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Regime Interpretation of Anomalous Vortex Dynamics in 2D Superconductors
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Low-frequency dynamic impedancéo™'(w,T)= (o) +io,)"!] measurements on Josephson
junction arrays found thato; ~ |Inw|, o, ~const. This implies anomalously sluggish vortex
mobilities wy (w) ~ o1 !, and is in conflict with general dynamical scaling expressions. We calculate
(@) o(w,T) by real-space vortex scaling and (), (w) using Mori's formalism for a screened
Coulomb gas. We find, in addition to the usual critical (latge-and hydrodynamic (lowo)
regimes, a new intermediate-frequency scaling regime into which the experimental data fall. This
resolves the above mentioned conflict and makes explicit predictions for the scaling farwof’).
[S0031-9007(96)02147-3]

PACS numbers: 74.50.+r, 05.90.+m, 74.60.Ge

The dynamic conductivity of superconductors uy using Mori's formalism for a screened Coulomb
o(w,T) = o, + ioy, = |ole’?s, including high?: gas [10]. Three probe-scale regimes emerge. (l) Prob-
materials and Josephson junction arrays (JJA), has beémng free-vortex scales (“low” frequencies), > &, in
the focus of much recent interest [1-4]. Dynamicala “hydrodynamic” region, Drude behavior with the cor-
scaling forms, o = £21745. (Y1), ¢, =D ) rect[1,2] dc conductivityg(w — 0,T) ~ &2, is recov-
were proposed by Fishet al. [1] and Dorsey [2], where ered. (lI) At intermediate scales/frequencies,< ¢, in
zis the dynamic exponent, anfl ~ 1/w&*. The results a new “precritical” region, MP-like behavior;; ~ |Inw|
apply [1,2] also for the vortex-unbinding Kosterlitz- is found. (lll) Probing bound pair scales (“high” frequen-
Thouless (KT) transition il = 2 [5], ¢ being the vortex cies) r, << £ in a “critical” region extending from just
screening length. The scaling functios. andS. (S-) aboveTkr to T = 0, a scale-dependent vortex damping
have well-defined limits in the hydrodynami@ > 1) ~o| ~ (r,/Inw)?* ~ [w(Inw)?]"" is found, correspond-
and critical(Y < 1) regimes, e.g.g; — £2, 0, — 0in  ing to large pairs moving in a logarithmically interacting
theY — o, dc limit. 2D JJA's [6] are clean, controllable viscous medium of smaller pairs. The resultseof— 0,
2D superconductors, and should be ideal systems t& — Txr thus depend on the order of the limits. The
display the universal dynamic scaling behavior and limitsratio R, = o(w,T)/0>(w,T) = cot¢p, atY = 1 inter-

Remarkably, however, low-frequency dynamic polates between Drud&, = 1) and MP (R, = 2/m)
impedancéo ~ ') measurements [4] on 2D SNS triangular- signatures [11], ag increases from zero, 6F increases
lattice JJA’s with a (field-induced) vortex screening lengthfrom Txrt. As a satisfying byproduct of calculation (a),
&, find o1 ~ |Inw|, o, ~ const, in conflict with dynamic the MP-like expressions emerge as approximations to the
scaling limits. This also implies anomalously sluggisho/£? scaling function, valid in regime 1. Calculation
low-frequency vortex mobilitiesey (w) ~ o1 ' ~ 1/lInw|  (b) demonstrates that the general results are indepen-
going to zero forw —0. o is related to the dynamic dent of the details of JJA dynamics, and depend only
dielectric function e(w): o ~iY/e(w). Surprisingly, on Coulomb gas screening properties. Local spin-wave
Minnhagen’s phenomenology (MP) far(w), described damping mechanism specific to SNS arrays [10,12] could
below, and related simulations support this anomalouglay an additional role in producing anomalous behavior,
behavior, but understanding the apparent breakdown ofidening regime Il. But both SNS and SIS arrays should
dynamical scaling, in the very arena where one mighshow all three regimes in principle, with different rela-

expect its clear verification, is of central importance. tive sizes of regimes | and I, coming from very general
In this Letter, we reconcile these results, by a “regimeconsiderations.
interpretation” [7] defined by the rati& = (r,, /&) of Two different physical circumstances yield a nonzero

