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Dynamic impedance of two-dimensional superconducting films near the superconducting transition
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The sheet impedanceg&(w,T), of several superconductirg Mo,;Geys films and one In/InQ film have
been measured in zero field using a two-coil mutual inductance technique at frequencies from 100 Hz to 100
kHz. Z(w,T) is found to have three contributions: the inductive superfluid, renormalized by nonvortex phase
fluctuations; conventional vortex-antivortex pairs, whose contribution turns on very rapidly just below the
Kosterlitz-Thouless-BerezinskiKTB) unbinding temperature; and an anomalous contribution. The latter is
predominantly resistive, persists well below the KTB temperature, and is weakly dependent on frequency down
to remarkably low frequencies, at least 100 Hz. It increases Tithe ™Y (M’keT where the activation energy,
U’(T), is about half the energy to create a vortex-antivortex pair, indicating that the frequency dependence is
that of individual excitations, rather than critical behavior.
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. INTRODUCTION characteristic§;?° and thus cannot be compared directly
with our measurements. While these papers generally ac-
For the past twenty years the superconducting to normatnowledge good agreement with KTB theory, Pierson
(S-N) transition in two-dimensional2D) films and Joseph- et al!! have revisited the scaling analyses of masy mea-
son junction arrays has been a very active area of research, surements, as well as dynamic measurements on 2D He
the broad context of understanding the effects of reduceflims, and they find that when the dynamical exponents
dimensionality on phase transitions. Interest has been revitataken to be an adjustable parameter, the best scaling occurs
ized by the quasi-two-dimensional nature of hiphcuprate  for z=5.6=0.3, not the KTB valuez=2. Piersoret al. dis-
superconductors. The paradigm for identifying and discusseount the notion that deviations &fV curves from KTB at
ing the transition is the static Kosterlitz-Thouless-Berezinskiilow current densities arise from finite-size effects, or vortices
(KTB) theory!? and its extensions to dynamits, which  generated by the ambient field, or by vortex pinning, and
identify thermally excited vortex-antivortex pairs as theconclude that the 2D S-N transition occurs below the univer-
agents of dissipation and focus on them, setting aside norsal KTB prediction, T . (A recent experimental and theoret-
vortex (longitudina) phase fluctuations and fluctuations in ical study of finite size effects in Josephson junction arrays
the amplitude of the order parameter. Previous experimentalan be found in Ref. 1D.
studies have concentrated on power laws and critical scaling There have been several previous studies of dynamics of
to test the validity of KTB theory in the narrow critical re- 2D superconductors, including indium-oxideind a-MoGe
gion. films,'® wire networkst* and Josephson junction arrays®
In this paper, we present a comprehensive study of th&here our data overlap these studies, there is good agree-
sheet impedance of superconducting films in zero field, irment. In particular, all studies find that at temperatures below
which we pay particular attention to behavior below the criti-the KTB unbinding temperature, the sheet impedance is fre-
cal region, in order to better understand the 2D S-N transigquency dependent at remarkably low frequencies. The
tion, and to establish a phenomenology for comparison wittpresent work expands on these studies.
cuprates. Consistent with KTB, we find an abrupt increase in The frequency dependence of the sheet impedance pro-
sheet inductance and a concurrent rapid increase in shegtled by vortex-antivortex pairs has been explored theoreti-
resistance at the KTB transition temperature. But even weltally in some detail. Ambegaokar and co-workers extended
below this temperature there is an anomalous impedancéye static KTB theory in the context of vortex-antivortex
primarily resistive, that is not present in KTB theory. This dynamics in superfluid He filmsHalperin and Nelson ex-
impedance becomes apparent at low frequentiew 100 tended this work to vortex-antivortex pairs in superconduct-
kHz) where the inductive impedance of the superfluid ising films# Minnhagen pointed out that Ambegaokar’s ex-
small. Its frequency dependence is weak, but extends to supressions for the sheet conductivity violate the Kramers-
prisingly low frequencies, down to at least 100 Hz. It is Kronig relationship, and he has developed a model similar to
possible that the S-N transition actually occurs well belowthat of Ambegaokar that remedies this problem. The Min-
the KTB unbinding temperature, and is mediated by a mor@hagen phenomenolodiP) provides an expression for the
subtle, longer-lived, excitation than the classic vortex-vortex dielectric function, which determines the imaginary

antivortex pair. conductivity contributed by vortex antivortex pairs. The real
Many previous studies of the S-N transition in 2D were conductivity is determined by Kramers-Kronig transform.
scaling analyses of nonlinear dc current-voltage V{ The present work explores in detail the frequency and
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temperature dependence of the sheet impedaties,T), of Regardless of details, one would expect the S-N transition
a model 2D superconductor, amorphous MoGe, at normalto occur neakgT/Uqo(T)=1. The full KTB renormalization
state sheet resistancRg up to 90012, and, for comparison, group theory predicts the S-N transition &gT/U(T)

