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A single vortex overcoming the surface barrier in a mesoscsgperconductor with lateral dimensions of
several coherence lengths and thickness of several naeanpebvides an ideal platform to study thermal ac-
tivation of a single vortex. In the presence of thermal flations, there is non-zero probability for vortex
penetration into or exclusion from the superconductor evieen the surface barrier does not vanish. We con-
sider the thermal activation of a single vortex in a mesoscaygperconducting disk of circular shape. To obtain
statistics for the penetration and exclusion magneticgiedtbw and periodic magnetic fields are applied to the
superconductor. We calculate the distribution of the patien and exclusion fields from the thermal activation
rate. This distribution can also be measured experimgntatiich allows for a quantitative comparison.

PACS numbers: 74.78.-w, 74.78.Na

I. INTRODUCTION tance of thermal fluctuations in these cases can be estimated
using the Ginzburg numbe®®® = %(kBTC/[H9(0)§(0)3])2,
therekB is the Boltzmann constanT the critical temper-

Thermal activation of macroscopic quantum objects over a L .
picq ) ature,H¢(0) the thermodynamic critical field argg0) the co-

energy barrier is ubiquitous in condensed matter physios. O lenath at h furE tional
well established example is the thermally assisted eschpe gerence ength at zero temperatureor conventional super-

33D o 10 H .
phase particle in a Josephson junction when the bias curreﬁ?r_‘dUCtorS,Gi ~ 107 and thermgIDquctuaglons are weak;
is close to the critical current corresponding to a vanighin While for high-Tc superconductors3™ ~ 10° and thermal

barriet. Combined with analytical calculations and exper- fluctuations become important.

iments, a quantitative description has been achieved # thi For a large size superconductor studied in Refsmany
case. Magnetic vortices as topological excitations in supe Vortices penetrate into the superconductor simultangousl
conductors are dlicult to excite thermally because of their once the applied field reaches the penetration field. To ob-
large self-energy compared to that of phase particle inplose Serve single vortex penetration, the lateral size of thessup
son junctions. For a large of number of vortices the probabilconductor should be of several coherence lengths only. In
ity of thermal activation increases, which allows for anesip ~ these mesoscopic superconductors, a single vortex enters o
mental observation. Thermal activation of bundles of eextj ~ €Xists when the applied magnetic field is tuned. Due to the
such as creep motion of vorticesas been observed long time advances in microfabrication techniques, penetrationesxd
ago. However, no detailed quantitative experimental safdy clusion of a single vortex by adjusting applied magneticifiel
thermal activation of a single vortex has been reported so fahas been observed repeatedly in many experinfefts In

because the probability of thermal activation for a singlev  Ref%, the penetration and exclusion of vortex is measured
tex is usually small. by the Hall probe and in Refs:'2it is measured by a scan-

Vortices overcoming the surface barrier in finite-size su-Ning tunnelling microscope (STM) tip. However, no stadsti

perconductors has attracted considerable interest, beadu on the_ penetration and ex<_:|us_ion _field has bee_n carried out to
the possible observation of thermal activation of a quanturﬁnVeStIgalte the th_ermal activation in thege studies. )
object. For a superconductor with finite size in lateral di- FOr mesoscopic superconductors with several atomic lay-
mensions, there exists a surface barrier known as the Beaf!S: the reduction of the dimensions promotes the thern@l flu
Livingston (BL) barrie?. When the applied magnetic field in- tuations. Even for mesoscopic superconductors made of con-
creases, the BL barrier diminishes and finally disappedheat  Ventional superconductor§® = 3(ksTc/[Hc(0)£(0)°d])? ~
penetration fieldH,, where vortex enters the superconductor.10* with the film thicknessd ~ 1nm, which is greatly
The penetration field is larger thaf, the thermodynamic enhanced by a factow(d)? > 1 compared to the bulk
lower critical field for type Il superconductors without sur Vvalug’®. By solving the Ginzburg-Landau equation and
face. For the same reason, the exclusion fi€ldwhen vortex  the Fokker-Planck equation analytically for a supercomduc
leaves the superconductor, is smaller thkp Thermally as- ing disk, Pogosov found that the thermal activation of vor-
sisted penetration of vortices in a thick superconductaeriwa  tex over the BL barrier becomes feasible in mesoscopic
vestigated theoretically by Petukhov and Chechetkin desad superconductotd The dfects of thermal fluctuations on the
ago? They found that the thermal activation is practically im- penetration of single vortex have also been studied numeri-
possible for vortex. For higfiz superconductors, Kopylov cally by solving the time-dependent Ginzburg-Landau equa-
et. al. found experimentally that the penetration field de-tions with noise terdf. They observed that the number of
creases when the sample temperature is incréadée ther-  vortices in superconductors is fluctuating due to thermt ac
mal efect on the penetration and exclusion field in high- vation whenG™® is large in simulations.

