
hedule as

PHYSICAL REVIEW B 1 DECEMBER 1999-IIVOLUME 60, NUMBER 22
COMMENTS

Comments are short papers which criticize or correct papers of other authors previously published inPhysical Review B. Each
Comment should state clearly to which paper it refers and must be accompanied by a brief abstract. The same publication sc
for regular articles is followed, and page proofs are sent to authors.

Comment on ‘‘Excitation of Josephson plasma and vortex oscillation modes in Bi2Sr2CaCu2O81d
in parallel magnetic fields’’
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~Received 27 June 1997!

This Comment suggests a different interpretation for magnetoabsorption resonances in Bi compounds in
magnetic fields very close to theab plane observed by Matsudaet al.The observed resonances are related with
the Josephson-vortex oscillating mode governed by weak pinning of pancakes, but not with the Josephson-
plasma mode as was suggested by Matsudaet al. @S0163-1829~99!04846-8#
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Matsuda et al.1 observed the magnetoabsorption res
nances in Bi compounds in magnetic fields very close to
ab plane. A linear dependence of the resonance magn
field on the small angleq between the field and theab plane
has been observed. The authors claimed that they obse
Josephson-plasma resonances, but at the same time
compared their results with a theoretical formula whi
yields zero frequency in the limit of the parallel magne
field (q→0). However, the plasma frequency cannot go
zero when it is extrapolated to a parallel field2 ~see also
discussion in Refs. 3 and 4!. In the present Comment I argu
that the observed resonances may be interpreted as a p
vortex mode and derive an expression for the resonance
quency which yields a linearq dependence of the resonan
field revealed in the experiment.

If the magnetic field is strictly parallel to theab plane, it
penetrates into the sample in the form of infinite Joseph
vortices, but at any finiteq the vortex is a chain of pancake
connected with Josephson strings of finite lengthLJ
5s/sinq wheres is the period of the layered structure. Th
fact that the frequency goes to zero in the limitq→0 means
that mostly pancakes, but not Josephson strings, are pin
If pinning were very strong, the oscillating mode would
an oscillation of the Josephson string of lengthLJ with fixed
ends. Then the string displacements areu(x)} coskx where
k5p/LJ assuming that the axisx is parallel to vortices and
the origin x50 is in the middle of the Josephson strin
Bearing in mind that the wave along the Josephson vort
in the limit of a high magnetic field is a usual transver
electromagnetic wave with spectrumv5ck, one obtains the
frequencyv5pc/LJ'pqc/s, which is huge for any rea
sonableq. This means that pinning of pancakes is weak a
the Josephson string oscillates in the potential well form
by pancake pinning without essential flexure. Then the os
lation with the resonance frequencyv r5AK/MJ is governed
by a harmonic-oscillator equation
PRB 600163-1829/99/60~22!/15430~3!/$15.00
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MJü1Ku50, ~1!

whereu is the displacement andMJ is the mass of the Jo
sephson string of lengthLJ , and K is the pining constant
which characterizes the pinning force on the pancakes
therefore does not depend on the string lengthLJ .

The Josephson-vortex massMJ of a string of lengthLJ is
related to the electric energy. The electric energy per u
area of one layer is«V2/8ps, where« is the high-frequency
dielectric constant,

V5
\

2e

]w

]t
52

\

2e
vL¹w ~2!

is the voltage,¹w52psH/F0 is the space gradient of th
phase difference between superconducting CuO layers,H is
the magnetic field, andvL5u̇ is the vortex velocity in theab
plane. Multiplying the electric-energy density«V2/8ps by
the areaLJ32p/¹w of the Josephson string, and assumi
that the obtained energy corresponds to the kinetic ene
1
2 MJu̇

2 of the string, one obtains the Josephson-string m

MJ5
«F0HLJ

4pc2
. ~3!

Finally, the resonance frequency is given by

v r
25

K

MJ
5

4pc2K

«F0HLJ
5

4pc2K

«F0Hs
u. ~4!