an amorphous-composite In/Ip@m with Ry near 40000). = m/2, where the superconducting energ¥(T), is calcu-
That these rather different materials share the same qualittated via Eq.(1) but with the effective sheet inductance,
tive features indicates that the anomalous sheet impedanceliéT), including vortex-antivortex pairs, in place of the
general, not peculiar to a particular system. It follows thatmean-field inductance. Numerical ;lmulatlons of_ square, tri-
there exists an anomalous fluctuation that dominates the lovgngular, and honeycomb JJ arrdyind thatLo/L is about
frequency behavior oZ below T, defined experimentally 0.6 at the KTB transition temperature, so that the transition
as the temperature where the sheet resistance and inductarﬁ@urs akgTc /_U OO(TC)QO'g'_ConS'Stem with this, we have
increase very rapidly, consistent with vortex pair unbinding.'0und that the inverse sheet inductance ofahkloGe films
This fluctuation must involve phase slips, hence vortices Ofilscussed below drops precipitously IegT/UOO(T)~O.9, .
some configuration. In Sec. IV we show that the conven-When the anomalous component of the sheet impedance is

tional understanding of vortex-antivortex pairs does not ca set aside” Furthermore, fluctuations suppress the inverse
. iing P P3heet inductance to about 60% of its mean-field value just
ture their dynamics.

f . he d - ful I fbefore the rapid drop. On this basis, we argue that the im-
Before examining the data, it is useful to recall some of,o4ance of our films should be interpreted as the expected

the principles ar_ld notations ;urrounding fluctuation eﬁeCtSimpedance of superfluid plus vortex pairs, plus an anomalous
Thermal fluctuations become important in 2D superconductsgntribution.

ors, (films and Josephson junction arraysvhenkgT be- It is straightforward to identify the anomalous impedance,
comes comparable to the mean-field superconducting energy, (», T). Below T¢, as discussed below, vortex-antivortex
Uoo: pairs should be inductive at our experimental frequencies, so
all of the sheet resistancd®(w,T), is anomalous. The
UOO(T)E(¢O/27T)2L51(T), 1) anomalous partl ,(w,T), of the experimental sheet induc-

tance,L(w,T), can be identified from its dependence @n
since the inductance of the background superfluid plus bound
where ¢o=h/2e is the flux quantum. The mean-field inverse yortex-antivortex pairs,.s(T), is independent of frequency
sheet inductance., *(T), in Eq. (1) is proportional to the at temperatures and frequencies of interest here. Theories
mean-field areal superfluid densityg(T), and it vanishes focus on the sheet conductanc&(w,T)=04(w,T)d
at the mean-field transition temperatufey. Ug(0) is typi- —ioy(w,T)d=Z"(w,T), especially the peak iG;(w,T)
cally one or two orders of magnitude larger theyT,, so Vs T, so we present our data in this form, too. But in our
thermal fluctuations become important very n€ag, where  View, at temperatures below the very narrow critical region
ns(T) is one or two orders of magnitude smaller thanbelow T¢, the impedanceZ(w,T) is more transparent be-
Nso(0). In 2D films, thicknessd<&(T), where&(T) is the — cause the impedances of the superfluid background and ther-
Ginzburg-Landau(GL) coherence lengthUyy(T) is the _mal vortex pair _excitations_ are in series, in analogy with the
mean-field condensation enerdyc[B(T)/2uo], in a co-  impedance of pinned vortices.

herence volumeyV.=4¢%(T)d. One can also writelJy, The outline of this paper is as follows. In Sec. I, the
=#2ngy(T)/4m, wherem is the electron mass, to make ex- experimental method and sample properties are discussed. In

plicit the relationship betweeb 4, and superfluid density. In S€¢- Il, experimental results are presented and features com-
square Josephson junctiéd) arrays,U,, is the mean-field MON to all films are highlighted. Section 1V outlines conven-

Josephson coupling energy,of one junction; for triangular tional properties of i|_1di\_/idual vortex-gntivorteg pairs and
and honeycomb arraysJy, differs from J by a geometric then argues that unbinding of conventional pairs is respon-

factor near unity” When Uy, is written in terms of sheet sible for the rapid changes ihat and above the experimen-

inductance, as in Ed1), the expression is the same for films @ Tc, but cannot account for the anomalous impedance
and arrays. below T . Section V summarizes our results for the anoma-