superconductors has also been studied in R&fSThe impor- In this paper, we consider the thermally assisted penetrati
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FIG. 1. (color online). (a): A superconducting disk with i#zglof several coherence lengths and thickness of sevenahmaters. A STM
tip is positioned at the center of the disk to check the preser a vortex by measuring the zero-bias conductivity. Bapfiles of the time
dependent applied magnetic field. The maximal magnetic isdirger than the mean-field penetration field to initiabzeortex at the center
of the disk. In the branch with increasirndg, one measures the penetration field and in the branch witteasiog field, one measures the
exclusion field. (c) and (d): Distribution of the (c) pentitva field and (d) exclusion fieldP(H) at several temperatures. The mean-field
penetration and exclusion field is represented by a dashedThe distribution profiles are obtained using Egs. (28),((30) and (32).

and exclusion of a single vortex in a small superconductingvhether the vortex is present or not, by measuring the zero-
disk. We find the distribution of penetration (exclusion)die bias conductivity®. Without thermal fluctuations, the vortex
when the applied magnetic field increases (decreases)asdiabpenetrates into the disk when the applied field is larger than
ically, as a function of disk size and temperature. The setughe mean-field penetration field. With thermal activatideg t
and main results are presented in Sec. II. In Sec. Ill, we deprobability of vortex penetration is non-zero even when the
rive the BL barrier for a superconducting disk by solving theapplied magnetic is smaller than the mean-field penetration
London equation, while neglecting thermal fluctuationgrirr ~ field. To find the distribution of penetration field, perioaliy

the BL barrier, we obtain the mean-field penetration and exvarying magnetic fields are applied perpendicular to thk.dis
clusion field for a single vortex. In Sec. IV, we calculate the The setup with a static magnetic field has already been imple-
thermal activation rate for vortex penetration and exclngy =~ mented in Refdl112.15

solving the corresponding Fokker-Planck equation forasort
as-a-particle and derive the corresponding distributiomcf

tions. The paper is closed by a discussion in Sec V. For the vortex penetration, one changes the applied mag-

netic field periodically and slowly, see Fig. 1(b). To presen
analytical calculations, we choose the sawtooth wave. One
records the magnetic field when vortex enters in the branch
Il. PROPOSED MEASUREMENT with increasing field. By repeating the measurement, one the
obtains a distribution of the penetration field at a givengern
We consider a circular disk of several coherence lengths iature. We calculate this distribution function analytiggsee
lateral size and several nanometers in thickioesith d < &, Eq. (30) below], which allows for a quantitative comparison
where the thermally assisted penetration and exclusion of &he measurement of the thermally assisted vortex exclusion
single vortex can be observed experimentally, see Fig.. 1(a)s similar. It is determined from the branch with decreasing
An STM tip is positioned at the center of the disk to checkfield, see Fig. 1(b).
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lll. ENERGY BARRIER Then we arrive at the total energy of a vortex in a circulak dis
of radiusR
In this section, we derive the mean-field surface barrier for 2 2 2
. L . - @g r R\ nR?H r
vortex penetration and exclusion in a superconducting disk yr,) = Inlf1=2)+inl=]- 1- Y.
without accounting for thermal fluctuations in a static mag- 8r2A Re & Do R