the (squares of the) frequency-dependent diffusive probfee vortex density, and thus finite (i) For zero external
length [8] r», = y/To/w and the screening lengtlf. flux, and T > Tk, £ ! = ¢71(T) ~ e T~ Tx0) " £ 0
Here, I'y is a junction-determined phase diffusion rate,above transition] > Txr; while ¢! = 0 for T < Txr.
the lattice constant is unity, and we consider weak screeri) Flux-induced vortices of concentratiofi < 1 [4]
ing and probes over several lattice constantss> 1, (too dilute to form a stable lattice) can form a one-
ro > 1. We (a) recalculates(w,T) by a real-space component plasma with a screening lengthgiven by
scaling [9], with an improved treatment of intermediate-the Debye expressioéi™! = &p'(f) = (@42 f/T)V/? #
scale screening and (b) evaluate the vortex mobility, corresponding to “above transition” for afy
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We now sketch the MP ideas [11], originally devel- The dynamic conductivity calculation [9] yields
oped to describer(w,T) structures atl’ =T, > Txr, Oprpr = Oprpr + 0. Here, o is the usual
where ¢ (T,) =r,. The zero-wave-vector conductivity superfluid response, which at long wavelengths is
o(w,T) is proportional to the corresponding (inverse)(a/og) = 7K.I'(6(w) + iKo(I'y/w). With (), denot-
dielectric  constant: o(w,T)/ooKo&2=iY[ey(k= ing an average with weighP, = ¢ AHA0-40] & can
0,w,T)]"!, where oo is a conductivity scale and be written as
K, the bare vortex coupling. In MP, the real part 5 (. .
Rev(k=0,0,7)"'] of this zero-wave-vector dy- ——+— ~T f e'(siNA ,0,e "' SINA /6, ) dt .
namic function is approximated by the zero-frequency 70 0 4)

static function, R[ey(k,w =0,7)" '], evaluated at _
the probe scale,k =r_;'. The imaginary part, AS before [9], we extract vortices by a dual transform,

Jevk =0,w,T)"'] is found from the Kramers- do a Gaussian truncation on spin waves, aAnd.find that
Kronig (KK) relations, that produce a Yhdependence. the effect of the Fokker-Planck “propagatar™’ is to
Thus [11], withey (k = 0, w,T)"! = 7(2/(7(2 + £72), produce a correlation angle decayeas *'. The correla-
o Y . 2 Y2Iny tion 6, .~ can be expressed as the projection (through
ke 711 Kl I Sy =1 (1) derivatives) of the vortex partition “generating function,”
aoKoé ~ 00Ko¢ ™ with separated “test charges” atr and u'r’. Doing
AtY =1, R, =2/7 i€, ¢, = arctarim/2)], an MP  he fime integral in Eq. (4), the " factors lead to a
signature. The d_ynamlcal scaling limits [1,2] in the tegt chargelio/To)/(1 — iw/Ty) at w'r' in the parti-
Y <<~1 CrL“CfI reglrge, bodth ?bove(;nd_belozvﬁkT, ?hre tion function. The logarithmic potentialh’>Uy(R/a) =
o1 ~ 02 ~ 1/ (independent of), @, = 7/2. Inthe 5 s ang dipolar(¢ ! = 0) scaling equations [5] can
Y > 1 hydrodynamic regime, fof’ > Txr (T < Txr) RO = .
. 5 ' KT KT)» be generalized [7] to include wedk ' < 1) monopo-
one findsoy ~ &4, 0, ~ 0, ®, ~ 0[0, ~ 6(w), o2 ~
Lo 02 Pt . ' 92 lar screening of, a + da dipole binding, approximated
1/w]. Equation (1) for MP has very different limits; A .
however, o, ~ ¢2Y2|InY|, on ~ 1/w for Y < 1; and by a potentlaIA_U(R/a) = +277g;6,§’5. Real-space in-
o1 ~ E2InY|, oy ~ £2 for Y > 1. (Note that they > tegration of pairs of separatios, a + da can then be