For our films,U o(T) can be obtained by extrapolation of 10U impedance and shows how they compare to data in the

low temperature data using the weak coupling BCS result folltérature.
Ngo(T)/Ngp(0). A more useful energyJo(T), can be ob-
tained from Eq.(1) by using the inductance of the back-
ground superfluid in place of the mean-field inductance. The
background superfluid density, which is lower than the The sheet impedanc&(w,T), was determined at fre-
mean-field superfluid density due to the presence of nonvoiguenciesf = w/27, from 100 Hz to 100 kHz using a two-
tex fluctuations, cannot be measured directly. Howevercoil mutual inductance technique with the drive and pickup
since the contribution of vortex-antivortex pairs is small ex-coils coaxial and pressed against opposite sides of théfilm.
cept very close to the unbinding temperature, below the critiThe drive coil radius is much smaller than the film dimen-
cal region it is sufficient to calculatdo(T) using the mea- sions, so the magnetic field it produces is concentrated near
sured sheet inductance, exclusive of the anomalous part. ke center of the film. By means of a lookup table containing
the critical regionU, is estimated to be about 25% smaller over 10000 pairs of mutual inductandel, and Z values,
thanUgq, based on numerical simulations of Josephson juncealculated for the geometry of the actual film and coils, the
tion array$’ and measurements on MoGe filifs. real and imaginary parts & were determined from the in-

II. EXPERIMENTAL METHOD AND SAMPLE
PROPERTIES
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TABLE I. Film parameters, Film®$, C, F, and G are amor-

phousa-Mo,Ge,; and film| is amorphous-composite In/IgOd 08 ' ]

is the nominal film thickness. ~1(0) is the measured inverse sheet MoGe Film C

inductance extrapolated t8=0 from T=400 mK. The normal 06 L Ho®O o i

state sheet resistancBy (15 K), is nominal for the MoGe films 'S e

(Ref. 3) and measured for the In/In@ilm. The uncertainty inf ¢ £

is about 15% ofT ¢o— T for the MoGe films and somewhat larger 2 04 - ;

for the In/InQ, film. 'gg 50 kHz

Film B C F G I 0.2 - 106, 190 Hz\.\ .

d(R) 61 46 275 215 190

L=%0) (nH)"1 (+4%) 13.29 955 421 257 0.692 0.0 I .

Ry () (£5%) 287 387 674 885 4150 45 46 47 48 49

Teo (K)5.559 5.043 3.881 3.167 3.048 T (K

Tc (K) (£5 mK) 0.021 4.920 3.734 2.999 2.685

(Teo— T Teo 0.024 0.038 0053 0.12 FIG. 1. T dependence ofigwo for MoGe film C measured at
(+15%) f=0.19, 1, 2, 5, 10, and 50 kHzowo, increases monotonically

with frequency, anduowo, peaks at higher temperatures as fre-

guency is increased.

phase and quadrature componentMofGreat care was taken

to ensure tha¥ was independent of the excitation amplitude. noise decreases dsexceedsT and the field produced by

Measurements also were performed as a function of perperurrents in the sample becomes small. UncertaintyRin

dicular magnetic field to identify the field range over which grows near the low temperature tail in,. Here small un-

Z was independent of fieftf. All data presented here were certainties(less than 1f in the phase of the mutual induc-

taken with the ambient field nulled sufficiently so as not totance are responsible. Since the dissipation peak extends to

affect the film’s impedance. lower temperatures as is reduced, the sheet resistance is
Table | lists film properties. 6 mm radius-Mo;;Ge,;  known with less accuracy for high frequencies at lower tem-

films with thicknesses down to 21.5 A were grown on oxi- peratures.

dized Si, with Ge buffer layers below and above. The beauty Figure 1 showsuowo vs T and Fig. 2 shows ~(w,T)

of these films is that, fluctuations aside, they are nearly perandR(w,T) at 190 Hz w/27<50 kHz for a-MoGe film C.

fect weak coupling BCS superconductors in the respect that,

as shown in Refs. 18 and 21, their mean-field sheet induc- 20

tances have the same BC3 dependence, that is,

Lo }(T/Tco)/ Ly *(0) vs T/Tgq is the same for all, even

thoughL, 1(0) and T vary substantially with thickness.

Data also are presented for a 10 mm diameter In/Ifiln

(film 1 in Table ). The superfluid density for this film does

not follow the weak coupling BCS theory as well as MoGe

films do, and in that sense it is less ideal.

MoGe Film C

Ill. EXPERIMENTAL RESULTS

In this section data are presented for the complex conduc-
tivity and impedance of several films. We emphasize that a
great deal of effort went into ascertaining that data were
taken in the linear response regime, where the sheet imped-
ance was independent of the magnetic field produced by cur-
rent in the drive coil, and into checking that the residual
ambient field was negligibly smait.