netic field. The thicknesd of the disk is much smaller than ) ) ) )

the London penetration depth< 1. For such thin films, the Equation (8) is valid when the vortex is not too close to the
screening of magnetic fields is weak and tifieetive pene- edge. For a vortex close to the ed&es ry < &, one should
tration depth is given by the Pearl lentt\ = 242/d. The account for thg finite size of the vortex core. Whé.ms of
coherence length is also assumed to be much smaller than tH orde, a diferent approach, such as direct solution of the
penetration depthi < 1, and thus we can use the London ap_Glnzbur_g-L_andau equation, 1s need&dThe change of the
proximation, where the amplitude of the superconducting orMmagnetization when a vortex is at the center of the disk is
der parameter is uniform in space except for the vortex core.
The_ ma_lgnetic field distributiohz(x_, y) associated with a vor- M, = -dxU = . 9)
tex is given by the London equatitn 8rA

2A ~ Thus the penetration and exclusion of a single vortex can be
h, + T(V XQ) & =do(r-ry), (1) determined by measurind, using the Hall probé®

A vortex can be trapped in the disk if there is a local mini-
mum atry = 0. Local minimum develops when the magnetic
field is larger than the mean-field exclusion fiélg,

whereg is the sheet current densify, a unit vector along the
zdirection andbg = hc/2eis the quantum flux. Heng, is the
position of the vortex and we only consider a single vortex.
For the superconducting Pb film in REfA ~ 20um. The Dy

lateral size of the film is much smaller than the Pearl length He = TR2 (10)

R < A. In this case, the screening of the magnetic field is

negligible. We can neglect the first term at the left-hané sid AboveHe there is a barrier for vortex exclusion. The position
of Eq. (1). For convenience, we introduce a scalar strearaf the barrier is determined by the condition wiitsh/dp = 0

functionG, such that’ with p = ry/R, which gives
= ). H
At the boundary, the component gfnormal to the bound-
ary is zero, which requires th@tis constant at the boundary. It follows that the height of the potential a is
Without loss of generality, we také = 0 at the edge of the
disk. Then Eq. (1) is reduced to the Poisson equation and the d)g ol R
problem is equivalent to the one in electrostatics, U (op) = S2A In TR2H +1In E -1 (12)
V3G = —%50 —ry). (3)  WhenU (op) = 0, the barrier for vortex penetration vanishes,
A because the energy of a vortex at the eddéd(is = R) = 0.
For a circular disk with radiuR, we havé81° This gives the penetration field,
2
c®o r—(R/)?ry| 1y o R
= 1. Hp = = —He,, 13
G(r) 47T2A ln( r — rV R (4) p ﬂ'%R % e ( )
The energy of the vortex is then given by with e = 2.718. At fields above,, nucleation of vortex into
@ o the disk becomes favorable. When the radiscreases, the
e(ry) = 8_°hz(r —ry) = Z_OG(r —ry). (5) surface barrier decreases tiHisalso decreases. Whel{p =
T c

0) = 0, a vortex at the center of the disk becomes the ground
The energy diverges ar = r, and to avoid the divergence, State, which gives another characteristic fielg
we introduce the standard ctit@ near the vortex corér —

_ _ () R
ry| = & Then the energy of vortex at= r, reads Hg = _o2 n (_) (14)
2 R &
= %0 nf1- (V) 41 6
€)= gn M2~ (ﬁ) iz (©) ForR = 10¢ = 300 nm, we havéle ~ 7 mT andH,, ~ 26

i i _ ... mT. Several typical profiles dfi(r,) are displayed in Fig. 2.
We need also to add the interaction between the applied f'elglightly aboveHe, a local minimum appears at = 0, and

H and ‘he(;’;’z”eXUZ = ~MH with the magnetic moment of Ry < (0). When the field is increased abakg, the local
the vortex minimum becomes the global minimum akdR) > U(0).

