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Plasma resonance at low magnetic fields as a probe of vortex line meandering
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We consider the magnetic-field dependence of the plasma resonance frequency in pristine and in irradiated
Bi,Sr,CaCuyOg crystals neafT.. At low magnetic fields we relate linear in field corrections to the plasma
frequency to the average distance between the pancake vortices in the neighboringatapdesing length
We calculate the wandering length in the case of thermal wiggling of vortex lines, taking into account both
Josephson and magnetic interlayer coupling of pancakes. Analyzing experimental data, we folindheat
wandering length becomes comparable with the London penetration depti nead (ii) at small melting
fields (<20 G) the wandering length does not change much at the melting transition. This shows existence of
the line liquid phase in this field range. We also found that pinning by columnar defects affects weakly the field
dependence of the plasma resonance frequencyThear

Josephson plasma resonan¢#R measurements in [(cosp,n+1(r)) jumps], implying the decoupling nature of
highly anisotropic layered superconductors provide uniquehe first-order melting transition, see discussion in Ref. 10.
information on the interlayer Josephson coupling and on the In the following we focus on the low magnetic field3,
effect of pancake vortices on this coupling. The squared<B;, near theT. regime. Here the intervortex distance is
c-axis plasma resonance frequenay?, is proportional to  much larger than;, and the Josephson coupling in the re-
the average interlayer  Josephson energyr,uf) gion_ occupied by a_given vortex is_not suppressed by other
o Jo(COS@nns1(r)), Wherel, is the Josephson critical cur- Vortices. In such a single vortex regime the Josephson energy
rent, on o 1(r) is the gauge-invariant phase difference be-increases linearly with displacements of nearest pancakes in
tween layersn andn+ 1, andr is the in-plane coordinate. N€ighboring layers, wherunn.1|=[ra—rnsa|>X;, see

Here (- --) means average over thermal disorder and pin_Ref. 5(herer, is the coordinate of a pancake in the lapgr
This leads to the confinement of pancakes in neighboring

ning. Thermal fluctuations and uncorrelated pinning lead tcfayers anct-axis correlated pancakée., vortex lines may
misalignment of pancake vortices induced by the magnetlge preserved above the melting transition. We show that it is

field applied a}long the axis. Misalignment rgsults N NON" 4o linear decrease ab2 with B that characterizes such a
zero phase difference and in the suppression of Josephson P

lina and plasma fr n&Thus. th dependen vortex state. The linear dependence was observed experi-
coupling and plasma frequencyinus, thew, dependence mentally in Refs. 7—9 in both solid and liquid vortex states in
on thec-axis magnetic field measures tb@xis correlations

¢ kes in th tex stat Bi-2212 crystals in fields below 20 Oe ne&g providing
of pancakes in the vortex state. . I evidence for a line structure of the vortex liquid state at low
The JPR measurements performed in the liquid vorte

fields
. . . . _ 2 .
phase at relatively high magnetic fields> B,=do /A, re- We calculate the plasma frequency at low magnetic fields

veale(zti that the plasma frequency drops approximately ag ang nearT, assuming that only vortices induced by the
1/{B.% Here) = ys is the Josephson lengt,is the anisot-  applied magnetic field| c contribute to the field dependence
ropy ratio, ands is the interlayer distance. The above depen-o¢ w,. We, thus, ignore the contribution of thermally excited
dence is characteristic for the pancake liquid weakly correyqtices and antivortices to the field dependence of the
lated along the axis®* Here a pancake in a given layer is plasma frequency.

shifted b)lllza distance of the order of vortex spa_ciag The JPR absorption is described by a simplified
=(Po/B)""<A, from the nearest pancake in the neighbor-equatiod! for small oscillations of the phase difference
ing layer. Thus at high fields many pancake vortices contrlb-qor _.(r,w) induced by an external microwave electric field

ute to the suppression of the phase difference at a given pOiW?fh the amplitudeD and the frequencw apblied along the
r, because; determines the decay length for the phase dif-. ,,; P q ¥ app g

Xis:

ference induced by misaligned pancakes of a given vortex
line.> In contrast, in the vortex solid a lattice of vortex lines
forms as shown by neutron scattering andSR daté® JPR (w+iT,) i D
measurements in BSnLCaCyOg_ s (Bi-2212) crystals™® DO N2y o7

