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Frustrated two-dimensional Josephson junction array near incommensurability
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To study the properties of frustrated two-dimensional Josephson junction arrays near incommensurability,
we examine the current-voltage characteristics of a square proximity-coupled Josephson junction array at a
sequence of frustrations=3/8, 8/21, 0.382 £ (3—+/5)/2), 2/5, and 5/12. Detailed scaling analyses of the
current-voltage characteristics reveal approximately universal scaling behavidrs 88, 8/21, 0.382, and
2/5. The approximately universal scaling behaviors and high superconducting transition temperatures indicate
that both the nature of the superconducting transition and the vortex configuration near the transition at the
high-order rational frustrations=3/8, 8/21, and 0.382 are similar to those at the nearby simple frustration
f=2/5. This finding suggests that the behaviors of Josephson junction arrays in the wide range of frustrations
might be understood from those of a few simple rational frustrations.

DOI: 10.1103/PhysRevB.69.172501 PACS nunider74.81.Fa, 64.60.Cn, 64.70.Pf, 74.25.Qt

For Josephson junction array3JAs), frustration can be =1/2 configuration. A single finite-temperature phase transi-
introduced by applying an external magnetic field. In thetion from a vortex-liquid phase to a superconducting ordered
presence of frustration, a finite density of vortices is inducechhase consisting of domains separated by parallel domain
in the array. For a two-dimensiongD) JJA, the mean num- walls has also been suggested by a different numerical work
ber of vortices per plaquette induced by a uniform externafor a sequence of high-order rationtls approaching the
fraction of a flux quantum per plaquette. The competitiongyng the vortex structure of the superconducting ground state
between two different length scales, the mean separation Qfa5y jncommensurability obtained by numerical efforts have
vortices and the perloq of the underlying pinning p_otentlal Ofbeen foun&® to strongly depend upon the imposed boundary
the array, leads to various structures of vortex lattices at lov%ondition and choice of dynamics
temperafures. At a simple rauonf:;l the ground state s a There have been very few experimental studies about
commensurate pinned vortex lattit&or example, vortices . ) .

phase transitions near incommensurability. They agree on a

in a square array dt=1/2, 1/3, or 2/5 have a staircase state’. - -
with a quasi-one-dimensional structure in a diagonal_s'ngle finite-temperature phase transition to a superconduct-

direction? For f=1/3 or 2/5, the high-temperature isotropic ng state which can be understooP asa pinngd vortex phase
vortex liquid freezes into the pinned vortex lattice with the With long-range phase cohereri€e However, since the ex-
staircase configuration through a finite-temperature supef€riments were performed on superconducting wire net-
conducting transition. In the weak magnetic-field limit, the WOrks where phase fluctuations were much weaker than in
superconducting vortex lattice becomes triangtlan a  JJAS, the superconducting behavior is suspected by some to
high-order rational or an irrational field, however, both thebe dominated by a mean-field transitiviBesides, the ex-
low-temperature vortex configuration and the nature of thé€riments provided only limited information about the vortex
superconducting transition remain controversial. Some yearsfructure of the superconducting state. In addition to stronger
ago, Halse§ suggested, based on Monte CafC) studies phase fluctuations, a proximity-coupled JJA has a broader
of the XY model, that in the limit of the irrational* =(3 critical region than a superconducting wire network, which
— \/5)/2, there may exist a glass transition to a superconénables one to investigate the superconducting transition
ducting disordered vortex state at some finite temperatur#ith higher precision. For a JJA, it is also possible to mea-
T,~0.25)/kg for a square array, in whicl is the junction sure the single-junction critical current and determine the
coupling strength. Other arguments, however, suggest that phase-transition temperature in units dfkg (=#ic/

the glass transition appears at zero temperature and that tA€ks). Knowing the phase-transition temperature in units of
superconducting transitions at rationi$ near f* should J/kg, one can make a direct comparison between experi-
occur at some finite temperatures which decrease to zero agnental results and the numerical expectations. In this paper,
approaches the irrational value 6f. Some of the recent We present an experimental investigation of the supercon-
MC simulations® on the other hand, showed that at mbst ~ ducting phase transition of a proximity-coupled JJA near in-
in the range 1/3f<1/2 except a few simple rationdls, commensurability, that is, at high-order rational frustrations
vortices in a square JJA undergo two separate transitions agar the irrationaf* = (3—/5)/2. We examine the super-
finite temperatures: a sharp first-order phase transition atonducting scaling behavior of the current-voltage/X
temperaturél ,= (0.15— 0.2)J/kg to a resistive quasiordered characteristics of a square array &&3/8, 8/21, 0.382
state and a pinning transition at a lower temperature to §~(3— J5)/2), 2/5, and 5/12. Detailed scaling analyses re-
superconducting ordered state with the vortex configuratioweal approximately universal scaling behaviors fer 3/8,
consisting of periodic arrangements of either staircase paB/21, 0.382, and 2/5. The superconducting transition tem-
terns of the simple rationaf’s or hole defects on thd peratures are found as high as 0.19-0/Rg. We discuss
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FIG. 1. Some oflV curves for four different frustrationga) f

=3/8 at T=5.150-5.900 K,(b) f=0.382 atT=5.200-5.900 K, FIG. 2. Current dependences of the slope of ltMecurves in

(cp f=2/5 at T=5.150-5.876 K, and(d) f=5/12 at T Fig. 1.

