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Abstract:

The properties of a two-dimensional vortex system with random columnar defects were studied by

cooling the vortex system to zero temperature. The vortex lattice became more and more disordered with in-

creasing pinning strength f,, .

At small f,, a triangular vortex lattice away from the pins was observed. The

peak of structure factor SCGy) of the vortex lattice decreased with pinning strength f,» which accorded with

the finding that the probability of vortex to be pinned increased with f, . Some of our results agreed with exper-

imental findings.
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INTRODUCTION

Type 11 superconductors in a sufficiently
strong magnetic field change to a mixed state and
a vortex lattice ( VLD forms. The influence of
quenched random pinnings on the vortex lattice
is a subject of longstanding interest. In applica-
tion of high-Tc superconductors in strong mag-
netic fields, an effective VL pinning mechanism
is essential in order to minimize the resistive
losses through Lorentz-force induced vortex mo-
tion. Numerous experiments and simulations had
been conducted to study vortex system in motion
under an applied force produced by a current
( Henderson et al., 1996; Higgins et al.,
1996; Faleski et al., 1996). Random pins lead
to pinning of the VL and thereby produce a high-
ly non-linear dynamic response of the system
with current-voltage characteristic exhibiting a
critical current density below which dissipation is
strongly reduced. Specifically, columnar de-
fects> i.e., linear damage tracks in the material
usually produced by heavy-ion irradiation, had
emerged as very effective pinning centers ( Blat-
ter et al., 1994). For such systems, a continu-
ous vortex localization transition at T from an

entangled flux liquid to a disorder-dominated

vortex lattice( VL), columnar defects, structure factor

0511

Bose glass phase was predicted ( Nelson et al.
1992), and subsequently found in experiment
(Blatter et al., 1994) . It is therefore important
to describe the physical properties of a vortex
system at low temperature, i.e.> T < Tpgs es-
pecially the ground state at zero temperature
(Wengel et al., 1997). At low temperature, T
<< Tpg> thermal wandering of vortices can be
neglected and the vortices will essentially be
straight. Therefore, the problem can be mapped
to a two-dimensional (2D) problem of interact-
ing vortices and pinnings.

Many methods were developed to investigate
the structure of VL in superconductors with co-
lumnar defects at low temperature. Behler et al.
(1994 ) used scanning tunneling microscopy
(STM) to image vortex pinning in an NbSe,
crystal at 3 K. Dai et al. (1994) revealed pin-
ning of vortices by columnar defects in
Bi, Sr, CaCu, Og at 4.2 K by using magnetic dec-
It was found that the VL had

remnant correlation despite the random distribu-

oration method.

tion of pinning sites. At vortex density B > By»
where By was the field at which the densities of

vortices and defects were equal, a triangular VL

% Project supported by the Ministry of Science and Technology of China ( NKBRSF - G19990646) and Zhejiang Province Scientific Foundation

(199031).



262

LUO Mengbo, CHEN Qinghu et al.

away from the defects was observed. While at B
= B ¢
pinned and the VL looked much more ordered

only a small portion of vortices were

than that of pins.

In this work, we numerically studied the
ground state of a 2D vortex system interacting
with random pins. The influence of pinning
strength VL structure was investigated. Some of
our results agreed well with the experimental

findings of Behler et al. (1994) and Dai et al.
(1994 .

MODEL

Simulations were carried out for a 2D vortex
system by numerically integrating the over-

damped ecuation of vortex motion ( Reichhardt et
al., 1998,

dri _Sp ¢ YL NF Cr — RO 4 F
ﬁdt—uwri—rj +kt{puri_k+ i

QP

Here 7 is the viscosity coefficient, {R}} speci-

fies the NV, pinning center positions, r; denotes
the location of the ith vortex. The parameter 7 is
fixed to unity. The force between vortices is giv-
en by

Fm,(ri — r]) =f0K1( Iri — rjl )/A)fy (2)
where K; (r/A) is a modified Bessel function,

Ais the penetration depth, and 7; = Cr; — r; /1
r;—r;1. A cutoff is placed on K, ( r/A) after it

reaches an extremely small value at r = 6A.
The pinning force is taken as
Fm,(ri —Rk):(ﬁ)/rp)lri —Rkl
OCr, = lr, = R, 1D/2DF, (3>

Here, O is the step function, f, is called pinning
r, is the
pinning force range which is fixed as r, =0.3A,
and. 7, = (R, — r;)/I R, — r; | . All lengths,
fields; and forces are given in units of A, @4/
A%, and fy = ®}/8x*A%, respectively. Here,

@D, is the flux quantum.

strength or the maximum pinning force,

Thermal noise is modeled as a stochastic
term with properties

<F!(t)> =0 4

and

<F[CF[(t')> =29kpT75,;6Ct — ¢'> (5

To find the vortex ground state, we gradually
cooled a fixed number of randomly moving vorti-
ces from a high temperature 7o =1 to T = 0.
Note that according to the two-fluid model, the
penetration length diverges at the zero-field tran-
sition temperature Tc

ACT) =1 =-Cr/T 4] % (6)

But when 7' << T, the variation of A is very
small, e.g.> for T/T.~0.93, one already has
ACT)/Ay = 2. Therefore, in this paper A is
fixed .

Simulations were performed on a system of
size L* = 20 x 20 with periodic boundary condi-
tions. Kach simulation was started with a differ-
ent random initial configuration of the vortex po-
sitions and pinning center positions. We slowly
decreased the temperature with constant ratio
0.9, and after it was less than 10~® we then set
T =0. For each value of T >0, 50 000 MD
steps were used. At T =0, 500 000 MD steps
were used before data were obtained. Each MD
step ensured every vortex attempted to occupy a
new site on average. We typically took an aver-
age over 10 different configurations.

