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Magnetic-field dependence of dynamical vortex response in two-dimensional Josephson junction
arrays and superconducting films
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The dynamical vortex response of a two-dimensional array of the resistively shunted Josephson junctions in
a perpendicular magnetic field is inferred from simulations. It is found that, as the magnetic field is increased
at a fixed temperature, the response crosses over from normal to anomalous, and that this crossover can be
characterized by a single dimensionless parameter. It is described how this crossover should be reflected in
measurements of the complex impedance for Josephson junction arrays and superconducting films.
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. Two-dimen_siona(ZD) vortex p_hysit;s is strongly reflected j=#1 /2e. The magnetic bond angl@ijE(Z»ﬂ-/(I)o)f{A.d|
in the properties of Josephson junction arréy@A) and SU= with the flux quantumb, and the magnetic vector potential
perconducting films, as well as high:- superconductors? ,%szf/ satisfies the plaquette sum,A; =2 with the

ij

In the absence of a magnetic field, the phase transition is C*rustrationf corresponding to the number of flux quanta per
the Kosterlitz-Thoules¢KT) type and is driven by the un- elementary triangle. The timieis in units of#/2e Ryl . with

binding of thermally created vortex-antivortex pairs. In the : . : NC

presence of a perpendicular magnetic field, ordered flux Iatt-hE.BtShuTt reigarldl%,\,_, f?/nzd Tj’fhsvfollowmg we S'rgp“fg thel

tices are formed which melt at high enough temperaturesl.m'. system tdry=1c=n/c€=1. We USe a second-order al-
orithm for numerical integration with the time steft

Although these thermodynamic aspects are well kndtvn, 9 ) e
the dynamical response properties, which contain key infor-. 0.05 and the syste.m side= 64: The key quanyty IS the
mation of the vortex physics and can be extracted from meaime gorrelatl_on functiorG(t), which is related with the di-
surements of the complex impedance and the flux rofse, lectric function 1é(w) by

are much less well understodd.In the present paper we

focus on the temperature region above the 2D flux lattice i 1 _i __ deteith(t) )
melting and infer that the dynamical response as a function iw|e(w) €(0) 0 '

of the perpendicular magnetic field has intriguing character-

istics. and is determined frors(t) = (2poT//3L?)(F(t)F(0)),5~8

The features of vortex dynamics are contained in the comwhere py= \/§<cos(6l,—0]—A,-j)> is the superfluid densit§?
plex impedanceZ(_w) or equivalently the conductivity gnd F(t)=2<ij>sin(0i—0j—A,-j)qj~§<, with the sum over all
o(w)=1/Z(w), which can be expressed as(w)=1Ry links andg; being the unit vector froni to j. In our unit

—liole(w) with the normal-state resistanég,, the ki-  systemp, is the same as the kinetic inductance dso that
netic inductancel, and the vortex dielectric function the relation betweer(w) and 1£(w) reduces to

l/e(w) describing the effect of the vortices on the

dynamicst*® In the present work we obtain é(w) and the

resistancdk=Rd o~ }(w=0)] from simulations and charac- o(w)=1-

terize the vortex dynamics in terms of these quantities.
We use the 2D resistively shunted junctiRSJ model

on anL XL triangular lattice with periodic boundary condi-

tions(see Fig. L The equations of motion in the presence of

an external magnetic fiel8= Bz follow from the local cur-
rent conservation

Po

()

iwe(w)’

éi:_; GijEk' [Sin(6; — 0= Aji) + 7], (2)

where6; is the phase of the complex order parameter at site
i, Gjj is the lattice Green’s function, and the primed summa-
tion is over six nearest neighbors pfThe thermal noise
current ;. in units of the single junction critical curremg FIG. 1. Triangular array of Josephson junctions. The supercon-
satisfies  (7;(t))=0 and  (%;j(t) 7(0))=2T (55 ducting island at sité is associated with an order parameter phase
— 81 6j) 8(t), where(- - -) is the ensemble average and the angle; and the Josephson junction between adjacent islands with a
temperatureT is in units of the Josephson coupling strengthcritical currentl ..
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FIG. 2. Resistanc® as a function of frustratiori at T=0.5
(squaresand 0.1(circles. The empty symbols represeRbtained
as described in text, and the filled circles as obtained by the method 1 T T
described in Ref. fdenoted byR,). The dashed lines through the
origin correspond to expectation from free vortex diffusion. The full
drawn lines are guides to the eyes. The inset shows that the onset of
resistance starts well below=0.1.

