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We report the activation energies which is calculated by adding a term being
neglected - usually, and magnetic relaxation effects for the surface barrier. The
activation energies U at initial magnetization m (men and me) and equilibrium
magnetization meq are nearly similar to those of Burlachkov, but the m dependence
of the activation energy U is remarkably different. The relaxation effects, which
were determined by the m dependence of the activation energies U, are nonlinear
for vortex entry, but linear at the initial stage and nonlinear at m(Int) = meq for

vortex exit.

‘the vortex exit at m = me by about factor 90.

During relaxation process, the vortex entry at m = men is faster than

The vortex exit at m = meq is

faster than one at m = me. by about factor 1.3

1. Introduction

Vortex can't enter type-I0
superconductor because of the Bean-Livingston
surface (SB) [1]1 caused by the

competition between the interaction of a vortex

freely .
barrier

line with.its mirror image and the interaction
with the surface shielding current. The SB
inhibits inside  the
superconductor at the lower critical field Ha.
Therefore the vortex penetration starts at the
H, (= Hc = «Ha/Ingk > Ha), at which the
The SB should be very
high
superconductors having. the large value of « (=
A/ &), as has already been discussed [2,3].

In the case of negligible bulk pinning, Clem
[4]- showed the magnetization curve in the

vortex penetration

- SB- disappears.

remarkable  in  the temperature

ascending branch is

~47M,, = H— VH* — H. 6]
and the magnetizaton curve & in the

descending branch is 42M = 0.

The equilibrium magnetization 47 Mg (= H
- Be) was discussed by Hao and Clem [5] in
detail and is given by as follows:

4 nH
_47I'M@q =~ 87[32 ln( H& )/

@

where 7 is the constant of order of unity.

In this paper, we report on detailed results
of the activation energies for the surface barrier
in 3D type-Il superconductor. We analyzed
the relaxation effect based on our results of the
activation energies of the surface barrier. We
considered only 3D case and used m = H - B
= 47M, me for vortex entry, me for vortex

exit, and meq = H - Beg.
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2. Calculation of surface activation
energies and relaxation rate

2-1. vortex entry

Consider the penetration of vortex through
the ideal plane surface parallel to the c-axis of
the superconductor. Penetration of the vortex
through the SB takes place as a result of
The magnetic field H is directed

There is a

fluctuations.
alonig the surface on the y-axis.
critical point which corresponds to a critical
configuration of the vortex xo(y). The activation
energy U at the critical configuration xo(y) is
given by [6-8]

UO—V—-——f \[V(x) “’0

where 7 is the effective mass anisotropy(=
m./myp), and for vortex entry x; = 0 and x; is
determined from the equation V(xj) = 0; for
where x¢ is the width a

L~ V) @)

vortex exit x2 = X:
vortex-free region.
In 0 < x < x¢ region,

Vo) =2 g( xf;x)z-l—ma,_m] @

We neglected the mirror

V(x) has the form

for vortex entry.
image term for the case of vortex nucleus.
However, contrary to the 3D case, the mirror
image term cannot neglected in the 2D case [9].

Using Egs. (3) and (4) and the condition B
= H, we calculated the activation energy U

Uenl m)= —_¢TO/‘-_[ m’+ mme«<22HLl )
_ (m—mg)” m+2H, —

3 = ) m+Hd—
‘/Zmz_m(Hcl_mea) + \fm2+mea(2Hcl—m

eﬂ)
\/E(m_mea)(m+HCI_m2q) + (m_med) ]
©)

We first considered the activation energy U

X In

when m = me, which is given by Eq. (2).

Uen(meg) is immediately given from Egs. (5) as

(52N |

follows;

Uen(meq) =

By considering initial stage ie, m > meg for
flux entry, we obtained the activation energy

v~ ) (575 ) ©

at around the initial stage of relaxation

process.

On increasing (decreasing) of H, m within
the sample is determined by the rate of vortex
entry (exit). ~When m varies with time, the
rate of vortex entry or exit is given from the
activation energies U,

&~ en(-47) ®)
From Eq. (8), relaxation rate R for vortex
entry or exit is approximately given by

R= o = k1(-50 dU)—l' ©)

From Eq. (9), we can get the relationship as

follows;
ln(—L) _ - Uln(8) — Ulm(%))
Io kT
where U(m) is determined by Eq. (5) for
vortex entry and to is the initial time. For
vortex entry, the dependence m(int) is expected
to be a strongly nonlinear function of Int

10

specially at initial state.
At the initial
relaxation process, the relaxation rates R are

stage (m = mg) of the

estimated to be

| _dm
Ren—' ( dlnt )m=m,,, 3/2
=_( 4x )( men) (27H)1/2kT

(1)

(2 A Moy H 1
In the region m = me, the relaxation rate R
are estimated to be

Req:( c%ft)m .