1 limit, for & = £, (T) fixed, @ — 0, implies infinite done, as usual [5], pr_oducing t_he reno_rmalized coupling
dc conductivity,aboveTxr.) We now outline our two K; that obeys KT scaling equations. Since vortex damp-

complementary calculations, with details elsewhere [7]/"9 ('js acltoss t?e _JUIQC“OQS m_tge arLay, It is slcale de-
showing that MP-like behavior emerges in an intermediat@henfem’ 0~ done dO/a (z _h)’ w._erezar= ¢ | S0
regime I, rather than in the scaling form regimes |, IlI. t € Zrequency- ependent test ¢ "’.‘rgd”’s.“ /To)/( .
(A) Real-space vortex scaling and(w,T).—The L@@ /To) [13]. After projection, thls_prowdes_adynamlc
total (dimensionless) JJA bond currertf-‘ (w=1xy Drude factor, at scale = ¢, that weights the incremen-
directions) is a sum of Josephson or sulpefsihA ) tal, (static) scaling contributiong/(K;g;). The KK rela-
phase-slip or normal¢~A 9;), and noise currentl; ’a’md tions are thus automatically satisfied.
is conserved at every Z/E) lléttice site If we ign’ore . W'th apa_rtlal integration, th? long-wavelength qonduc-
capacitive charae buildup on arains tivity 6 (w) is then, finally, an integral over all pair con-
P 9 pong ' tributions, with a range of length (and time) scales

tot _ 7l A % *

gAﬂzm —%AM{T SiMA,0; — Ai(1)] a(c;) _ Y] dlK1g1|:i M} 5)
. . g0

+ vy '[AL0; = Ai(D] + fui(D}=0. (2)

dl 1 —i(a/ry)?

- T Fora <1, g; =1, and fora > 1, g; is the Debye
Here, vy = (2eR;1;/h)T = I'(T,T ~ = (hl;/2ekgT), dielectric constantg®/(q*> + £2) at a scaleq ~ a™ !
and I;, R; are the junction critical current and g, =[1 + (a/£)*]"!. The dominant monopole effect
the effective shunt resistance [9,13], for theon o(w) is the explicitg, factor, representing a scale-
SNS/SIS array. The random noise current obeysdependent reduction of far-off fields, as seenapy: +
(furOf wp(t')) = (2/v0)8uw 6,8t — t'). The JIA  da dipoles. There is a smooth crossover from dipolar
grain phases are-7 < §; = m, and the external trans- (a« < ¢, regime Ill) to monopolar > &, regime I)
verse vector potential,i(r) = Aui(w)e " is weak. screening with probes, ~ a, and with mutual  ~ ¢,
Inverting the Laplaciam? on @;, the Langevin dynamics regime Il) screening in between. Previously, we had

equation for the phase is [9,14] matched regime/lll behavior directly [9] effectively
) ~ IBH taking g, to be a step function, and suppressing the
0, =—> G v+ Fu() |, (3) intermediate regime. For external free-vortex screening
L ' - [¢ = én(f)], & = 1/[1 + (a/é)*] throughout.
whereBH =—=z3,, co§A,0, —A,(1)], Gy =G — Changing variables in Eq. (5)/¢ — a we seer(w, T)
G,, is the 2D lattice Green’s function (with singular part is a function ofY, with only logarithmic deviations-/; =
subtracted), andf",. (1), (1)) = 210G, (1 — t'). In¢, from the limits of the integral and iK; — K;+,.
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For¢ = &p(f) ~ /7, this implies a quasiuniversality [1] we solve to leading order, replacing;' in Eq. (9) by
in Y ~ f/w, as found [4]. The imaginary paw, of the zeroth O[Zdei“v. An approximate form is chosen for
Eqg. (5) has a function peaked at/£? = Y in square S,(q) = M(@(IZAI — 13D + 03| — 1411) [no being

2mnge?

brackets, multiplying a roll-off function. By rapid roll- the total density of the charges affi| a cutoff, corre-

off(?nd slharp)—peaking estimates, téal o, is estimated  sponding to the first maximum i, (7)]. We find
as(l, = INry, -2
o Y2 y! “1( () = ol _a
0'022 - Y{Klfl Ty KTy Y‘“Kl‘”] ©) () Fv[l " ksT In(l " ioly + fz)]
in the regimes 1, 11, and IIl, respectively, f > 1, Y < _ _ (10
1, Y < 1. Note in regime IlI, the? factor cancels, and neglecting at first the second term df,(q). The
[9] 02/00 = K,;,/w with the correct superfluid kinetic Coulomb-gas dielectric function of the system is related to
inductance limitK../w, for T < Txt, @ — 0. The real the charge mobilityuy and to the bound-pair part of the
part of the total conductivity, apart from th¥w) term, ~ dielectric function by [10k(w) = ep + ie’nopuy(w)/w.
(using KK relations in regime Il, where the integral is We now present the results. Figure 1 shows, from
harder to estimate) is Eq. (5), 02/ 00é?, as well asoy /apé? (which for small
o |: K 2 Koy 1 dKg, arctarY‘1:| w is essentiallyuy () the inverse vortex mobility, or