The resonance frequency does not depend on Josephson
pling since neither mass nor pinning constant depends o
Indeed, the mass is related to the electric energy determ
by capacity of interlayer junctions. Also the Josephson c
pling cannot essentially affect the pinning constantK be-
cause the latter is related to pinning of pancakes, but no
15 430 ©1999 The American Physical Society
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Josephson strings themselves. Pinning of pancakes is
sible even if there is no Josephson coupling at all and lay
are connected only magnetically as was discussed by Cl5

However, the Josephson coupling determines the Lore
force driving Josephson strings. The driving force was om
ted in our analysis since we looked for only the frequency
the resonance, but not its amplitude, and therefore con
ered free oscillations. But excitation of the vortex oscillati
surely requires a finite Josephson coupling. We should n
also that the term ‘‘Josephson string’’ is not exact in o
limit: there are no isolated Josephson strings since t
strongly overlap and the magnetic field is nearly homo
neous. In this case the term ‘‘Josephson string’’ refers t
single-quantum magnetic-flux tube related to one panc
vortex.

Equation~4! yields thatv r
2}u/H like the theoretical ex-

pression used in Ref. 1@see Eq.~5! therein#, but the other
factors in the two expressions are different. According to
Eq. ~4!, the resonance frequency is governed by the pinn
constantK. In contrast, according to Matsudaet al., the reso-
nance frequency depends on the anisotropy parameter d
mined by the interlayer Josephson coupling. Matsudaet al.
borrowed their Eq.~5! from Bulaevskii and co-workers.6,7

Bulaevskiiet al.6 calculated the spectrum of the sliding vo
tex mode and obtained a finite gap despite the vortex m
being a Goldstone mode which may not have a gap in
sence of pinning. They claimed that this gap was
Josephson-plasma resonance frequency. Later they adm
that their original result was wrong@see the paragraph afte
Eq. ~50! in Ref. 7#. Nevertheless, Bulaevskiiet al.7 believed
that even though their derivation was incorrect, one may
their final formula after deleting itsmain term, but retaining
the small correction term linear inq. But such a procedure
does not make their formula correct, as our analysis ab
has shown.

Thus the Josephson-plasma-mode interpretation of m
netoabsorption resonances in the parallel field in Ref. 1
based on comparison with an incorrect expression, a
moreover, obtained for the vortex mode. I should stress
though in a magnetic field tilted to thec axis motions of
charges and vortices are coupled, the plasma and the vo
modes remain to be clearly discernible collective modes
contrast to the different claims on this issue.1,7 The charac-
teristic features of two modes are that for the plasma m
v r

2 is proportional to themaximumcurrent j 0, which deter-
mines the Josephson supercurrentj 0 sinw @see Eq.~5! be-
low#, whereas for the vortex modev r

2 is proportional to the
real critical current j c governed by vortex pinning. In wide
junctions usuallyj 0 essentially exceedsj c . An attempt to
explain the magnetoabsorption resonances in terms of
pinned vortex mode was done by Kopninet al.8 But it was
done for perpendicular fields assuming that the mode is g
erned by surface pinning. Meanwhile later experime
showed that the resonance frequency did not depend
sample thickness, and this is an evidence in favor of b
pinning. Also other features of the model by Kopninet al.8

require a modification in order to use it for interpretation
magnetoabsorption resonances inperpendicularfields. This
will be done elsewhere. The present Comment addresse
vortex mode in high~about a few T! parallel fields governed
by a bulk pinning force.
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Now I shall discuss shortly recent experiments relevan
the problem of magnetoabsorption resonances in high
pendicular magnetic fields and in absence of a field.

Experiments on thec-axis critical current in a Bi com-
pound by Yurgenset al.9 have shown that magnetic-field de
pendence of the critical current is similar to that ofv r

2(v r
2

}1/H), and they considered it as a confirmation of t
Josephson-plasma interpretation. In order to check it qua
tatively, one should estimate the value of the maximum c
rent densityj 0 using the expression connecting it with th
Josephson-plasma resonance frequency:

j 05
«F0

8p2cs
vpl

2 . ~5!