A few comments about experimental uncertainties are in
order. The experiment measures the magnetic field produced
by induced currents in the sample. The current density does
not vary through the thickness of our very thin films. Assum-
ing that the film is homogeneous on a length scale much
shorter than the 1 mm radii of the drive and pickup coils, the
experiment yieldZ(w,T) directly. Uncertainty in the_ fil_m T (K)
thickness,d, enters only when we calculate the resistivity,
p=Zd. Signal-to-noise decreasesaslecreases because the  FIG. 2. T dependencies df ~* andR for MoGe film C, calcu-
measured pickup voltage is proportional & Signal-to- lated from data in Fig. 1.

log.o(R / 12)

174505-3



TURNEAURE, LEMBERGER, AND GRAYBEAL PHYSICAL REVIEW B63 174505

oL " MoGe Film C | 0.05
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Uo(T) / kgT
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FIG. 3. InR) vs Uy /kgT for film C at f =50 kHz. The linear fit
indicates thatR(T) is Arrhenius with an activation energy of
3-aJO.

FIG. 5. T dependence gfywo for In/InO, film | atf=0.2, 0.5,
1, 2, 5, 10, 50, and 100 kHzywo» increases monotonically with
frequency near the transition, apgwo;, peaks at higher tempera-
tures as frequency is increased.
Consider data at 50 kHz. At about 4.92 R,begins to in-

crease very rapidly, and " begins to drop. We define this e This lends confidence to the separatiof. @fto two
temperature to be the experimentgl, and we associate it components. Results for MoGe filrBs F, andG are similar
with the unbinding of vortex-antivortex pairs. Belol ,R {5 c2t

is small, less than T0Ry, but it should be immeasurably  gimilar results are found for In/InOfilm 1. Figure 4

small. Figure 3 shows that fof<Tc, R exhibits activated shows owa; and wowa, at 50 kHz and the normal-state
behavior with an activation energy of 315(_T), aboup half resistanceRy(T). Ry—0 at the same temperature that su-
the energy needed to create a vortex-antivortex pair, as digerfiyid appears, indicative of an electrically homogeneous
cussed below. It is possible thBtvanishes at a phase tran- gy even though the microstructure is an amorphous com-
sition well belowT, but if so, the transition occurs whéh posite. Figure 5 showswowo(w,T) and Fig. 6 shows

is below our sensitivity. Finally, we note th&® depends R(w,T) and L~ Y(w,T) for 200 Hz=f<100kHz. The im-

W(—:_akly on frequency down to 190 Hz, with no sign of satu-,tant qualitative features are the same as for MoGe films.
ration.

L~ ! increases slowly withw due to the frequency depen-

08

dence ofL,. L, can be extracted by fittingoL with an In/InO. Film |
ordinary inductive termwL g(T), which is strictly propor- X
tional to w and includes the inductances of the superfluid and 0.6 il
conventional vortex pairs, and an anomalous part, — 100 kHz
ol ,(w,T), with a power law frequency dependence. It turns T
out thatR and wL ,(w,T) have the same power law depen- £ 04
dence over several decades of frequency, and therefore are <,
consistent with being Kramers-Kronig transforms of each 02
005 5
INiNO,, Film | 00
0.04 LOOG -4 C
o -3 E
Y E
- L3 ~ — E
E 003 g a i
~— ~ ~— _4 ?
§ 002 - L2 o N
= S 5L
2 g
0.01 -1 ) §
6 3
0.00 1 | T | x 0 o
0 1 2 3 4 5 6 g 1 !
T K 1.0 15 20 25 30
T (K
FIG. 4. uowo measured at 50 kHz and the normal state sheet
resistance for In/InQfilm |. The uncertainty in botRy andugqwo, FIG. 6. T dependencies df ~* andR for In/InQ, film I, calcu-

is about 10%. lated from data in Fig. 5.
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3.0

MoGe Film B ' MoGe Film C
. 1.2 =
T lsisk 6017
- —
& 20~ | 5408 K © 08 |
= ' ‘ =
3 4 5
— 157 logygf 1H2) | T,
04 -
1.0
O.SZ\H 0.0|‘|.\r P T
4.80 485 4,90 495
T (K)
S
® 5.386 K FIG. 8. Example of the extrapolation procedure used to obtain
Z 10° —_M LsA(T) for film C. The solid lines are measurementsf at10 and
g2 ] Lo 50 kHz. The dashed line is the extrapolation to high frequency,
© ] Wy 5 © hich i L_l
v 1o e 2555 406 K which isLgg.
‘M tance, including vortex-antivortex pairs. Figure 8 illustrates
e thatLgF1 is not much larger than the measured® at the
4 5 highest experimental frequency, typically 50 or 100 kHz.
log,o(f/ 1 Hz) The lower curves aré ~(T) measured at 10 kHz and 50

