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We calculate the field dependence of the critical current and of the Josephson plasma res#PBnce
frequency in the macroscopically uniform vortex glass phase in highly anisotropic layered superconductors and
in standard pointlike Josephson junctions when the field is applied perpendicular to the junction. In these
calculations we assume that, in the single-vortex pinning regime, at low feldsrtex positions are weakly
adjusted to the Josephson coupling and we account only for the adjustment of the phase difference. Our results
are in agreement with experimental data for the JPR frequency measured in,81eCBCYO, supercon-
ductor in the field range 0.03—0.6 T after field cooling.
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The Josephson critical current and Josephson plasmass anisotropic superconductors; i.e., here deviations of pan-
resonancéJPR measurements in the vortex state of highly cakes from straight lines due to thermal fluctuations are
anisotropic layered superconductors provide direct informasmaller than the intervortex distant2.Then perturbation
tion on thec-axis correlations of pancake vortices. The in- theory with respect to pancake displacements was’used
terlayer Josephson energy, thaxis critical current, and the calculateC. A similar approach was explored also for the
squaredc-axis plasma frequency are proportional to the av-vortex crystal phase, which exists below the melting fitie.
erage critical current densityyC, whereJ, is the Josephson all these situations good agreement of theoretical results with
critical current density in zero magnetic fieldC  experimental data fod.(B,T) (see Ref. Yand the JPR fre-
=(CoS¢nn+1(r)), ande, 4+ 1(r) is the gauge-invariant phase quency was obtained.
difference between layens and n+1 induced by pancake The focus of this paper is the vortex glass state which
vortices. Furthery is the in-plane coordinate, ang - -) exists at high fields above the second pé3kagg-to-vortex
means average over thermal disorder and pinning. Thermallass transition, i.e., in the fields above 400 G. Recent
fluctuations and uncorrelated pinning cause misalignment aJPR measurements in the field coolifleC) mode revealed
pancake vortices induced by the magnetic field applied alonthat a dramatic change of the JPR frequenrgy occurs
the ¢ axis. This misalignment results in a nonzero phase difwhen going across either the Bragg-to-vortex glass or the
ference and in the suppression of the Josephson couplingragg-to-liquid transition liné. In the vortex glass(VG)
critical current, and plasma frequentfhus dependence of Phase vortices are strongly disordered along ¢hexis as
C on the magnetic field provides information on tb@xis opserved ip neutron scattering and JPR measurements and
correlations of pancakes and allows us to distinguish bediscussed in Ref. 9. In the VG phase positions of pancakes

tween vortex phases with different degrees of these correlglépend on history. In the following we will consider a VG
tions. phase which is macroscopically uniform. Such a vortex

It is now well established that the phase diagram in the?h@se may be obtained in the FC mode, while field sweeping
B-T plane of the BjSr,CaCuy0, superconductor consists of at low temperatures leads to a Bean critical state with non-
regions of the vortex liquid at high magnetic fields and tem_quorm concentration of vortices. In the foIIqwmg we'W|II
peraturedT, of the Bragg glass with almost crystal-like struc- find C in the strongly disordered macroscopically uniform
ture at lowB and of the vortex glass at higd and lowT.  VOrtex glass phase at zero temperature and in the presence of
Neutron scattering measureménsiow thatc-axis correla- @ magnetic field with the componefy along thec axis, and

tions are weak in the liquid and in the vortex glass phasegVith the in-plane componer&, , assuming that pancake po-
while they are significant in the Bragg glass phase. sitions are not adjusted to the Josephson interlayer coupling.