1 . AboveHy, the surface barrier for vortex penetration vanishes
My = 2c fdr(r x9)-&. (M) andthe only stable solution is a vortex at the center of thle.di
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of the sample just abovE;. r, < Ris the coordinate of the
vortex in the radial direction ang is the radial vortex veloc-
ity. The equation of motion for the vortex in the presence of
thermal fluctuations is

. 0L(ry,t)
nry = 7&,\/

+ Fq, (16)

where we have introduced a noise fofgeto account for the
thermal fluctuations.F, has a zero mean valu&,(t)) = 0
and has a Gaussian correlator

U/[@)/8n°A]

ll/llp:0.951

_ (Fn(t,ry)Fn(t’,r)) = 2nkgTo(t — t')6(ry — 1), a7)
H/H, =1.087
s s : s - s whereT is the temperature. When the change of the applied
10 03 00 03 1o field is much slower than the thermalization time of the vorte
r/R (see Sec. V), we can use the adiabatic approximation to solve
Eqg. (16) and/(ry, t) can be replaced byU(ry). A schematic
view for thermally assisted vortex exclusion and peneirati
is depicted in Fig. 3.

FIG. 2. (color online). Profile of the energy barrier for atesrin
a circular disk with radiu®k/¢ = 10 at several typical fields. The

penetration field is, = 0.074H., and the exclusion field ibl, = Here we have considered thermally assisted penetration and
0.02He, with He, = ®o/(27¢2) the thermodynamic upper critical €xclusion of a single vortex. For two vortices, the barrger i
field. twice as large as that for a single vortex. Since the proitabil

for thermal activation is much smaller than that of a single
vortex, the simultaneous penetration and exclusion ofiplalt
IV.  THERMAL ACTIVATION vortices can be avoided.
In Eq. (16), we have approximated the motion of the vortex
WhenH approachesi, from below, the barrier decreases in the disk by that of a particle in a one dimensional poten-
and thermal fluctuations will promote the penetration ofm vo tial. During the penetration or exclusion of vortex, the oot
tex. Thus in the presence of fluctuations, a vortex enters &f single vortex is dictated by the force associated with the
magnetic fields below,. For vortex exclusion, the vortex surface barrier. The fiusion of vortex along the azimuthal
leaves the superconductor at fields above the mean-field val@lirection due to thermal fluctuations thus can be safely ne-
H, due to thermal activation. glected.
In the presence of time-dependent magnetic field as in Fig.
1(b), the energy barrier changes with time in this case. &her _ )
fore it is more appropriate to describe the vortex motion in A. Thermally assisted exclusion
terms of a Lagrangian. The Lagrangian of the vortex is
Let us first calculate the vortex exclusion rate witern He

@3 [7R2H(t) r r R using the Kramers equation forftlision over barrief
0= B [0 ) o ) ()

ét(15 o VU rm)U” ()
The mass of the vortex is small and neglected. The dissipa- 2mn

tion function isD = nr,2/2, wheren = ®3/(27£°C*R,) is the
Bardeen-Stephen dissipation flog@ent withR, the resistance

exp [FAU/kgT] (18)

whereU”(rp) is the second derivative at the surface barrier
andU” (rmy) is the second derivative at the energy minimum
where the vortex resides initially. The barrier height\lg =

U(m)  Vortex exclusion U)  vortex penetration lI;JB(-Ir-b) ~ U(rm). The Kramers equation is valid whetl) >
b .
(@) activation © Using Eq. (18), we obtain the rate for the vortex exclusion
: 1 € 1
n o o= S 21 (- 7ol -v[n( ) +1]) a9
A : le/™\ P
™ Tm T [m T Ty with f = H/He > 1, & = @3/(87%A) andv = e/(ksT). We
estimatee. * 2000 K forA ~ 20um. Hencev > 1 in the
whole superconducting stafe< T =~ 7.2K.