If vpl is the magnetoabsorption-resonance frequencyv r ,
then for frequency 45 GHz,«520 ~this value was taken
from Ref. 3!, and s516 Å, the maximum current densit
must be j 0'280 A/cm2. At T525K Matsudaet al.10 ob-
served the 45 GHz resonance for the resonance fieldH
'1.25 T. For these temperature and field in some sam
Yurgenset al.9 observed a critical current of about 0.06 m
~see Fig. 6 in their paper!. For mesa area 20330 mm2 this
corresponds to the current density not more than 10 A/c2.
Thus Yurgenset al.9 measured not the maximum current, b
the critical current governed by vortex pinning, which
quite natural to expect for a wide Josephson junction. The
fore the proportionality of the measuredc-axis critical cur-
rent tov r

2 confirms not Josephson-plasma, but vortex-mo
interpretation.

As was explained in Refs. 2 and 4, the main problem
Josephson-plasma interpretation in perpendicular fields
the observed strong dependence on the magnetic fieldv r

2

}1/H. In order to explain this in terms of Josephson-plas
oscillation, one must assume that even in the vortex-s
state the vortex lines deviate from straight lines so stron
that the London region totally disappears: the whole bulk
occupied by extended ‘‘vortex cores’’ in which the interlay
Josephson coupling is essentially depressed. If this assu
tion is correct the London penetration depth for curre
along thec axis must grow strongly with the magnetic field
lc5c/A«vpl}AH. This is not confirmed by recent measur
ments of the microwave losses for thec-axis currents at fre-
quency 10 GHz.11 The losses which should be proportion
to the surface resistance;r f l /lc linearly grow with the
magnetic field12 as in conventional superconductors in whi
the penetration depth weakly depends on the magnetic fi
and the flux-flow resistancer f l is proportional to vortex den-
sity because vortex cores do not overlap for fields not cl
to Hc2. The surface resistance would grow much slower th
linearly, or even would decrease, if the vortex cores ess
tially overlapped andlc were proportional toAH.

Kosugiet al.13 observed an enhancement of the resona
field due to columnar defects and concluded that colum
defects tend to align pancake vortices so that the vortex
segments of length about 50 interlayer distances are confi
inside columnar defects~according to Morozovet al.14 this
number is about 15!. A simple geometric estimation show
that in this case the extended vortex cores must not occ
more than 1/50~or 1/15! of the whole bulk, and, correspond
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ingly, the relative difference between the observed and
zero-field Josephson-plasma frequency;200 GHz should
be about 1/50~or 1/15!. Meanwhile, Kosugiet al. observed
resonances with frequencies 30 and 45 GHz dependen
the magnetic field. This is also an argument against
Josephson-plasma interpretation of magnetoabsorption r
nances in high perpendicular magnetic fields.

But recently Gaifullin, Matsuda, and Bulaevskii3 reported
observation of azero-fieldresonance for a temperature ve
close to the critical point where the resonance freque
must be quite low. In this case the Josephson-plasma in
pretation looks quite reasonable. However, it is not neces
that all observed magnetoabsorption resonances inall ex-
perimental conditions have the same physical origin. Up
now there is no evidence that the resonance observed in
-
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3 for fields not more than 15 mT belongs to the same bra
as resonances observed at fields about 1 T.

In summary, the interesting experiment by Matsudaet al.1

yields an evidence that the magnetoabsorption resonanc
Bi compounds in nearly parallel magnetic fields might be
vortex-oscillation mode governed by pinning. At the prese
moment there is no consistent interpretation of the para
field resonances in terms of the Josephson-plasma reson
Recent experiments in high perpendicular magnetic fie
also do not confirm this interpretation. Up to now only th
zero-field resonance observed close to the criti
temperature3 may be consistently interpreted as th
Josephson-plasma resonance. In total, further efforts in
periment and theory are necessary for a final judgment on
origin of observed resonances in various experimental c
ditions.
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