The field and temperature dependencesg of the liquid ~ We anticipate that such a _strqngly disordergd vortex state
vortex phase of highly anisotropic superconductors like®XiSts when the effect of pinning is strong in comparison
Bi,Sr,CaCyO, (Bi-2212) are now well understood both ex- with tha_t of the m}ervortex interaction, ie., thhe gmgle-
perimentally and theoretically; see Ref. 3 and reference¥Ortex pinning regime below the magnetic fiedg” , which
therein. Here at high field€ is small because pancake vor- Separates  single-vortex and 2D  collective pinning
tices are strongly disordered along thexis, forming a pan-  regimes®'® At higher fieldsB>Bg", in the 2D collective
cake liquid due to thermal fluctuations. Therefafegnd de-  pinning regime, the effect of pinning on vortex positions
viations of cosp,,.1(r) from C were calculated using diminishes and adjustment of vortex positions to the Joseph-
Josephson interlayer coupling as a perturbation with respe§on coupling may become more important as was discussed
to thermal energy. At low magnetic fields, near the criticalin Ref. 10. The estimate for the crossover fi@lgP is B5®
temperaturel ., a liquid of vortex lines is preserved, as in =Bb(UpC/E0)(<I>0/27T§§b), where U= ®oJ:Eqp/C is the
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pinning potential for pancaked, is the in-plane critical cur- caused by pancakes adjustment to the Josephson interaction.
rent, Eg=(Po/4m\4p)%s, s is the interlayer spacingt,y, is  Then, solving Eq(4) atr;,=r(% and¢{),, ;=0 in the sec-

the correlation length, an@, is a numerical parameter of ond (Josephsonterm on the right hand side, we determine
order 10; see Refs. 4 and 10. Féy,=30 A, \,,=1700 A,  adjustment of the phase difference to the Josephson coupling

andJ,=0.5x10° Alcm? we estimateB§D~1.2 T. at fixed positions of pancakes. This gives the contribution
Let us consider first a general approathfind C. At zero ©) © "

temperature equilibrium vortex positioms, and the phase Con=(cod @r'n 1 (1,13, +@npia(r)])

differenceg, . 1(r) are determined by minimization of the o m ) (0)

total free energy, which consists of the magnetic energy of = ~{enn+a(Nsinena(rr,). ©)

pancakesZe(ri,), the pinning energy,;,(r;,), the energy  Finally, in the first order in Josephson coupling we obtain
of intralayer currents, and the Josephson energy with are@=(cog ¢, ,(r'9+ 5riy)+<p§1r)n+1(f)]>”cvor(|3)+Cph(B)-
density Ej[1—C0Senn4a(r.1i,) ] Herer;, are the pancake  The important point is that in the vortex glass phase, Egs.
coordinates ande,=®qJo/2mc. We present the phase dif- (3) and (4) have multiple metastable solutions which differ
ference as a sum of that caused by pancakes positioned g the vortex positions;, and thus byC. It is primarily the

coordinates;, whenJ,=0 and that which is caused by Jo- contributionC,,, which depends strongly on history, while

sephson screening currents, Con. as we show in the following, depends mainly Brin
W " the case of a macroscopically uniform vortex state with
enn+a(NTi) = ennea(Mng) + nnial(r). (1) strongc-axis disorder, while its dependence on vortex posi-
The first term is singular and is given as tions is quite weak. In the following we calculate the contri-

bution C,,, and compare it with experimental data for the
©) plasma frequency measured in Bi-2212 single crystals ob-
1 (N11,)=2 [d(r=1n,) = ¢ (1=Tns1,)], (D tained in the FC mode to see where the contributigy is
! important.
where ¢,(r) is the polar angle of the point The second To find Cy, we need to solve the nonlinear equati@h
term in the phase differenceg%ﬂ(r), is regular. The equa- for cpf{%ﬂ(r) at given vortex positions, i.e., at given
tions to be solved to find the equilibrium vortex positions cpﬁjr)wl(r,ri,,), Eq. (2). For this we use perturbation theory
and regular part of the phase difference are with respect to the Josephson term and find the solution with
logarithmic accuracy. In the first approximation the regular

(9 . . . g
7 . e part of the phase difference is determined by the positions of
ariv[fem(r'”H]:p'”(r'V)] pancakes;, according to the equation

. v ‘9<P§&)1+1 1
] e S LoV 26lmia(n) =55 Singldha(rr) =0 ()
14 m ’ ,
J
() . . .
andC,y, is given by Eq.(6). The solution of Eq(7) in the
Fourier representation is
> Ln=m) V2, 4(r) o _
" o1k, ) =—\32k 2L M @)sine{h 1(r T k.
1 1y — (1 _ 2/y 2
=5 sitlida(rr) + ¢l (1=, (4 L (@=2(1~cosq)+ s zp. ®
J Such a solution becomes incorrect at srkdlarge distances