_ kHz, and the dashed curvelig (T) which has been calcu-
FIG. 7. Top panel shows vs f for four temperatures. The inset |ated from the 10 kHz and 50 kHz data sets and the assump-
shows that ,=L — Lsex w287 The bottom panel showR (filled g that wL ;= A(T) ©®4 For T<Tc, the dashed curve is

symbols for the same 4 temperatures as welladis, for one tem-  jite close to the 50 kHz data, so errors in extrapolation are
perature(open circles All five of these impedances are propor- small

tional to 9137002

IV. EXPECTED BEHAVIOR OF VORTEX-ANTIVORTEX

At 50 kHz, R begins to increase rapidly at the same tempera- PAIRS

ture (Tc~2.685K) wherel ~! begins to drop, and there is
an anomalous impedance beldw that is frequency depen-  |n this section, we construct a simple model of vortex-
dent down to at least 200 Hz. We note that Ref. 12 found antivortex pairs coexisting with a background superfluid agi-
similar frequency dependence far* in an In/InQ, film.  tated by nonvortex thermal phase fluctuations. The model
They did not present data fét. A minor quantitative differ-  provides estimates for various important parameters such as
ence between In/InO and a-MoGe is that for the density of vortices at the unbinding transition, the width
In/InO,,R(w, T) increases withT with an activation energy of the critical region, and the contribution of vortex-
of about 2.2Jo(T). antivortex pairs to the sheet impedance below the critical
The frequency dependence of the anomalous impedangegion. It supports our conclusions that the unbinding transi-
is weak and extends to remarkably low frequencies. To extion for conventional vortex-antivortex pairs occurs as ex-
plore frequency dependence in detail, measurements wefsected, and that there is an anomalous dissipative mechanism
made at fixedT for MoGe film B while sweeping the fre- that cannot be described with conventional vortex-antivortex
quency. Noise at loww was reduced by averaging thousandspairs. Since interactions among pairs are important only in a
of measurements over periods of about 10 min. Figure %ery narrow region near the unbinding transitfrand our
shows results at four temperatures. The top panel shows thatain focus lies below this region, we will neglect interpair
L decreases and approaches a constant areases. The interactions. Our estimations for vortex-pair properties are
inset of the top panel shows a fit of ldg{Lsp) to const more accurate if we calculate the characteristic supercon-
+(b—1)log(f), where Lse was adjusted to obtain the best ducting energy introduced in E¢L) by replacing the mean-
straight line. The best fit has=0.125, so the anomalous field sheet inductance with the inductance of the background
reactance isoL,=A(T) 0% The bottom panel in Fig. 7 superfluid, which is suppressed by nonvortex thermal phase
showsR vs f (solid symbolg at four temperatures, andl,  fluctuations, but is smooth through the pair-unbinding tran-
vsfatT=5.406 K(open circles For all temperaturef and  sition. We denote this energy &k .
wl, are proportional ta®, with b=0.13+0.02. For In/InQ To begin, we review how fluctuation effects evolve with
film I, b~0.20+0.05. Our main point is thaZ,(w,T)=R increasing temperature. At a low temperature, say,
+wl, is a weak function ofw at surprisingly low frequen- kgT/Uy(T)~1/20, small amplitude, non-vortex phase fluc-
cies. tuations suppress the background superfluid density,
We interpretLsg(T) as the expected superfluid induc- ngg(T), below the mean-field densitpgy(T), by perhaps a

174505-5



TURNEAURE, LEMBERGER, AND GRAYBEAL PHYSICAL REVIEW B63 174505

percent® and the areal densityy,(T), of vortex pairs is T ' —
negligible. AsT increases, nonvortex phase fluctuations in-
crease in intensity, ultimately suppressingg(T) to 70—
75% of ngy(T) at the unbinding transition. These back-
ground phase fluctuations are an essential part of the story
because they are responsible both for generating vortex-
antivortex pairs and for driving their Brownian motion. They
are considered in some detail in Ref. 24. For reference, since
nss(T)=~0.75g(T) at the unbinding transition, KTB Em/ U
theory predicts a transition & T/Uy(T)~0.757/2~1.2. 4 - s
To estimate the density of vortex-antivortex pair excita-
tions, we need their energy relative to the Meissner state. The e e E—
calculation is straightforward. The energy has three por- 0 1 2
tions: (1) Ey, associated with suppression of, and gradi-

Epair/ Uo

ents in, the magnitude of the order parametgj;Ex, the In(p725)
kinetic energy of supercurrents, a8 magnetic field en- FIG. 9. Calculated energy of a vortex-antivortex pair in a high
ergy, which is negligibleEy, is given by (k=M\¢§), 2D superconductorE,, is the energy from suppression

and gradients of the magnitude of the order paramé&igris the
* kinetic energy of the supercurrents associated with the pair. The
En=(7Uo/2) fo dr r[(l—gz)2+2(Vg)2], 2 dashed Iine?gthe IogaritEmic asymptote of the pair energS, and its
value atp=2¢ yields a core energy of 6.2R, for a pair of mini-
whereg(r) is the normalized order parameter ands the  mum size,py=2¢.
distance from the center of the vortex divided by the coher- ] )
ence length£. For a single vortex in the highk limit, Ey,  Ec,pai{26) =6.22J,. This procedure gives the correct en-
=2.43J,. (Ref. 27 used half of this valueThe energyEy ergy for pairs larger than about4and much smaller than