The characteristic frequencyds, = e/(mR%) ~ 10 GHz
FIG. 3. (color online). Schematic view of thermally assistertex  for R ~ 300 nm. The rate decreases when the lateral dimen-
exclusion wherH, < H < Hg (@) and (b) penetration whely < gjon of the superconductor is reduced at a giten More
H < Hpina potential(ry). importantly, because. andv decrease linearly with the film
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thicknesd, the thermal activation rate increases giganticallydominant contribution is from the region near the barriee W
because appears as an exponent. Note that the spurious detse the saddle point approximation
crease of ¢, whenH is very close tdH, is an artifact, because
Eq. (19) becomes invalid whexlU ~ kgT. In reality, the rate U(ry) U 1., 2

. ! ’ ——= = U(rp) + =U" (rp)(ry — 1p)~, 25
I'c increases monotonically whethapproachesie. & (o) 2 (Fo)(rv = o) (25)

with U (rp) < 0. Furthermore we use the following approxi-

B. Thermally assisted penetration mation because > 1

For vortex penetratiorl)”(ry) is not defined at the edges.  expvld” (rp)(ry — rv)?/2] ~ 1 /#”(rb)é(rv —rp). (26)

The Kramers equation becomes inapplicable, and an explicit
solution of the Fokker-Planck equation is needed.

We use the Fokker-Planck equation associated with Eqlhen the rate becomes
(16)

D VU’ (r
Iy = — exp[-vU(rp)] J (27)
Bp(r,t) = —r I(Fur 1), (20) £ =
wherep(ry, t) is the probability density of finding a vortex at Let us compare Eq. (27) to the Kramers formuIaZEq. (18).
ry andJ is the probability current These two expressions coincideUf’(rm) = 4nkgT /&%, For

the vortex penetration, the vortex is thermalized,at Rand
J(ry, t) = ~Dexp[-U/(kgT)]dr lexpU/(ksT)lp},  (21) gains kinetic energikgT. Because of the uncertainty of the
vortex position of the ordef, one may assign an oscillation
with the difusion constanb = kT /. We use the standard frequency of the ordeksT/¢°. We then arrive at a consis-
boundary condition for the calculations of the Fifeby as-  tentdescription based on the direct calculations of thekok
suming a source of vortices gt= Rand a sink at, = 0. The  Planck equation and the Kramers equation.
total probability of finding a vortex in the regid®-¢ < r, < R Finally, for the circular disk, we have the rate for vortex
is unity because vortex is initially thermalized at the exjge ~ penetration

2 R ~ _ D (gef\" [avi(f-1)
0 fo do ngrvdr\,_ 1, (22) Ip= %(?) — (28)

which giveso(ry = R 1) = 1/(27R¢). R-¢ appearsin the lower with characteristic frequenay, = D/R¢ ~ 10 GHz. Note
bound of integral in Eq. (22) because of the uncertainty ef th that bothI'e andI', are strongly nonlinear functions of the
vortex coordinate due to the vortex core of finite size. We areadiusR and the applied fieldH.

interest in the probability for the vortex penetration, wéhe

initially no vortex is located at the center of the disk. Tadfin

the thermal activation rate, we can assume a sink at thercente C. Results

of the disk and use the boundary conditje(n, = 0,t) = 0.