. . . 2 ILVE=Va(1) |enns1 :
have shown that in the fields above 20 Oe the interlayer 0§ ‘ 4o
phase coherence changes drastically at the transition line (1)
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eterr2/\5 which we assume to be small in the following

b calculations. Here, is the elemental wandering length of
| vortex Iines,rfvz(uﬁMl). Then we use perturbation theory
o« with respect to the potential,(r) to find the energy of the
} . il most uniform delocalized state. The unperturbed wave func-
SI -« tion of this state is given by a constant. The first-order cor-
- : b n+1 rection to the energy of this most homogeneous delocalized
“u;’ state is given by the space average of the potential, averaging
n is overr andn. This space average is equivalent to the ther-

mal average of cog,,1(r) —1~— 3 ,,1(r)/2. Using Eq.
(3) we obtain a simple relation connecting field-induced sup-
pression of the plasma frequenay,(B,T) with r,, for the

FIG. 1. Meandering of pancakes along the vortex line in the
single vortex regime at low magnetic fields in highly anisotropic
layered superconductors.

caser,<\j:
Here V,(r)=cose,n1(r) — 1 is the effective potential, and ) 5 5 )
@nn+1(r) is the phase difference induced by vortices mis- wo(T) — wp(B,T) _ (enn+a(r) _ mBry nh @
aligned due to thermal fluctuations and pinning in the ab- wg(T) 2 20 1y’

sence of a microwave field. In E¢l) we neglect the time ) )
variations of ¢, . 1(r,t) because the plasma frequency is The relation(4) is very general and does not depend on the

much higher than the characteristic frequencies of vortex€chanism of the vortex wandering. It allows one to extract
fluctuations, see below. Furthasy(T)=c/\eoho(T) is the  w from the plasma resonance measurements. The_ﬂeld de-
zero-field plasma frequendy, e, is the high-frequency di- Pendence of the resonance temperafly€), is determined
electric constant) 5, and A=y, are the components of by the equatiOM?,(B,Tr)=w2- According to Eq.(4) this

the London penetration deptk,=Ey/\2 is the Josephson 9ives a linear depzer?der)ce at small fields(B)~T.(0)
energy per unit area, arigh=s®3/167°\2, is the character- +(dT,/dB)B, andry, is directly related to the slope of this

istic pancake energy. The inductive mattixis defined as dependence

I:An: S b nmAm With Lym= (A ap/25)exp(—n—ms/\4p). The » Ny 20 din wg(T) dT,

parametel’ .= 4mo./ ey describes dissipation due to quasi- royn—=———" .
. ) ) o N rw T daT dB

particles. Herer . is the c-axis quasiparticle conductivity in B—0

the superconducting state. Practically it coincides with conyye now Ca|cu|ate‘3v when wandering of the vortex lines is

®)

ductivity right aboveT,. ~ caused by thermal fluctuations. In the single vortex regime
The absorption in the uniform ac electric field is defined2 js determined by the wandering energy consisting of the
by the imaginary part of the inverse dielectric function Josephson and magnetic contributions,
1 1 (PE(0)W 4n(1)) 0T s Foe1—Tn)2
P jdr nz 2; 2 2C 2) Fum 5 2 813(M +Wyrh|, (6)
€(w) € an (0= )+l 245

whereE,=1-w?/wj and ¥, (r) are the eigenvalues and wheree;~[®3/(47\)?]In(\,/r,) is the line tension due to
eigenfunctions of the operater\3LV2+ V,(r). the Josephson coupling amey~[ &/ (47\3,)21IN(\ap/r)

Consider magnetic field<®q/4m\2, B, (single vortex IS the effective cage potential, which appears due to strongly
regime. The phase difference near a given vortex line ishonlocal magnetic interactions between pancake vortices in
induced by displacements of pancakes in neighboring layerdifferent layers:*'°Assuming Gaussian fluctuations we have
along this vortex line(see Fig. 1 The potentialV,(r) at

distancesu,, ,; 1 <r <\ is determined by the phase differ- 2 _ f dg, 4T(1—cosys) _ Ef@)

ence produced by nearest pancakes in neighboring layers T 27 2(eq1;/5%)(1—cog,S) +Wy €13 ’

andn+1 relatively displaced at distaneg ,1: 7)
e (N=[1XUp 11/ 3 Hy)= —°

At large distances >\ ; the potential drops exponentially Iritvied

and at small distancassu, . it tends to a constant. This where the parametegr(T)=4)\§b(T)/)\§ describes the rela-

potential is attractive and there are localized and delocalizetive roles of the Josephson and magnetic interactions. Sub-

states. Ata>\;,up 41 the main contribution to absorption stituting this result into Eq(4) we obtain

is coming from the most homogeneous delocalized state.