is calculated from the sheet supercurrent density(r): A, , which is the range of interest here. _
The density of vortex pair),(T), can be estimated by

o ) assuming that all pairs are of the minimum sipg, and
EK:WMO)\Lf drrg?(r)Kg(r), (3)  calculating the probability of finding a pair in eachpg
0 X 2pg cell of the film:

where A, =\?/d and \ is the magnetic penetration depth. _ 2 ~E¢ pailpo) kg T —Ec pair(po)/ kg T
Within the London model for a single vortex, the sheet su- p=[1/4p]Noe ™ “c.pa o eT/[ 1+ Noe™ Fcpar(foXo ]’(5)
percurrent densitKg(r) outside the core is proportional to
1/ for é<r<X, , and proportional to t? for r>\, .22 To ~ WhereNy is the number of independent ways that the pair
getK(r) andg(r) in the core of a single vortex, we solved can be oriented in the cell. Roughly, the vortex can be in any
the GL differential equation numerically as has been dondluadrant of the cell, and the antivortex can be in any of the
previously?® other three quadrants, 9,~12. Certainly,N, should be

To calculate the energy of a vortex and antivortex sepalarger than unity. Our conclusions are insensitive to its pre-
rated by a distance, one should solve the GL differential Cise value. The fractionfy, of the film area that is “nor-
equations, but this has not been accomplished since the afnal” is approximately the fraction occupied by vortex
muthal symmetry of one vortex is broken for a pdig, for ~ cores: fy=~n,4£%. We would expecfy to be roughly one
a vortex-antivortex pair is approximately twidg,, for a  Ppercent at the transition; certainly it must be much less than
single vortex. To determinE, for a vortex-antivortex pair, the 2D percolation value of 50%, and to decrease very rap-
we integrated the kinetic energy density of the supercurrentilly below the transition. Consistent with this expectation,
associated with a paff,assuming that the suppercurrent pat-from Eq. (5) we estimatefy=0.001 atkgT/Uy~0.7, and
terns for a single vortex could be added. Figure 9 shows théy=0.01 atkgT/Ug~1 with parametersp,=2¢, Ec pair

calculated energy of a pair as a function @fTo a good =6Uy andNy=12. Thus, just above the unbinding transi-
approximation E ., increases logarithmically witp:*® tion, where all pairs are unbound and resistive, we expect the
sheet resistance to be a few percentRyf, a reasonable
Epail p) =Ec pail po) + 27U IN(p/ po), (4) value! We will combine Eq.(5) with the estimated imped-

ance of individual vortex pairs to compare to the measured
wherepy is the size of the smallest pair that is well defined.sheet impedance.
We takepo=2¢&(T). Figure 9 shows that Eq4) is a very We now estimate the upper limit of the critical region and
good approximation folp>3¢. Pairs smaller than are  the pair unbinding transition temperature. The upper limit of
effectively fluctuations in the order parameter amplitudethe critical region is the temperature where the rms size of
since there is very little current associated with them. Givemoninteracting pairs diverges. The probability that a pair has
that the energy of minimum sized pairs is uncertain we takea separatiom>p, is determined by the increase in free en-
Ec pailpo) to be the value of the logarithmic asymptote ergy with separation, (2U,—kgT)In(p/po), which leads to
(dashed line in Fig. P evaluated atpy. This yields an rms pair si
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(p?)Ypo=[mUo/keT—1]"4[7Uo/keT—2]"2  (6) Xp=Np(p?) B5/[LkeT(1—iw7)]. 9

that diverges akgT/U(T) = /2. Vortex pair unbinding oc- 7+ &N average equilibration time that depends(pf)'” is
curs at a slightly lower temperature, where pairs overlap S@symat('ed below. The average electric field due to polarizing
much that it is impossible to say which vortex is paired with PAirs arises from their velocity along
which antivortex. If we take the criterion to kie_]p<p2)]1’2 Epx= —i0Py(©)= XpEsx. (10)
~0.4, then withNy= 12 andE¢ p,i=6U,, unbinding occurs o ' )
at kgT/Ug(T)~1.3. As noted'above, KTB theory finds an SO the sheet impedance of background superfluid and vortex
unbinding transition akgT/Uy(T)~1.2, very close to our PallsIs
simple estimate. Evidently details are not important. The Z(0. TV =E. (14 v ) /K. .= —iwl 11
critical region above the unbinding transition occupies tem- (@ T)=Esx1Hxp) Ksx @hsfp @D
peratures, 12kgT/Uy(T)< /2. SinceU,~0.78U,, near where the real and imaginary parts of the inverse vortex pair
Tc, then for our films the critical region extends approxi- dielectric 5function., ep’, are related by Kramers-Kronig
mately one-third of the way frorfic to T¢g. transform? The pair impedance,