RESULTS AND SIMULATIONS

In Fig. 1 we show a series of vortex ground
states after cooling from our simulation for system
of N, =100 and N, =50 i.e.,» B/By=2. In
(a)s f,=0.1, we find that the vortex arrange-
ment is very ordered; and that an almost triangu-
lar VL is formed. That is consistent with the cal-
culated vortex structure factor SCkD, which has
a very sharp peak (see Fig. 2D, and also in
good agreement with experimental findings ( Be-
hler et al., 1994) . Moreover, only a very small
portion of the vortex is trapped by pins. With the
increase of pinning strength f,, the VL becomes
more and more disordered. However; fluctua-
tions in the spacing between pins are always
much stronger than that for vortices. We find
that if the spacing between two pins is much less
than the average spacing between vortices> one
of these two pins will not be occupied even for
the case of a large f, . This phenomenon was in
fact found in experiments ( Behler et al., 1994;
Troyanovski et al.,» 1999).
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Fig. 1 Vortex ground states obtained from
simulated cooling for different pinning
strength: f, = 0.1 in (aJ; 0.2 (b);
0.4 (c); 0.8 (d>. Shown here is a
10 x 10 subset. Solid circles and open
circles represent the vortices and pinning
sites, respectively.

the

ground state is that each vortex reaches its stable

For the dynamical approach method,

site where the total force, including vortex-vortex
The
ground state of VL is governed by the competi-
which

favors the formation of an ordered hexagonal lat-

interactions and pinning force> is zero.

tion between vortex-vortex interactionss

tice> and pinning by a random distribution of co-
lumnar defects,; which favor a disordered VL. At
small f,, the vortex-vortex interaction is rela-
tively strong, then the vortex system tends to be
an ordered VL. At large f,, the ground state of
VL is governed mainly by pinnings, then a dis-
ordered VL forms.

Of course> to find the correct ground state

the

»”

requires infinitely long time. Therefore,
ground states found with dynamical method are
pseudo”-ground states. However, the above re-
sults showed that these ”pseudo”-ground states
accorded with experiment findings. In fact, the
"true” ground state may be very difficult to reach
for the corresponding real system as well. These
7 pseudo -ground states may at least, at low
temperature,
properties of “real” ground states.

To learn more about the structure of the vor-

satisfactorily describe the static

tex ground state, we have calculated the struc-
ture factor of the vortex systems

1
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Fig. 2 Plots of the structure factor SCk) calculated
for different pinning strengths versus k (in
unit 25/a, ) for system with N, =100 and
N, =50, where a, is the mean vortex

spacing.

The structure factor SCk) averaged over angles
and ten different random pinning arrays are
shown in Fig. 2 for some systems. Parameter a
is the average vortex spacing, if the VL is as-
sumed to be triangular. The first evident peak of
SCk)D is near the reciprocal principal vector
length Gy = 4x / J3a, of a triangular lattice of
lattice spacing a .

With the increase of f,, the value S CGy)
decreases. Fig.3 shows the dependence of the
value SCGy) on the pinning strength f, . SCGy)

can be expressed approximately as

a'fp_/3 (8)

S(Go) =
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Fig. 3 Log-log plots of the peak of structure factor
SCG,) versus the pinning strength f,
Gy is the reciprocal principal vector length,
Gy =4 / J3 ay - The solid lines are the linear

fit for each system.

for f, in a range of 0.1 — 1.0. The peak of
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structure factor S (G, ) is usually greater than
1.0, indicating that the vortex must preferential-
ly occupy only certain pinning sites and that the
correlation among vortices remains despite the
random pinnings. This was what we found in our
simulation as shown in Fig. la. We must point
out that the power law relation between SCG,)
and f, will not be valid for large f, range because
the minimum of SCGy) is 1.0.

Fig. 1 shows that the number of pinned vor-
tices goes up with f, . In this paper, the proba-
bility of a vortex to be pinned, P, is also cal-
culated. It is clear that P,
(see Fig. 4). Due to the random distribution of
pinnings> the VL becomes more and more disor-

i increases with f,

dered with increasing f,» i.e., its peak of
structure factor S ( Gy ) decreases. Especially,
the By > found P,

was not equal to 15 which means repulsive vor-

for case B = we

tex interactions destroy the Mott insulator phase
predicted to occur at B = By ( Nelson et al.,
1992). Wengel et al. (1997) found this phe-
nomena using static method. They simulated the

ground state of 2D vortex system by minimizing
the system energy.
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Fig. 4 The probability of vortex to be pinned

P,;, vs. pinning strength f, for N, =50
and N, =100, when the vortex number
is N, =100.

In conclusion, we performed dynamical sim-
ulations on the properties of the ground state of a
2D vortex system with random pinnings by cool-
ing the vortex system to zero temperature. A

peak of structure factor S (k) of vortices was
found near the reciprocal principal vector length
Gy of a triangular lattice. SCG,) decreased with
increasing pinning strength f,, indicating that
the VL. became more and more disordered with
increasing f, . At small f,, a triangular VL away
from the pins was observed. At B = By, only
some of the vortices were pinned, indicating re-
pulsive vortex interactions destroyed the Mott in-
sulator phase predicted to occur at B = By . Our
numerical study was consistent with some experi-
The simulations showed the
great influence of pinning strength on the VL at

mental findings .

zero temperature. Therefore, we expect it will
also affect VL.” s thermal property, such as heat

capacity C> melting temperature 7, etc. .

Further study will be carried out on these prob-
lems.
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