Such a state determines the center of JPR lin¢B,T). wo(T)—wi(B,T) B

Other states lead to inhomogeneous line broadening in addi- .z B, (£) (8)

tion to broadening caused by quasiparticle dissipation de- wo(T) 0

scribed byI';. The latter mechanism of broadening domi- with BO=<I>(3)/16773)\§ST= B;(Eo/T). We stress that this re-

nates at low magnetic fields negg. sult of the single vortex regime is valid in both solid and
The strength of the potential with respect to the kineticliquid vortex states foB<B;, because in this field range

term, 2L V2, is characterized by the dimensionless paramwandering of lines at short scales does not change much at
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15¢ ' ' ' ' glcms (see Ref. 1f This gives wqlw,
F, 12 GHz o B (om0 ~q>§¢?q/167_232>\0cnso.1 nearT.. Condition rfv/_xjsl
% 10 b theory  ° ] for applicability of the perturbation theory is satisfiedtat
o 24 Gha >0.02. _
5 . Near T, the experimental curveT,(B) shows no
;_ 5 L 4 Ghz seGHz  61GHzZ,e change of slope when it crosses the melting litg,
° A 42 8Hz ° ~1.30e/K|(T.—T).” This gives evidence that the param-
: eterrﬁ, does not change much at melting. Using Es). we
00 002 0024 006 008 01 estimate that, near the melting Iimé,/azso.l at tempera-
(T-T)/T, tures studied. This confirms the line structure of the vortex

liquid above the melting line at low fields, though vortex
FIG. 2. Comparison of the experimental temperature depenl-meS wander over extended distances glready n the_ solid
dence ofdB,/dT obtained in Ref. 7 using different microwave phase due to high temperatures, see Fig. 1. The estimated

frequencies with theoretical dependence from @j(see text we ~ Vvalue,ry,~1 um at 77 K, is comparable with both; and
also show a data point from Ref. 9 obtained for Bi-2212 with Map- IN B|722_12 crystalg near 9pt|m3| doping crossover to a
slightly differentT,. pancake liquid occurs in the field intervad10—15 Oe. In

less anisotropic higf-, materials one anticipates a larger
the melting point. The difference between these states agegion of the line liquid on the vortex phase diagram.
pears only in the second order in the magnetic fieldBAt ~ Next we calculate the effect of columnar defe(@D’s)

=0 the resonance occurs at the temperafliew). The on the parameter\fv at high temperatures. Columnar defects
slope of the curvé,(T) at smallB, is always straighten vortex lines and redugg. At low tem-
peratures this effect is very strong. Each vortex line is local-

dB 1 (dB ANZ(T)) ized near one defect and its wandering is much smaller than
_r :_(_0) r:L_ 9) in an unirradiated superconductor. At high temperatures lines
dT  f({)\dT /., _; A3 start to distribute over a large number of defects and the

effect of CD’s progressively decreases. We consider the ex-

The crossover region from the line liquid<a?, to the treme case of very high temperatures when the effect of de-

pancake liquid, where2~a?2, takes place at the magnetic fects can be considered within perturbation theory. This ap-

field Bmmin[wll%OIZf({)WBJ]. ' proach is applicable at temperatures higher than the pinning
To compare our calculations with experiment we plot in€Nergy of pancakes by CO> wEoIn(b/é,y), whereb is the

Fig. 2 dependence afB, /d T vs reduced resonance tempera—CD, ra(_jius 'ancfab is the supercondupting correlation length.
ture atB=0, t,=(T.—T,)/T,, obtained in Refs. 7 and 8 This situation corresponds to experimefi$.

using different microwave frequencigshown in the plot The free-energy functional is

for Bi-2212 with T.=84.45 K. We also show a data point

obtained by Matsudafor Bi-2212 with closeT,, T.=85.7 F=FutFy, Fo=2, U(ry), (10)
n