=5.170-5.878 K. The dashed lines are drawn to show the power-

law (V~17*1) behavior at the critical temperature. perature where a straight curve appears. The gradual drop
of the resistance upon approaching the transition is indicative

implications of the universal scaling behavior and the highof a continuous phase transition. For a continuous supercon-

superconducting transition temperatures in conjunction withyjycting transition in 2DJV curves are expected to collapse

the nature of the superconducting transition and the vorte¥nto two curves with andV scaled by the general scaling

configuration of the superconducting state near incommensyorm V/I|T—T,/?’=£. (I/T|T—T,"), wherez is the dy-

rability. namical critical exponenty the correlation-length critical

The experiments were performed on a square array Ofxponent, and. the scaling functions above and below the
200X 1000 Nb/Cu/Nb Josephson junctions described in Refiansition temperaturd . .'® This scaling form becomes a

12. The array completed the zero-field superconducting transimple power-lawlV relation V~1%+1 at T=T, and V/I
sition at T~6.24 K with a transition width~0.4 K. The  _(T—T_)2”in the low! limit at T>T.. Figure 3 shows the
appearance of many resistance minima in the magnetoresigy cyrves scaled with the scaling form. For all fois, we
tance curve confirms the good uniformity of the sample. Th&jng thelv data exhibit good scaling behaviors. A good scal-
frustration could be precisely adjusted by the use of the MaGng behavior is found forf =8/21 as well. The scaling pa-

netoresistance curve of the sample, showing sharp reSiSta”FﬁﬂetersTc v, andz for f=8/21 are practically identical
minima at fractionalf's."® The standard four-probe method yith those forf=0.382. In the scaling analyses, we made

utilizing a transformer-coupled lock-in voltmeter and a e of the approximate values ©f, z and v derived from
square-wave current at 23 Hz was used forl¥echaracter- e siraightV curves in Fig. 1 and the temperature vs resis-
istics measurements. The single-junction critical currignt

and the junction coupling strengdh(=#i./2e) at high tem-

0

peratures were determined by extrapolatingithes T data g 10 () f=3/8 g 10 (b) f=0.382

at low temperatures by the use of de Gennes exprédsion ~ $ 10t 1510

the dirty limit. Thei at low temperatures was obtained from .~ ;2| 102t

thel vs dV/dI curves. B R TS| & T =558 K
The IV characteristics of the sample fér=3/8, 0.382, =AU ol i 2075

2/5, and 5/12 are shown in Fig. 1. Relatively narrow voltage * 1ol -7:_ e M () —— -7:_ —

ranges of thelV data are related to the small dynamical 107 100 10° 107 100 100 107 10 10° 10° 10" 10
" ) UT[T-T | (A-K™) UT|T-T | (A-K™)

critical exponent for frustrated JJA's. As can be seen from the e 10 I

current dependences of the slope of tecurves, shown in 5; | ©rf=25 (- () f=5/12

Fig. 2, thelV curves at high temperatures for all thie are 3107 18107

Ohmic at low currents and bend upward at high currents. ﬁ;lO'z- ~§:°10'2-

At low temperatures, théV curves are bent downward. & T=5.60 K : 3 T=552K

The low-temperature curves can be fitted into a fovm =0 | = e

~lexd —(I+/*] with u=0.6-1. The activated character of ” 10" = 1> 10—

the low-temperature curves proposes a superconducting state 10 i;)TIT{’(} N (lg_K-IPI) 010 i?ﬂTf% N (IX_K»va) 10

as the low-temperature state. The variation of qualitative na- ¢ ¢

ture of thelV curves suggests that for all tHés, a phase FIG. 3. Scaling plots of théV curves. Each plot contairy/

transition from a high-temperature resistive state to a lowcurves at 18—21 different temperatures. The valueb.ofz, andv
temperature superconducting state occurs at the tenused to scale the data are shown in the insets.
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10’ : . . each other. Adsorbed atoms on a periodic substrate which
f=3/8,821,0.382,2/5 bear a strong resemblance to vortices in a periodic array of
g Josephson junctions may have a ground state near incom-
mensuracy consisting of domains of nearby commensurate
] phasés) separated by domain waff81f the JJA has domains
of the f=2/5 phase separated by quasiperiodic or commen-
g surate domain walls as the ground states ffer3/8, 8/21,
and 0.382 analogous to the adsorbate systems near incom-
10* L L L L mensurability, the vortex configurations fdr=23/8, 8/21,
* 107 10t 107 107 0.382, and 2/5 may look similar in the vicinity of transition
where many extra domain walls get excited. Extending our
FIG. 4. Scaling plot of theV curves forf=3/8, 8/21, 0.382, finding at thef’s around 2/5, one might expect that the be-
and 2/5 with the same (=0.76) andv (=1.84). ThelV data for ~naviors of vortices in the wide range of frustrations could be
four different frustrations collapse onto the nearly same curves. understood from those of a few simple rational frustrations at
which the system has distinct local minima in energy. TWe