Here \ ;= ys is the Josephson length, is the anisotropy in the ab plang, because we linearized E@) in our per-
ratio, and L(n) is the inductance of layersL(n) turbation approach. To find the distance at which perturba-
= (N ap/25) exp(—[n|s/\ ). tion theory fails we calculaté ¢, 1(r)— ¢, 1(0)1?) us-

One can think that these equations may be solved by useg the perturbation result to see at what distance the
of perturbation theory with respect to the Josephson couplingorrection due to Josephson coupling becomes large. We ob-
as discussed in Ref. 10. At the first step, vortex positigfls ~ tain
may be found by minimizing the pinning energy and the
energy of the magnetic interaction. At this stage Telhi(n =Y 1(0)1%)

(cos@nni1(r,r{?))=0, because any regular function

v

@i 1(r) can be added t@{}), 1(r,r(?). Next, in the first _ 1t
order of perturbation theory, corrections,;,, to the vortex 2772)\3‘
positions due to the Josephson coupling may be found by

solving Eq.(3) with ¢{"), ,=0. This determines the contri- dq o
pution e Y= [ o F @ sinelh (g

f dkk 4Y(k)[1—cogkr)], (9

Coor={(COS\) 1 (1D +611,)) (5) X[sine(h 1(N ]k —q)- (10)
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The functionY (k) is nonzero ak—0 and its characteristic
scale we denote by [1/. Then([ ¢, (r)— ¢, 1(0)]%)
increases asr(@/)\J)2 In(r/l,) at larger. The distance where
perturbation theory results become invalidRs >\2/I The
situation here is similar to the perturbation theory treatment
of the vortex lattice in the presence of disorder as discussed
by Larkin and Ovchinnikov! Strictly speaking, perturbation
expansion for Eq(4) does not work because we used a two-
dimensional(2D) solution cpﬁ]‘fgﬂ for the total phase differ-
ence as the first step, while the actual solution should be
three dimensional. The difference is large at large distances
where screening by Josephson currents changes dramatically
the two-dimensional solution. However, due to the weak
logarithmic nature of the divergence, we still can use pertur-
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bation theory, but with a CUtOﬂR=)\§/|¢, at large distances.
From Egs.(6) and(8) we get

R
Con= )\—J drSU(r)InT, (11
whereS,(r) is given as
S,(r)=expg —F,(r)]Jcog2msB,y/ ). (12

The functionF,(r) is connected to the density correlation
functior?

K(r)=([pn(r) = pn+1(r)1[Pn(0) = pn+1(0)])

by the relation

13

Fv(r)=fdeRlK(R—Rl),B(r,R)ﬂ(r,Rl). (14

Here p,(r)=2,5(r—r;,) is the pancake density and
B(r,R)=¢,(rI2—R)— ¢,(—r/2—R). The function K(r),

FIG. 1. Dependence of the plasma frequengy,(B), on mag-
netic field in Bi-2212 single crystal at 20 K in the field cooling
mode. The solid line is the dependence, Bq), with C,=0.6 and
the parameteB;=20 G estimated from the zero-field plasma fre-
quencyw,/2m=125 GHz.

where |, characterizes the length scale of the correlation
functionsK(r) andS,(r), while Jo(x) is the Bessel function.
This gives Eq.(15) at I2 Coa? andB,=0. The small pa-
rameter for our perturbatlve approachal%/)\ 5 and thus re-
sults are valid aB>B;.

The experiments were performed on a slightly under-
doped BjSr,CaCuyOg, 5 single crystal T,=82.5 K) with
dimensions 1.20.5x0.03 mni grown by the traveling
floating zone method. The magnetization measurement by a
superconducting quantum interference dev®&@UID) mag-
netometer showed a clear magnetization step in the high-
temperature regime which can be attributed to the first-order
melting transition of the vortex lattice. This transition termi-
nates afT.,~40 K and the step is followed by the second
magnetization peak located at230 Oe. The JPR is mea-

Eq. (13), depends only on the density correlations inside thesured by sweeping the microwave frequercgontinuously

layer and between neighboring layers.

from 20 GHz to 180 GHz using backward-wave oscillators

For strongc-axis disorder the characteristic scale of thein magnetic fields applied parallel to theaxis? For this

functionsK(r) andS,(r) is of order of the intervortex dis-
tancea=(®,/B)Y?in theab plane. Then we get with loga-
rithmic accuracy aB,=0
JJBQ pKBJ
Je(0) w5(0)

where B;=®,/\3 and Cy=a 2/drS(r) depends on pan-

(B)= 2>
ph z Bz BJ,

(15

crystal w,(0)=125 GHz atT=0, corresponding to the
out-of plane London penetration length.=c/ \/e—cw |
~0.011 cm, taking the high-frequency dielectric constant
e.=11. Then, taking the in-plane penetration lengtf, in
the interval 1700—2000 A, we obtain the anisotropy param-
etery=\./\,p, (650-650 andBj; in the interval 19-27 G.