7]

for vortex entry.

12

1/2
}{H ) LT
cl

2-2 vortex exit

The procedure of calculation of the activation
energy for vortex exit is similar to that for
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vortex entry. V(x) has the form
2
_ [ _B. XX
v = 25075
The activation energy U for flux exit is given
by

(13)

3

Ualm) = 3:?/7}1 (121)

- )]

We first considered Hp < H < Hc in order to
calculate Ue(meg). As we mentioned above, we
have already know me = Ha/2 in this field
range, so we obtained Uemeq) as follows;

vtm = (522 ) ()

We believe that these results are reasonable
for entire field H > H,. Also, we found that
Uen(Meg) = Un(meg) is several
constants.

For initial stage -of relaxation out ie. m <

(14)

(15)

given by

Meq, We obtained the activation energy

vam - (4522 75)

By using Egs. (10) and (14), we can know
immediately the relation

_mm)\
2H cl

(16)

1=%H, a7)

for vortex exit. Because m <« Ha at the
initial stage of relaxation out, Eq. (15) is
approximated to  m(t-m(t) o<  In(t/t).
According to our results, we found that the
dependence m(lnt) for vortex exit should be
nonlinear for m near meq, and relaxation rate at
m = mg would be larger than one at m = men.

At -the initial stage me) of the
relaxation process, the relaxation rates R are

(m =

estimated to be

Ree = ( 5[%),,,:,,,“

(18)
_ [ 2z \(_rH\"
( 204 )( ch) T
In the region m(lnt) = meq, the relaxation

rate R are estimated to be
c dm
Res = (2 ) e,
_ (2z_\_rH\",
[ (1] A Hcl

for vortex exit.

(19)
M
28, ) kT

3. Discussion

As we can know from Egs. (5) and (14), the
dependences of Uen and U on m are quite
different, in the different
relaxation rates for vortex entry and exit.
Because Men > Meq and Mex € Megr Uen(Men) =
Ue(me) = 0, which are given by Egs. (7) and
(16). Therefore, the activation energy for
vortex entry increases from Ue(me) = 0 to
Uen(meq) as m decreases and the activation

which will result

energy for vortex exit increases from Uex(mex)
= 0 to Uex(meg) as m increases. By the reason
mentioned just. above, we can predict that
relaxation in (vortex entry) from men t0 e

should take approximately the same time as

relaxation out (vortex exit) from me = 0 to
Megq.

From our results, we found that Req for
vortex entry in the region m{int) = meq is

approximately the same as Rex for vortex exit
in the region m(lnt) = me, and R'e for vortex
exit is approximately larger than Rex by a factor
by the reason mentioned above. So, we can
write the relation of Ren (Rex) and Req (R'eq) as
follows:

R R, m, 3/2

R R,,,,,} = (Zm:,,) (20)
for vortex entry (or vortex exit), and

R. M,

_RZG = ( 1+ —5}1—"1) (1)

for vortex exit. The vortex entry at m(lnt) =

Men is faster than one at m(Int) = me or the

vortex exit at m{lntfy = me by factor
CMme/me)”? = QeHy/H?* = 90 for
reasonable  values such as ¢ = 100 and

H/H, = 10. The vortex exit at m(Int) = meq is
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faster than one at m(int) = me by factor (1 +
meq/2Ha) = 13 due to the fact that meq =
H.a/2 at H = H,. For vortex exit, as mMe
decreases with field H, we expect that the
nonlinearity of relaxation process will become
disappeared at the region H > Hp (mg <
Ha). If m is not too close to me then the
critical nucleus consists of one vortex loop, ie.
vortices enter (exit) through SB independently.
In the vicinity of me, vortex entry (exit)
becomes collective, ie. includes the motion of a
large number of vortex lines [7,10].

4. Conclusion

We have calculated the activation energies U
and the relaxation rates R = dm/dInt for the
Bean-Livingston

vortex relaxation over the

surface barrier. As m increases from me, to
m.q for relaxation in (vortex entry) or increases
from mex to meq for relaxation out (vortex exit),
the activation energies are represented by Egs.
(5) and (14) for entry and exit,
respectively. The relaxation effects, which were
the m dependence of the

vortex

determined by
activation energies U, are nonlinear for vortex
entry, and linear at the initial stage but
nonlinear at m(int) = m.q for vortex exit. The
vortex entry at m = men is faster than the
vortex exit at m = me by about factor
(2MMen/ Meq)*’?. The vortex exit at m(Int) = meq is
faster than one at m = me by about factor (1
+ Meq/2Ha).
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