K. To calculate the dependenckB, /dT from Eq. (9) we
need dependencies.(T) and\,,(T), which determine de-
pendencieBy(T) and {(T). A (T) was found from tem-
perature dependence af, at zero field, which we fit as
wo(t)/2m~(133.5 GHz}%*? and takinge,=11. Matsuda
obtained similar temperature dependencensgfusing direct
frequency scam ,,(T) was obtained assuming temperature-
independenty, which we adjusted to obtain the best agree-

whereU(r)==;V(r—R,) is the pinning potential of CD'’s,

R; are the positions of CD’s, andV(r)=wEyn(1
—br?)exp(—r/\,y,) is the pinning potential of the individual
CD.*® Expanding with respect to disorder up to second-order
terms we obtain the correction—(2), to the zero-order
term, rfvT, due to pinning by CD’s:

ment between the theoretical and experimental curves giving (2 2.2
y=480. Nonmonotonic temperature dependencd BfdT, wb™w TwT
arises from competition between two factors in E®): in- s 9
crease at low temperatures is due to the factbf@k\ ;2 at =-77 > [(K(rm=r0))o— (K (ro—=ro))ode],
. . €13 m
{<1, and increase at temperatures closeTtois due to
nonlinearity of the dependende;z(T), which leads to the 11

divergency ofdBo/dT at T—Te. AS one can see from the where(- - - )o stands for statistical average for a system with-
plot, our theory describes satisfactorily the field dependence 0 g y

; ; . out disorder andK(r) is the correlation function of disorder,
of w, not very close toT., i.e., in the region where the
critical fluctuations are not very strong. The region of critical Py , _ 2
fluctuations is beyond applicability of our theory. K" =n=(Ur)Hu(n)o=(Ur)p. (12
We can now check the validity of our approximations: the\whenr,, is much larger than the distance between columns

static approximation for the potential in E{) and the per- e can transform Eq(11) to a simpler form
turbation theory with respect to the potential. The maximum

frequency of vortex fluctuations in the single vortex regime 2sK. 9 2

. 2 . ! . 2 0

iS wf~eq3/s°n, where the vortex viscosityy estimated rep= - , (13
istivity is in the i 7 L O R )

from flux flow resistivity is in the interval 10°-10" m~—lo)")0 0/0
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CD’s on the field dependence of the plasma frequency near

the concentration of the CD’s. The correction is determinedr is negligible.

by the lateral line displacemerr ,—r,)2), which we cal-
culate as

dag, 4T(1—cosma,s)

2m 2(e15/5%)(1—c0s(,S) + Wy,

(+2-27+1
, VE—
€13 (1-v?) {

<(rm_r0)2>02f

_AsTv(1-v™)

(14
Combining Eqgs(13) and (14) we finally obtain forrf\,D

0
o=z fo(V). (15

Here the dimensionless function

(1-v)® d
1+v dv

fp(v)=

1+v < 1
l1-viziy -1

has the limitsfp(0)=1 and fp(v)~2.16-2In(1-v) at v
—1. Comparing this equation with E¢7) we obtain

2
f'wo 2)\ab E03 A
~ 2= =] In—

(16)

7T2n¢b4
n .
b /J\T b

2 2
MWt )\J

In the crystals studied ;~1 um, \,,(0)~2000 A, b~70
A. For the temperature range>77 K explored in Refs. 8

It was found in Refs. 8 and 9 that after irradiation with the
matching fieldB ,= ®n,~1 T the value §B/dT,)g_.o near
T. increases about two times in comparison with that in pris-
tine crystals. As was estimated above, pinning due to CD’s
cannot give such a strong effect. One may think that irradia-
tion reduces the value of the anisotropy parameteprob-
ably due to damage of the crystal structure around the heavy-
ion tracks. This assumption is consistent with recent
measurements of the Josephson current in irradiated Bi-2212
mesas by Yurgenst al® It was found that irradiation ap-
proximately doubles the Josephson current at zero field.

In conclusion, we have calculated the field dependence of
the JPR frequency in the single vortex regime at low mag-
netic fields neail . and demonstrated that the JPR provides a
direct probe for meandering of individual lines. We have
shown that the JPR data in highly anisotropic Bi-2212 crys-
tals give evidence that at high magnetic fieBs B; pan-
cakes are uncorrelated along thexis in the vortex liquid
(pancake liquigi while at lower fields,B<B;, pancakes
form vortex lines (line liquid). These lines, however,
strongly meander in both solid and liquid vortex states due to
thermal fluctuations. We have shown also that JPR data pro-
vide evidence that irradiation by heavy ions causes a signifi-
cant decrease of the effective anisotropy.
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