1/e(w)

05 | 1

Figure 2 shows the resistang&eas a function of frustra-
tion f at T=0.1 and 0.5 obtained fror®(t) using Eqs.(2) 0 ' )
and (3) together withR=Rdg 1/o(w=0)]. In order to check '
the present method we have also calculated the resistance in
a completely independent way using the fluctuating twist FIG. 3. The response function () for (a8) T=0.5 andf
boundary conditions described in Ref. 5. As seen in Fig. 2=1/16, (b) T=0.1 andf=1/64, and(c) T=0.1 andf=1/16. The
both determinations give consistent results but the preseffitll and dashed lines are the fits to the functional form described in
method appears to converge much better. The inset in Fig. @xt. For each pairT,f) this essentially gives a one-parameter char-
showsR versusT and verifies thaf=0.1 and 0.5 are both acterization.
well above the resistive transition temperature. The naive
expectation is thaR is proportional to the density of free Re{ 1

w2

vortices which in turn is proportional tb* This corresponds
to a situation where all vortices effectively move diffusively
as independent particles. As seen in Fig. 2 this expectation igheree describes an effective static polarization of the vor-
borne out for T=0.5 for the two lowest frustrationg tex interaction due to vortex-antivortex patrsand
=1/64 and 1/32(these data points fall on a straight line R 1/e(w)]* w? for small w. The second response form de-
through the origin However, the highest frustratiofi  scribes the dynamical response mfund vortex-antivortex
=1/16 falls slightly below this line indicating a suppression pairs whose phenomenological form has been proposed
of the free vortex diffusion. This effect is much more pro- in Ref. 1[Minnhagen phenomenolodi¥P)] and is given by
nounced for the lower temperatufe=0.1, where both resis- Ref. 5: GMP(t) = (2/em)[ Ci( wot) Sin wgt—Si(wot) coswgt],
tances forf = 1/16 andf=1/32 fall well below the straight | here Cik)=— f=dtcosth, si(x)=—[“dtsint/t, and GM"

line through the origin. Since the vortex pinning caused by a1 4 for |arge times. The corresponding response function is
triangular array is very weak,the essential part of the sup-

e(w)

1
€ w2+0'5

S . ] I%iven by
pression is caused by some vortex correlation mechanis
and not by a lattice pinning effect. 1 1 1
Figure 3 shows the real and imaginary part o&(1f) E{E(m) - <(0) :Z ot g’

obtained fromG(t) by aid of Eq.(2). One immediately notes
a qualitative difference; in Figs(& and(b) the maximum of  \hich goes to zero linearly wit and gives a vanishing
lIm[1/e(w)] is very close to the crossing point with resistance. It is sometimes referred to as an anomalous vortex
Re 1/e(w)], whereas in Fig. @) this maximum is displaced dynamics since it exhibits a nonanalytic divergence of the
to the right. In order to analyze these differences in a sysconductivity for smallw: o(w)*—Inw.** This form has
tematic way we parametrize the curves by an interpolatiotheen shown, from simulations of various models of 2D vor-
between two response forms. The first is the Drude formex physics in the absence of magnetic field, to describe the
which corresponds to vortices effectively diffusing as inde'response of the low-temperature ph2$é? where the dy-
pendent particles. This form is hence expected to apply to thgamics is dominated by bound vortex-antivortex pairs.

region where the resistance is linearfitas forf=1/64 and In general both bound pairs and free vortices can exist at
1/32 atT=0.5 in Fig. 2. The time correlation function in  the same time, e.g., fdr=0 above the KT transition and for
this case is of the exponential for@°gt) =(2/emr)e 0 a finite f above the resistive transition, and the dynamical
and the corresponding response function is given by response is expected to contain contributions from both of
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FIG. 4. The parametar characterizing the response as a func-  FIG. 5. Peak ratio as a function of frustratinAt T=0.5 the
tion of f. At T=0.5, r increases slightly with increasirfgbut re-  peak ratio decreases slightly with increasfrigut remains close to
mains much smaller than 1, characterizing a Drude-like responsehe Drude value 1. AT=0.1 the peak ratio crosses over from 1 to
At T=0.1, r changes fromr<1 tor>1 with increasind, signify- the MP value 2¢#.
ing a crossover from Drude-like to MP-like response.

the response typés. In the present work we use the inter- (by obtaining a sufficient number of data points close to the
polation introduced in Ref. 5G™M(t)="¢eGPUIqt)GMP(t),  maximum) and shows that the crossover from Drude-like to
MP-like behavior aff =0.1 with increasind is clearly sig-
naled as a decrease in the peak ratio.

