the position of the dipole comes near
of vector potential free of defect pinning. This factor will to the film surface. For convenience, we have proposed that
appear as long as the interaction with relation to the trappethe distance between vortices is much smaller than the effec-
vortex. Both the effective penetration depthand coherence tive penetration depth, and we have found a change in verti-
length £ have an inverse proportionality to the electromag-cal force acting on the dipole when a new single vortex is
netic pinning force of a vortex by a circular defect. Our maincreated in the film. The force changed discontinuously as the
results also contain further generality to include angular deereation of the vortex occurred.
pendence. Generalization to the case with more vortices is
straightforward. o . . ACKNOWLEDGMENT
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