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Has a Josephson-Plasma Mode Been Observed in Layered Superconductors?
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The plasma mode in layered superconductors is analyzed using the continuous approach for an
anisotropic superconductor and the Lawrence-Doniach model. The analysis predicts, for the plasma
frequency, a magnetic field dependence different from that of magnetoabsorption resonances recently
observed in various materials and conditions. This puts in doubt their Josephson-plasma-mode
interpretation commonly accepted by experimentalists. [S0031-9007(97)04517-1]

PACS numbers: 72.30.+q, 74.60.Ec, 74.60.Ge

Collective modes of vortex arrays have been studiedield with the Goldstone mode mentioned above which
from the 1960s when the works of Hall on rotating super-they call “sliding mode.” The latter is, in fact, the
fluid “He [1] and of de Gennes and Matricon on type-ll same vortex mode branch suggested in Ref. [11] for
superconductors [2] were published. In superfltide  explanation of resonances in a perpendicular and a tilted
the vortex modes have been observed as comparativefield, but extrapolated now to the parallel field where it
narrow resonances [3], whereas in superfiikig they are  has new properties (e.g., vortex mass becomes essential).
overdamped and have been identified as long relaxatioBut Bulaevskiiet al. [19] still insist that the Josephson-
processes after modulation of rotation speed [4]. plasma modes have been experimentally observed, and

Until recently vortex modes in superconductors re-this interpretation is accepted by experimentalists [6—10].
mained a topic of the theory: large viscous losses in low- In the present Letter, | show that properties of the
T. superconductors prevented the observation of thesglasma mode in layered superconductors are different
modes. Therefore observation of the magnetoabsorptiomom those observed for magnetoabsorption resonances,
resonances in higli; Bi compounds by Tsuét al.[5]  and therefore their interpretation in terms of the Joseph-
has attracted great attention and has given an impetus tosan plasma mode looks at least very unlikely. The most
great number of experimental works [6—10] in which theyserious drawbacks for this interpretation are: (i) The ex-
observed these resonances in different conditions and mperimental resonance in a tilted magnetic field is governed
terials. It seemed quite natural to interpret them as slovby the field component normal to layers while the plasma
collective vortex modes (Kopniet al.[11]). But later mode is governed mostly by the in-plane one (parallel
the experimentalistainanimouslyinterpreted the reso- to layers), and (ii) the experimental resonance frequency
nances as plasma oscillations in Josephson junctions bgees to zero when the vortices become parallel to the lay-
tween CuO superconducting layers. ers [9] while the plasma-mode frequency remains finite in

The original plasma-mode interpretation of the mag-this limit. These drawbacks are known to proponents of
netoabsorption resonances was suggested by Bulaevskliasma-mode interpretation, and they have suggested sce-
et al. [12,13] using the idea of the Josephson-plasma edgearios to overcome them, but | shall show that these sce-
with frequencyw = w;+/{COS@) wWhere w; is the fre- narios are not persuasive. The presented analysis refers
guency in zero magnetic field ardose) is the spatial to temperatures and fields below the irreversibility line
average for the phase differenge between two layers. where layers are not decoupled, though its results might
In order to agree with experimertose) had to be small be important for the vortex-liquid phase also.
for any direction of the magnetic field. However, it was Let us start fgom a phenomenological approach. If the
known that either in a wide Josephson junction [14] or amagnetic fieldB is along the axisc (the axisz), the
layered superconductor [15] there is no plasma edge fgslasma mode is described by equationsF@momponents
any finite densityof vortices (fluxons); i.e., the plasma of the electric field and the current,
frequency ceases to be a lower bound on the oscilla-

tion frequency since the soft Goldstone mode related to 1 9E: _ —4—7sz, 1)
the vortex-array translation arises. Moreover, in paral- ¢ o ¢

lel fields considered in Ref. [12], there is no plasma mode By o2n

which could be observable by microwaves. Thus the = =—E,, 2
plasma-edge idea could not be a basis for interpretation ot mn

of magnetoabsorption resonances [16]. wheren, is the superfluid electron density for the currents