A typical experimental resistance at the upper edge of the _ . _
critical region is a few tenths of a percent of the normal-state Zp=Rp(@, T) Fi0Lp(T)=Epx/Ksx
resistancé. This suggests that at the transition, vortex cores ~i wnp<p2>¢(2)/kBT(l—iw7'), (12
occupy somewhat less than 1% of the film area. We can . i o
incorporate this important observation into the model by let!S inductive atw<1/7 and resistive fow>1/7. _
ting N, in Eq. (5) be closer to 3 than to 12. Thus, the model 7 IS the time for a typical vortex-antivortex pair
is consistent with the measured unbinding temperature an{@ samplez all possible orientations relative Ko, i.e.,
resistance above the critical region. Ur~D/{p"), where D is the vortex diffusion con-

Let us now consider the inductance of vortex pairs belowstant. - With  the - expression, D =28e°¢ kg TRy /A “m
the critical region. In JJ arrays vortex-pair and nonvortex:(27§2/77)(kBT/ﬁ)(RN/RQ)’ “with Ry=r/4e°~1kQ, and
fluctuations together suppress the inverse inductance to abotr) " ~2¢, we have
60% of its mean-field value just below the unbinding transi- 1= (7/4m) (ks T/H)(Ry/Ry). (13)
tion. If nonvortex fluctuations suppress the inverse induc- _ _
tance of the background superfluid to 75% of its mean-fieldVith ltYPlca| values,Ry=300( and T=5K, we find 1/
value, then the additional inductance of vortex-antivortex~10"rad/s, which is five orders of magnitude larger than
pairs is about 25% of the measured inductance. Our simpleur maximum experlr_nenta,l?, 6x 10° rad/s, so vortex pairs
model is consistent with this result. To estimate the vortexare expected to be inductive beldW, regardless of the
pair inductance, first, we note that a typical vortex-antivortexsimplicity of the model.
pair is small. The probabilityP(p), that a given pair has a ~ For film C, kgT/Uy(T)~1.0 at 4.903 K, and

separation greater thanis LsH(4.903K) is about 1.2 nH, so the contribution of vortex
pairs should be about 0.3 nH. From Ed2) and ny(p®)
P(p)=(polp)?™Vo’keT-2, 7) ~0.01, the estimated inductance of vortex pairs is about 0.6

nH. Of coursenp<p2> may be an order of magnitude smaller
Thus, atkgT/Uy=1, i.e., only slightly below the unbinding than 0.01, and the estimated inductance of pairs would then
transition, the probability for a pair to be ten times largerbe near 0.06 nH. Given the uncertainties, we consider this to
than its minimum size, i.e{p?)*%py=10, is already about be good agreement and further confirmation that the ob-
10" “. The probability of unbound pairs, withp?)¥?>~\,  served drop irLg/ represents the unbinding of a low density
~100Q,, is less than 10'? and therefore negligible for of conventional vortex-antivortex pairs. Figure 10 shows that

kgT/Up<1. the drop inLg is consistent with the universal prediction of
We estimate the impedance of a bound pair as follows. AXTB theory.
pair with separatiom has a dipole momenp,¢,, and polar- Finally, we show that the resistance of vortex pairs should

izes in response to the average background superculkkgnt, be much smaller than what we observe. Motion of pairs sub-
(taken to be along the direction and sinusoidal in time  ject to an ac supercurrent would cause dissipation due to
The impedances of the background superfluid and vortexiscosity, and give rise to a small resistanBg, From Egs.
pairs are in series as long as the pairs are not too clos@?) and(13)

together, which is the simplified case under consideration
here. The ac supercurrent requires an average electric field, Rp/wlp=(47/7)(holkgT)Rg/Ry. (14)
Esx=—iwLKs,, wherel is the inductance of the super- Clearly the quadratic frequency dependence predicte® for
fluid. In thermal equilibrium, each dipole has an avergge is stronger than is observed fBrbelow the unbinding tran-
component{ (p¢q)?/ksT1Ks. The net polarizationP,(w),  sition. For a quantitative comparison, we need to pick a par-

is proportional toK ,, hence toEg  (w)/i w: ticular frequency, arbitrarily taken to be 50 kHz. For fite)
Eq. (14) yieldsR,/wL ,~10"°. If we takeL,=0.3nH, then
Py(w)=xp(®)Es (@) —iw, (8) R, should be about 10°°Q), which is six orders of magni-
tude smaller than the measured sheet resistance just below
where the low-frequency susceptibility,, , is the transition. Thus the dissipation of conventional pairs is