Our simulations show that in a certain parameter range
the dynamical response as a function of frustration crosses
over from a free-particle-like response to a response which
has the same form as the response of bound vortex-
X U . - antivortex pairs and that this crossover is linked to a suppres-
ting as in Fig. 2, we are left with only two fitting parameters _. .
~ o A sion of the resistance. In Ref. 8 the same type of crossover
€ :_;lndr. Furthermore, for a finité abO\_/e the resistive ran- fom prude to MP response with increasing frustration was
sition there are few bound vortex-antivortex pairs present Nound for a 2DXY model with time-dependent Ginzburg-
the static limit so thae~1, and the dynamical response is | gndau (TDGL) dynamics. In Ref. 11 it was found that a
essentially characterized by the single parameten the  yiangular JJA with a small finite frustration shows a MP-like
following analysis we us&R in Fig. 2 and fit data to the egponse well below the zero-frustration KT transition and in
dynamical response functionelk) with two free param-  pet 7 it was suggested, based on the peak ratio, that the
eterse andr. Figure 3 shows three typical examples; the fitssame s true for the superconducting film measured in Ref.
are very good and the obtained valeare in all cases close 13.
to 1[€~1.0, 1.0, and 0.93 for Figs(&, (b), and(c), respec- Several theoretical attempts have been made to under-
tively]. stand the origin of the anomalous dynami¢$® Ref. 14 as-

Figure 4 shows the characterization of the dynamical reeribes the effect to a coupling between spin waves and vor-
sponse in terms of the parameter The response fof  tices, suggesting that there should be anomalous dynamics
=0.5 corresponds to a smalland hence Drude-like behav- for TDGL but not for RSJ, in contrast to what has been
ior. This is consistent with independent diffusionfafevor-  demonstrated in the present work. Reference 15 attributes the
tices and with the linear relation betwe@andf found in  effect to vortex correlations which should apply to both the
Fig. 2. However, as seen in Fig. B,increases somewhat TDGL and RSJ. However, none of the theoretical formula-
with f, which suggests an increase of “vortex-pair-like” cor- tions yields a crossover to the MP form and a shift of the
relations. This seems consistent with the small suppressio&ak ratio from 1 to 2+ with increasing magnetic fieldnd
of Rwith increasingf for T=0.5 in Fig. 2. The same feature hence with arincreasing resistancerhus an adequate theo-
is much more dramatic fof=0.1: r increases from a small retical explanation is still largely lacking. In Ref. 8 it was
Drude-like value to a large MP-like value withwhich sug-  found from simulations that an increase of the magnetic field
gests that the response for the largess dominated by 450 causes an increased density of antivortices suggesting
“vortex-pair-like” correlations, and is consistent with the {hat vortex-antivortex correlations may play a role with a
large suppression d® at largef for T=0.1 in Fig. 2. possible connection to the fact that the MP response also

An alternative way to analyze the crossover from Drudegescripes the response of the low-temperature phasé for
to MP response is to focus on the peak ratio, defined as the
ratio  [Re 1/e(w)]/Im[1/e(w)]| at the maximum of Our analyzing method makes it possible to assess to what
|Im[ 1/e(w)]|. For the pure Drude response this ratio is unity extent the crossover from normal to anomalous response de-

whereas for the pure MP response it isr2/0.64[see Fig. 3 s¢ribed here shows up in measurements on real systems.
where(a) and(b) have peak ratios close to the Drude value

whereas the peak ratio {i¢) is close to the MP valdeFig- The research was supported by the Swedish Natural Sci-
ure 5 displays the peak ratios obtained directly from the dat&nce Research Council through Contract No. FU 04040-322.

which contains three parametes, oy, and wg, Or equiva-
lently e, r=wq/0, andR. Herer is the important parameter
which changes the response from pure DruderfeiO to
pure MP forr=o, andR satisfiesog=R[ po(7+rinr)]/(1
—R)[7e(1+r?)] from G™ together with Eqgs(2) and (3).
SinceR can be independently determined without curve fit-
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