Later Bulaevskii et al.[17—-19] have revised their normal to the layers. It determines the plasma frequency
theory relating now the resonances observed in paralleb, = \/4me?n./m and the penetration depth = ¢/ w..
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The vortex mode is related with in-plane motion and isJosephson-plasma frequeney, this gives an expression

completely decoupled from the plasma mode. for the plasma frequency.(B) = w,+/{COS¢) suggested
In the opposite limit ofB in the planeab (B = B,) by Bulaevskiiet al. [12] and used by all experimentalists
Eq. (2) is replaced by for comparison with their results. Thus the whadle de-
9j: _ @c £ 4+ YL 3) pendence is presented by the fadtoose), and in order
ot 4 \ ¢ Yoo ) to explain the experimental dependence this factor must

wherev; = du/dt is the velocity and: is the displace- be essentially smaller than unity. Let us estimate how
ment of the vortex lines along the axiswhich is deter- small it could be.

mined from the equation By definition, in the London region the superfluid
0%u Pu Dy density is close to its value far from the vortex line, i.e.,
—Moa Kﬁ - e (4) cosp ~ 1. Then the core area must be defined as an

One sees the Lor{entz forcé on the right-hand side, buirea where the phase is not small compared to unity.
there is no Magnus force: the latter is in theélirection in  |n the Lawrence-Doniach model the vortex line, which
which vortices cannot move because of intrinsic pinningijs directed at the tilt angla$ = arcsinB./B to the ab
Then one must take into account the vortex messAlso  plane in average, consists of pancakes in superconducting
the shear elasticity of the vortex lattice given by the elasticCuO layers connected by Josephson strings in interlayer

modulusk is important. spacings. The phase is large (i.e., co® may be

For a plane wave~expikz — iwt) the dispersion small) only inside a Josephson string whepevaries
equation is in the 27 interval. The length of the Josephson string
(0® — w) (0> — cok*) —Tw’w} =0, (5) isL;=s/tand. The width of the string also cannot

wherec? = K/M, andT’ = B,®q/4wMc*. Inthelimit exceed this value, as pointed out by Clem [20]. Thus
of k — 0 this dispersion equation yields the plasma modehe core area in theb plane does not exceedL}. A
with renormalized gam.v1 + I' and the soft soundlike more accurate estimation shows that the effective core
vortex modew = c,k/~/1 + T. area differs from this value by a logarithm factor, but
_ More general equations for an arbitrary direction ofit is not important for our rough estimation. A strong
B must include the Magnus force which becomes moreénequality (cose) < 1 takes place if cores occupy the
important than the vortex inertia force. But the final whole ab plane, i.e., the core areaL’ = s2/tar® 9 is
conclusion of the phenomenological theory is that oneon the order or more than the ardg/B, per one vortex.
can easily discern the plasma mode with a gap originatett is possible if tan} =~ ¢ < B/H, whereH, = ®/s>
from the Coulomb interaction, and the soft vortex modeis about 1000 T while fields relevant for experiment are
which is gapless in the uniform case, but has a gap in thiess than 10 T. Therefore an essential suppression of the
presence of pinning. The plasma gap depends only on th@asma frequency by the magnetic field is possible for tilt
in-plane componeng,. angles of about 1