174505-7



TURNEAURE, LEMBERGER, AND GRAYBEAL PHYSICAL REVIEW B63 174505

note that we were able to measure a nonzero sheet resistance

02 L Moée Film é down toksT/U(T)~1/3, well below the conventional tran-
sition atkgT/Uy(T)~1.2. When Piersoet al!! reanalyzed
o4 L thel-V data of van der Zaret al?° on a Josephson junction
array, allowing the dynamical exponento be a free param-
ool i eter, they found that the transition occurredkgd/Uq(T)
~0.5, also well below the conventional transition. Our ex-
02 - 4 periment would require data at lower frequencies and tem-
peratures to determine whether there is an S-N transition
N ] below the unbinding temperature.
|:° 0.0 On the second point, we note that the excitation energy of
= ] about 3.8J, suggests that the anomalous excitation has spa-
B 02 | MoGe Film G ] tial dimensions of a single vortex, a few coherence lengths.
=~ Characteristic times associated with this distance are much
g, otk e\ shorter than the experimental time scale of 10 ms. The time
0.0 | | for an electron or phonon to travel a coherence length ballis-
’ In/lnol Film l‘ tically is very short. Vortex diffusion sets a time scale of
0.4 ¥ i hIkgT for typical films, which is very short. Another char-
””””””” acteristic vortex time is the time for a vortex-antivortex pair
0.2 . to annihilate, in the absence of Brownian perturbations. This
00 time is proportional to the square of their initial separation,

I T . . 2 . .
. p(0): T (Lse/RN)[p(0)/E(T)]%, which is about
080 085 090 0%  1.00 equal tofi/kg T for our films, and is too short to account for
T/Teo frequency dependence at 100 Hz.
Other experiments have observed similar anomalous

FIG. 10.Lg(0)/Lg(T/Tg) Vs T/ T, for four films. The inter- s . 12
section of dashed line and data is where the KTB vortex-pair un_low-frequency behavior in films:  Fiorgt al.™* down toI%gl

binding transition is predicted to occur. As normal-state sheet resisiZ N an In/InQ film similar to ours, and Festiret a
tance increase@op to bottom, the transition occurs further below down to 0.1 Hz in a YBCO film. The phenomenon is not
the mean-field transition temperatufig;,, and at a higher fraction ~confined to continuous films. In a triangular Josephson junc-
of the T=0 inverse sheet inductance. tion array atkgT/Uy~1/2 (T=3.27K; Tc~3.70K; Ry/L
~3x10°rad/s). Theronet al'® observed a 40% increase
in sheet inductanc€0.7 to 1 nH as frequency decreased
unde_tectable at our measurement frequenc!es. The anomgom 10 to 0.16 kHz. For comparison, in fil@ at kg T/U,
lous impedance belowW: remains to be explained. ~1/2 (T=4.83K; Tc=4.92K; Ry/L~3x10"rad/9, we
observed an increase of 7008.9 to 1.5 nH as frequency
decreased from 10 kHz to 0.19 kHz. The quantitative simi-
V. DISCUSSION OF Z,(,T) larity is striking, considering the physical differences be-

Experimentally, the anomalous sheet impedances?ween films and arrays. Therat al. concluded that the dif-

Z(0,T)=R(0,T)+ioL,(w,T), of a-MoGe and In/InQ fusion of field-induced vortices in their arrays was

a 1 1 a 1 H .
films are quite similar in their most important featureg1) ~ anomalously sluggish. o _
Over the experimental frequency range, 100 Hz to 100 kHz It _has been suggeste_d that th_e anomalous excitation might
Z. has a weak dependence @nbeing roughly proportional be single thermally excited vortices created at the edges of

to w to a smallT-independent power?) consistent with the  the films** We do not have a model for the dynamics of
weak frequency dependencg, is mostly resistiveR/wlL, these vortices, so further measurements would be needed to

~8, independent ofv and T; (3) Z, has an ArrheniusT ~ assess their contribution to the measured sheet impedance.

dependence, with an excitation energy of aboutU3.5n
a-MoGe and 2.BJ, for In/InO,. These similarities argue
that the observed behavior is generic to 2D superconductors,
and not due to microstructure. VI. CONCLUSION

Since the anomalous impedance is dissipative, it involves ) )
vortices and antivortices in some configuration. The Arrhen- The sheet impedances of 2D superconducanlyloGe
excitations are not interacting, so the frequency dependen@ce of thermally excited vortex-antivortex pairs, especially,
is intrinsic to each excitation and not a result of critical be-rapid increases in resistance and inductance at the same tem-
havior. The frequency dependence is the most puzzling fegeerature due to pair unbinding. In addition, below the un-
ture because it persists below the conventional unbindingpinding transition, there exists an anomalous, dissipative ex-
transition, and to such low frequencies. On the first point, wecitation with dynamics that extend to frequencies well below
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