;7 = - vortex viscosity) versus the logarithmic scaled frequency
Uof . 1 .

or temperature variable, Y '. The experimental data

(7) [4] have been obtained for field-induced free vortices

1+Y 2 71-Y2 2 4, Y

in regimes I, I, and III, respectively. 'I_'he/.gz. results [¢-! = £,'(f) # 0] for which regime Ill is absent and
of Egs. (6) and (7) agree .Wlth the scaling I|m|ts_ [1,2] ofg(l) =[1 + (a/€)*]"", Va. Thus the coupling; should
S=(r~') and ¢,(Y) in regimes | and Ill. In regime Il, scale to zero forl — % (corresponding tal’ > Tkt in

with dipolar screening neglecte., — Ko), 0/¢é> is  the zero field case). We use the simple forh =

of the MP form, Eq. (1). With [S]K; ~ K + 17" In KO (Ipax — [), and usd,, as fitting parameter. A good

regime Ill, o1 /o9 ~ (To/w)/1;, for all T < Txr reflect-  fitis obtained forl. = 4.81, which is on the order of the

ing the KT “critical line,” in the dynamics; the phase angle | value for which the linearized scaling equations [5] yield

[1,2] ¢, = arctario,/oy) — /2, asw — 0. a vanishingk;. o(w) clearly matches Drude behavior
(B) Coulomb gas vortex dynamies.It is important  for regime I,Y > 1. The “intermediate” regimey < 1,

to directly calculate the Coulomb gas vortex “charge”with MP dependence-InY is seen to be fairly large. The

mobility [10] (for ¢~' # 0) in a way that is manifestly experimental [4] data points for SNS arrays, shown in
independent of the details [13] of JJA dynamics, but

shows the two frequency regimes | and Il (since dipolar

screening is not included, regime Il will not appear). 3.0 . o . T .
The overdamped equation of motion for a chargé 61(®)
is TyR; = —ZﬁiejVV(f?,- — R;), where the potential 251 111 AW x
between charge&; = *1) in Fourier space i (g) = ' x
(3*)"" and Ty is a friction coefficient. We use Mori's ‘ 11
formalism [10,15] to relateuy(w) to the correlation 20t « .
function ®,,(g, w) for the vortex charge densiy(R) = I .
> e;8(R — 7). The inverse mobility of a given particle sk TKT T i
or effective viscosity function is the sum of the bare
friction coefficient and a contribution that is related to the
forces from all other particles: 10k i
> + o+ . G (@)
,u;l(a)) = rv|:1 + (kBT)71 Z |§V(Z])|2(Dpp(é, w):| /// * \\\
q 051 AT NS .
(8) +//+/y X \\\:r
In order to evaluated,,(q, w) we make the usual | T~
approximations [10] (neglect of the “Mori projector” and 994755 o5 1 2 5 10 20 50 100 200
decoupling higher correlations in terms @fg) andn(g), v
the number density Fourier Compgnent). One obtains FIG. 1. Real and imaginary parts of the conductivity o &>
D,,(G w) = Sp(q{ _ (9) versusY = Iy/wé?, in a linear-log plot, from Eq. (5). Heré
PP i + kel@+e?) is the vortex screening length ay/w the probe lengttr,, .
Sy . pv(@) The +, X symbols are experimental data points [4]. Inset:
Here, S, (q) is the static (charge) structure factor. Equa-regimes I, II, and Il in a schematic frequency-temperature
tions (8) and (9) determing.y (w) self-consistently, but diagram, withr,! = £;(T) defining the Iyl boundary.
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of the frequency-dependent probe scale, and the screen-
ing length. Both Drude and anomalous vortex dynamics
emerge in different regimes, from calculations of the dy-
namic JJA conductivity and the vortex mobility. This rec-
onciles different results, supports postulated conductivity
scaling, and indicates further dynamical avenues to be ex-
plored, in simulations and experiments.
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