That means we restart the measurement once the vortex entersyy o<timate the activation rate, we use the parameters from

into the disk. : ) _ experiment®. 1 = 150nm,¢& = 30nm at 2 K andT, =
Here we consider the regime whet® > kgT. Inthis 75« \we takeR = 300 nm.d = 2.5 nm andR, = 4000.
case, éhe activation rate for vortex is small, tusnddy are 16 temperature dependences(@) andA(T) are calculated
smalP®. Then the probability current is almost independenty i the BCS theory. The rate for the vortex penetration and
onry, |._e.,aer =0. Integratmg_I_Eq. (21) from, =0tory =R 4ycjusion is shown in Fig. 4.
and using the boundary condition, we have Experimentally, one measures the distribution of the pen-
R etration or exclusion fields when the magnetic field is swept
Dp(ry ~ R) = Jf exp[U/(kgT)] dry, (23)  periodically. The distribution of the penetration field dae
0 obtained from the rate in the following w4y The probabil-
ity for a vortex entering the disk after a waiting tirhéor the

where we have used(ry = R) = 0 because the vortex does branch with increasing magnetic field in Fig. 1(b) is

not experience the surface barrier at the rim. Thus the thlerm

activation rate is given by t

W[H()] =1- exp[—f Tp[H()] dt’}. (29)
0

-1

D R
I'p=27RI = — e keT)] dr,| . 24
P & [ﬁ xplU/ (ke Tl dry (24) Hence the probability distribution of the penetration fiisld

The characteristic energy scale of the barrieeds Since dw  Tp[H]

v = /(ksT) > 1, the integrand drops very rapidly and the P(H) = aH - h exp(-y), (30)



current exerts a Lorentz force on the vortex, thus it gives ad
ditional contribution to the surface potential. Thirdlyneo
should check the validity of the adiabatic approximatioedis
in the evaluation of the rate in Egs. (19) and (28).

The induced electric field according to the Faraday’s Law
is E(r) = —Hr/(2c), and the generated Joule heatingis=
oqrH2RYd/(8c?), whereoy is the conductivity of quasiparti-
cles and is much smaller than the conductivity of the normal
state. Using the heat balance equation,

dCpgo;T = g +a(Tg—-T) (33)

) the temperature increase after the system reaches a atgtion
0.80 0.92 Py : s State isAT = oqH?R?d/(8c%a), wherea is the heat exchange
H/H(T) H H rate with substrate. Her@ is the heat capacity ang is the
mass density of the superconductor. One can neglect heating

_ o _ if AT/T < 1. For the sawtooth wave in Fig. 1(b) and (c),

FIG. 4. (color online). Thgrmal activation rate for (a) Fhmptra.tlon H is of order ofwnHp with wy being the period of the time-

of Zvort:ax,.(b) ;h? deXd“S'OI” of ﬁ vortex. t;hel n;e?n-ﬁslld pa:'f;‘t dependent field. To give an order of magnitude estimate, we

and exclusion Nielgs are aiso snown In e 1abe’s. Fleasethale .. 0, ~ 107 W/m? - K and take the conductivity of Pb film in

the mean-field penetration field depends on temperaturee vithd = _1
mean-field exclusion field is temperature independent. the norrr_lal state ?bovﬁt O_'qd =0.01Q™. Forwy < 1THz,
the heating ffect is negligibly small.

The induced current of Cooper pairs by the time-dependent

with magnetic field is accounted for by the last term on the right-
hand side of Eq. (8). The induced quasiparticlg§) =
(H) = HTp[H] qn’ (31) —aqHr/(2c) tilts additionally the potential for vortex pene-
YiR) = o H’ ’ tration or exclusion. The change of the potential is
whereH is the derivative oH with respect to time. For the R @y .  dogHDR?
penetration field measuremeft,> 0. In a similar way, one AUq = dj; Jq?dr -T2 (34)

obtains the distribution of the exclusion field for the branc
with decreasing magnetic field in Fig. 1(b) It is required thatAUy/e; < 1. This condition is satisfied
e , whenwy < 1 THz.
_f Le[H'] dH’}. (32) To validate the adiabatic approximation employed in Egs.
H [H’| (19) and (28), the change of the applied field should be much

Te[H]