However, even thougtB, has no direct effect on the  In order to conciliate the plasma-mode theory with
plasma frequency, it can affect it via the superfluid den-experiment at fields perpendicular to thé plane, Bu-
sity n.. The latter is constant outside the vortex coredaevskii et al.[13] suggested that even for a field nor-
(the London region), but is suppressed inside the coresnal to layers in average, the local direction of vortex line
Thus B, diminishes the averag@.) and the plasma fre- strongly fluctuates because of pinning of pancakes. As a
quencyw. =« 4/{n.). In continuous superconductors the result, there appears a great number of Josephson strings
effect is roughly proportional t&/H_., which is the ra- which, as they believe, can effectively decrease the factor
tio of the core area to the area of the vortex unit cell. In{cose). But they strongly overestimated this effect using
layered superconductors the core area must be found frothe relatior{cose) = exp(—(¢?)/2) which is incorrect if
the Lawrence-Doniach model. In this model the curren{¢?) is large, i.e., if(cose) is small. Our estimation has
is j. = j.Sing, where j. is the critical current for the shown that in order to essentially decredsese), the
Josephson coupling between two layers. Suppose thatdeviations from the direction normal to layer mustédoe
smooth phase modulatiap’ = sd¢/dz is superimposed erywhereabout 90. It is difficult to imagine a structure
on the ground-state phase pattern. Herns the period in which random directions of the vortex line are kept
of the layered structure. Then the average current iso close to the planeb: In the presence of numerous
j. = je(cosp)e’ where nowe is the phase in the ground pinning sites pancakes can always choose those which
state. Comparison of this expression with that for a condo not require a vortex line to deviate from its average
tinuous superconductof, = en.(B) (hi/m)d¢/dz, yields  direction so strongly which would cost a higher energy.
that n.(B,) = n.(0)(cosep) where n.(0) = j.sm/eh is  Butin the case that such an exotic structure was realized,
the superfluid density without magnetic field. Since thenevertheless, one would expect a strong effect of the fac-
zero-field plasma frequencw.(0) coincides with the tor (cose) also on the field-dependent penetration depth
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Ae(B) = ¢/w.(B). Such huge enhancement &f could by Eq. (8) @ is small), but in this mode the average
not be unnoticed in direct magnetic measurementad.on current;j, and the average electric field, vanish (they
Our phenomenology assumed existence of the Londohave opposite signs in neighboring layers). Therefore this
region. But for a parallel field this region may be mode is not coupled with a practically uniform electric
eliminated as shown above. Therefore one must checheld generated in microwave experiments.
this case using the Lawrence-Doniach model which deals Thus according to the Lawrence-Doniach model one
with equations for the gauge-invariant interlayer phaseannot observe the plasma mode in a strong parallel field.
difference ¢, ,+1 = ¢n+1 — ¢, between the layers But the soft vortex mode predicted by phenomenology
andn + 1 [see Eq. (11) of [21], dissipation is neglected], is observable and corresponds to Eq. (9) in the limit of

1 92 small g = ks. Indeed, in this limit one may present an
2o [2 + @)@nn+1 = Pntint2 = Pu—1a] oscillation in terms of vortex displacemenisassuming
0 o | that ¢/ (x) = —ua¢,§?3,+_1(x)/(?x. .Then it is evident that .
= % — = [(2 + a)sing, 41 the mode under consideration is the transverse sound in
dx A the lattice of vortices which have a mass.
— SiN@u 41042 — SIN@L—1.4]. (6) Note that our triangular lattice hassingle vortexin

the elementary cell. Therefore the structure cannot sustain
Rny optical mode. The optical mode obtained in Ref. [17]
results from an improper choice of the elementary cell

Here a = Sz/)l%,b, A =5y, vy = wab/wc = /\C/Aabl
wap, andA,, are the plasma frequency and the penetratio

depth for currents in the:b plane, andcy = c/a is it » . iahboring | F I
the analog of the Swihart velocity. Without magneticWI WO VOrHCES In neighboring 1ayers. Formally one
field all phase differences vanish in the ground statem?Y choose the unit cell (':ontal.nlng two vortices. BUt this
0) ) ) yields a wrong physical picture: the optical branch in such
¢nn+1(x) = 0. But the phase differences can oscillate; picture must be continuously connected with acoustic
with the plasma frequenay, = co/A; = ¢/Ac. branch at the boundary of the first Brillouin zone for a
In the limit of high magnetic field$, = B> Ho =  (yq.site cell, i.e., belongs to the same branch, in fact.
®o/sA; vortices fill all interlayer spacings forming pe- pjscontinuity between “acoustic” and “optical” modes
riodic chains with periodi = ®o/sB < A;. In neigh- ot the Brillouin-zone boundary obtained in Ref. [17]
boring interlayer spacings the vortex chains are shiftedqniradicts to symmetry of the vortex lattice.
by a/2 forming atriangulaor lattice [22]. The equilibrium 14 optical mode appears, however, if vortices do not
stationary configuratiorp, ,+(x) satisfies Eq. (6) with- fill all interlayer spacings. According to Bulaevskii and
out time derivatives and may be found treating the sineclem [22] the vortex lattice with the vortex chains in any
terms as weak perturbations, layer transforms at some magnetic field of oréigrto the
0) 4t a lattice with the double period along the axisin which
Pune1(0) = kx + n = (=1) A2 sinkx, (7)  any second interlayer spacing is free from vortices. We
/ assume that the even spacings with the phasgs,+
are filled with vortices (vortex layers), whereas the odd
i ) o 4+ a)cd @+ o) Iones with Lhe phasqsgwll,zwhz are \10rtex free (Mgis?]ner .
w2 = wXCoSE,ui 1) = 0 = W) ) ayers). This structure also has only one vortex in the unit
‘ 2k2 A5 87282 cell. However, the oscillating phase in the Meissner layer
(8) isan independent variable. So the unit cell contains two
Let us try to find it solving Eq. (6) linearized with re- sites: one is occupied by a vortex, another is vortex free.