. . , characteristics foff =5/12 might then be understood from
tance curves fitted into the relatid®d~ (T—T.)*". The val- those of possiblyf = 3/7.

ues ofT, », andzin the insets of Fig. 3 are the refined ones — Aq giscussed above, our experimental finding is inconsis-

in the scaling processes. The error bars, that is, the arbitrarjans with the numerical results indicating either a glasslike
nesses mfdetermmmg ]Ehe scaling parameters, ar$ %03 K f@fansition or two separate transitions at the irratidtabr its

Tc, 0.05 forz, and 0.1 fory. Distinct concavities of théV — oqhy high-order rationdls. Instead, it seems to be com-
curves significantly limit the arbitrariness in determining thepa’[ible to some extent with the simulation reslitglicating
p"i“ami}gfs- Thav, da?? hsatlsfy th?I recently IPmposed for a sequence of’s approaching the irrationd* a single
criterion™ to determine if the data collapse is valid, as ap-fiite_temperature ordering transition of a vortex liquid into a
peared in Fig. 2. The effect of finite-size-induced free Vort"striped lattice phase with domains of tlie-8/21 staircase
ces, which may alter the scaling behavior considerably in th%tate separated by parallel walls. Denniston and Targued

abser:ce of a (;nagnenc f|éfc_i I?é?d% sEnlflcantlf(()jr O#r that the conflicting simulation results near the irratiofial
sample exposed to a magnetic fietdVe thus conclude that - oo 6 1 the impositions of different boundary conditions.

the scaling plots confirm for all the frustrations investigated an imposition of an improper boundary condition incompat-

supgrconducting transition at the temperature where fble with incommensurate or long-period commensurate
Stra'ﬁh“v 'cur\;e ap;r)learfs,. _ , phases may produce unrealistic simulation results near in-
The Tcs for the f's investigated correspond 10 ommensyrability. Another possible cause for the inconsis-
(0.19-0.22)/kg , which is somewhat too high to be related gncjes petween the experiments and the simulations is the
with the vortex-pinning transition, the lower-temperature su-yisorder effects. A real array always contains some amount

perconducting transition of t\{voﬁ separate phase transitiongt quenched disorder, for instance, the inevitable variation of
observed in some MC simulation§.he vortex-pinning tran- 4,4 junction coupling strength. Even a small amount of

sition was expected to appearTat<0.1J/kg for f=23/8 and quenched disorder has been foliid223240 have a sig-
0.382. The weakt dependence of ;. does not seem (o be jficant effect on phase transitions of JJAs at simple rational
compatible either with the argumé@nhat T, should decrease frstrations. Therefore, for the present, we may not totally
to zero asf approaches the irrationdf. The critical expo-  axclude the disorder effects as a possible cause for the incon-
nentsy andz for f=3/8, 8/21, and 0.382 are identical within gjstencies.

experimental errors with those 6=2/5. In Fig. 4, we find |5 conclusion, approximately universal scaling behaviors
that not only are the critical exponents similar for four dif- f the |\ characteristics are found for a square JJAf at
ferent frustrations but the scaling functions are also. How-_ 3/3 g/21 0.382~(3—/5)/2], and 2/5. The approxi-
ever, thelV data forf=5/12 which is only~0.017 distant  a¢ely universal scaling behaviors and high superconducting
from 2/5 fail to collapse onto the same curves in Fig. 4. FOfyansition temperatures indicate that both the nature of the

_ . 9 _ _ . . pe
f=1/3, it was found” that »=1.6 andz= 0.60, significantly g herconducting transition and the vortex configuration near
different from those of =2/5. Such approximately universal he transition at the high-order rational frustratidns 3/8,

scaling behaviors fof =3/8, 8/21, 0.382, and 2/5 indicate gj>1 and 0.382 are similar to those at the nearby simple

that the superconducting transitions fb=3/8, 8/21, and  frysrationf =2/5. This finding suggests that the behaviors of
0.382 are similar in nature to that for the nearby simple frusjosephson junction arrays in the wide range of frustrations

tration f=2/5. For f=2/5, the superconducting transition might pe understood from those of a few simple rational
has been understood in terms of the freezing of a vorte¥.,strations.

liquid into a pinned ordered vortex softt?>?'The approxi-
mate universality also implies that the vortex configurations This work was supported by the Ministry of Education
nearT, for f=3/8, 8/21, 0.382, and 2/5 are quite similar to through the BK21 program.
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