All experiments have been performed under the FC con-
dition. In the FC mode, the system is in equilibrium or at

cake positions but is of order unity anyway in the case ofworstis trapped in a metastable state below the irreversibility
strong disorder. This result differs by the logarithmic factorline. We expect that such a state should be much closer to
from that found in Ref. 10, Eq.18), for the case when the equilibrium compared to the state obtained in the field

adjustment of pancakes to the Josephson coupling is néweeping condition(FS). In fact, while the resonance fre-

glected. Taking into account tH&, component in the same quency below the irreversibility line did not change at all
way as in Ref. 3, we obtain with time in more than 48 h in the FC mode, it increases

gradually with time in the FS mode. Moreover, the resonance

pl(B) |3J|2 B,a? 2wsB, lines in the FS mode are much broader than those in the FC
C(B)= In > | f Nk mode, indicating a quite spatially inhomogeneous vortex
pl(o) B,a® BJl, av®oB, state typical of the Bean critical state.

The results of our measurements together with theoretical
curve atCy,=0.6 andB;=20 G are shown in Fig. 1. We see

16
(16) that in the field interval 0.03—0.6 T agreement is quite good,

f(b)= 27Tf®dxxexr{ —F,(x)]1Jo(bx),
0
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but at higher fields deviations become noticeable, indicatingrgy for phase slips leading to dissipation in pointlike junc-
a change of the correlation functiegf(r) and/or adjustment tions isE;(B). Using Eq.(15) we fit the dependence of the
of pancakes to Josephson coupling at Highvhich lead to a  activation energyE;(B), shown in Fig. 3 of Ref. 13, with
slight increase of” with B in comparison with our model. parameteC,=1.4 atB>B;. For these sample®;~0.15 G,
Measurements of the JPR frequency as a function of thg ~12 um, andS~\2.

parallel field .component may disti_nguish _be'tween these two " |, summary, we have calculated the field dependence of
cases. The field 0.6 T, above which deviations become Nqpe interlayer critical current and of the JPR frequency in the

ticeable, is in reasonable agreement with our estimate for thﬁlacroscopically uniform vortex glass state with stroraxis
field B2° separating single-vortex and 2D collective pinning disorder. Our main result, E4L5), gives a good description

regimes. of experimental data for the field dependence of the JPR

Th? same approach allows us to calculate the.‘losephs.?l%quency observed in the FC mode below 0.6 T in a Bi-
coupling energy in a standard pointlike Josephson junction D212 single crystal. This means that in this field interval the

the presence of a magnetic field applied perpendicular to theositions of pancakes are very weakly adjusted to the Jo-

junction. One can assume that the positions of AbrikosoW h i in the field i de. W
vortices in the electrodes are determined mainly by uncorre=SPNSON coupling even in the Tield cooling mode. Ve asso-
ate this interval with the single-vortex pinning regime. We

lated pinning inside the electrodes and that these vortices : . X
not adjust to weak Josephson coupling. Then, the JosephsSHOW that this approach describes also the field dependence

CE L — e i f the Josephson critical current in standard pointlike Joseph-
energy isE;= (®Jo/2mc)CypS WhereCyy, is given by Eq. O th€ JOS | 1n stan ! ;
(15) when tJhe aré)ésoof the jl'jrhmtion is ofpohrdekﬁ, while for  SOn junctions when the magnetic field is applied perpendicu-

S<)\2 one should replace IB(B;) with In(BS®,) in Eq. '@ t© the junction.

(15). The results of such an approach are in agreement with We thank A.E. Koshelev and V.M. Vinokur for useful
measurements of the activation energy of resistivity in Nbdiscussions. The work in Los Alamos was supported by the
pointlike junctions at low temperaturé$The activation en- U.S. DOE.
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