spect to small phase modulatier, = @,.,+1 — ¢,(z(,),)1+1- Using the perturbation theory for the high magnetic

Equations fore/ (x) are Mathieu equations which one field again, we obtain for the static triangular structure
may solve using the perturbation theory with respect tdhat§0§(31)+1,2n+2(x) =0, ie, C05§D§?+1,2n+2 = 1 and
the periodical potential. For modes propagating normally e 4 _ =y 2+ a . . 10
to the layers,¢/(x,1) = ¢(x)explign — iwt) and the Pompn+1(x) = kx + 7n — (=1) A2 sinkx. (10)

. . T - 7
phase modulation is periodicah(x + a) = (). We o e introduce small deviations from the equilib-

where k = 277 /a. Then one might expect the plasma
mode with frequency

obtain that the frequency of these modes is given by . . 0) .
) 2 rium in vortex layersu, = @a,20+41 — @on2n+1, and in
w? = 504 (1 — cosq) = wj —5== (1 — cosq). (9) Meissner layersp, = @a,1120+2. Taking the periodic
k=A; 4m°B potential into account by the perturbation theory as be-
This is a gapless mode which agrees with the spectrurfore, the equations for-independent;,, andv,, are
derived earlier by Volkov [15] [see his Eq. (17) for w2 w? 1
k = 0]. (2+a)—2un—(—2——2>(vn—1+vn):0,
o o AJ

The mode at the boundary of the first Brillouin zone

g = =7 has a maximum frequencyw? = 2¢3/k*A} 2+ a) w1 v — w_z(u Y uey) = 0. (11)
which is roughly equal to the plasma frequency given & ) g '
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We restrict ourselves by a cage= 0. Thenu, andv, do is about unity and the magnetic-field dependence of the
not depend on the layer numberand the equations yield plasma frequencyw,. = w;+/{CoSe) is negligible com-
two modes: the soft vortex mode with = 0 (acoustic pared to that observed. At small tilt angles extrapolation
mode), and the plasma mode with frequency close t@f the plasma frequency to zero angle must yield a finite
w; (optical mode). Note that the plasma frequency isobservable value, in contrast to zero value obtained in the
not suppressed by the magnetic field since the curremecent experiment [9].

and the electric field are confined in the Meissner layers This conclusion, which is negative for plasma-mode in-

where cog ~ 1. Therefore the expression.(B)> = terpretation, does not mean that the vortex-mode interpre-
w3{cos¢) does not predict a correct value of the plasmatation must automatically replace it. It is evident now
frequency, sincécos¢) = 1/2 in the present case. that even if experimentalists really observed the vortex

On the basis of these calculations one may concludenode, its properties are different from those suggested in
when the plasma mode is observable by microwaveRef. [11]. In particular, the mode must be governed by
and when it is not. It is definitely observable if there pinning in the bulk, but not only on the surface. Other
is an essential London region, where there is no fasinterpretations different from “either plasma, or vortex
phase variation and cgs= 1. In the second example mode” also must not be ruled out. This problem will
the vortex-free interlayer spacings play a role of such @&e addressed elsewhere. Additional experiments, which
region. | argue that magnetic-field tilting is also able tocould help to resolve the problem, were extensions of
make the plasma mode observable. At any finite tilt angleneasurements to lower magnetic field, where the differ-
¥ ~ B,/B,, however small, there is no infinite-length ence between vortex and plasma modes became more pro-
Josephson vortices anymore. Instead there are finitetxounced. Since the penetration depthis also affected
length Josephson strings stretched between pancakds the factor(cose), comparison with measurements of
Only infinite-length strings are able to eliminate an A, in magnetic fields would also be useful.
observable plasma mode. This may be illustrated by an | appreciate very much discussions with M. Gaifullin,
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