P ="

o ) ) slower than the thermalization time of vortex (or the relax-

For the exclusion field measuremeht.< 0. Experimentally,  ation time of a vortex to reach the energy minimum), such
the upper limit of the integral is replaced by the maximal mag that the vortex remains in equilibrium when the magnetic
netic field used in experiment. Thefidirence is negligible fig|q change¥. From Eq. (16), the thermalization time is
becausé’e ~ exp(-vH/He) ~ 0 whenH > He. ~ 1/ ~ 1w, ~ 1019 for the parameters used in the pre-

The distributions of the penetration field and exclusiortfiel \io,s section. The adiabatic approximation thus is justifie
as a function of temperature are shown in Fig. 1(e) and (f). IRyhenw, < 10 GHz.
the calculations, we usd = 14 mT/s for penetration field | et ys discuss the detailed form of the applied magnetic
andH = —14 mT/s for the exclusion field. As the temper- fie|d. The rate description is valid whetU/(keT) > 1.
ature increases, the distribution profile becomes broa® Thyne parrier neaH, can be written as\U = e(1 — H/H,).
most pr(_)bable penetration fie_ld decreases.with temperaturgp;g gives an upper bound for the applied field H/H, >
and deviates from the mean-field value. ‘Rsncreases, the .7/~ 1/200 atT.. This means that the rate description is
exclusion field increases and also deviates strongly fra@m thy,5;id aimost in the whole region of the magnetic field below
mean-field value. Therefore the hysteretic region betwieen t Hp. On the other hand, the period of the applied field should
vortex penetration and exclusion is reduced with increasin o large enough to count the event of vortex penetration in
temperature. one period, which gives an upper limit faxy. The upper
limit can be estimated as follows. The probability to observ
vortex penetration according to Eq. (29)V¥,= 1 — exp(y).

V. DISCUSSIONS The rate can be written % ~ wc exp-Vv(1 - H/Hp)]. Then

we have
Let us discuss thefkect of time dependent applied field.
First, the time dependent magnetic field induces an electric _ wcHp 1 H\l . wc 10 35
field and current, which generates heat. Secondly, thegdiuc ~ * ~ v | Y|+~ Hp)| ~ von exp-10).  (35)



where we have takev(1 - H/Hp) = 10, such that the rate de- tained the mean-field penetration, exclusion field and tberm
scription is valid. In order to have large probability fomtex  dynamic critical field. We then calculated the thermal activ
penetration in one period, > 1, which giveswy < 10 kHz.  tion rate for the vortex penetration and exclusion basedhen t
For such frequencies, the heatinfeet and tilt of the surface Fokker-Planck equation and Kramers’ escape rate in the adia
barrier are negligible. batic region of field change. Based on the activation rate, we
Some clues for the thermally assisted penetration and exabtained the distribution of the penetration and exclufild
clusion of a vortex in mesoscopic superconductors can bdue to thermal activation. Finally we proposed measuresnent
found by comparing two experimefts? In a recent exper- of the distribution of penetration and exclusion magnesici
iment by Crenet. al.’?, they measured the penetration andto test our model of thermally assisted single-vortex moiin
exclusion of the vortex in Pb films using an STM. No hys- mesoscopic superconductors.
teresis in the penetration and exclusion of the vortex was ob
served. While in a similar experiment by Nishét al.l?,
hysteresis was clearly observed. These two experiments use
Pb superconducting disks with similar thickness and radius
R~ 2¢ ~ 60 nm in both experiments amd= 2.5 nm in Ref*!
andd = 5.5 nm in Ref!2. The temperature in Réf.is 4.3K
while in Ref!! is 2K with T, ~ 7.2 K. According to Fig. 1 Work at the Los Alamos National Laboratory was per-
(e) and (f), increasing the temperature reduces the hystere formed under the auspices of the U.S. DOE contract No.
which disappears eventually at higher temperature. The theDE-AC52-06NA25396 through the LDRD program. Work
mally assisted penetration and exclusion of vortex thus caat RIKEN (TN) was supported by JSPS Grant-in-Aid for
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