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Electrodynamics of nearly ferroelectric superconductors

Joseph L. Birman and Natalya A. Zimbovskaya
Department of Physics, The City College of CUNY, New York, New York 10031
(Received 29 March 2001; published 19 September 001

We report here the frequency-dependent optical response of a nearly ferroelectric supercdNEEB0),
like Na WOg, orn-SrTiO;. Fromw=0, up to a critical frequency.;, Meissner-like field extinction occurs as
in a usual superconductor. In the “anomalous” regiop < w<w1g (the TO frequency of the NBEhe field
propagates as in a dielectric. FO> wo Meissner-damping recurrs, then at higlkerdielectriclike propaga-
tion is found. Optical anomalie@eaks in transmissigrare predicted for a film of NFE-SC below the soft-
mode frequencwro. These effects are due to including the contribution of the NFE displacement current in
the solution of the coupled Maxwell, lattice and London equations. Quantitative calculations are given for the
NFE-SCn-SrTiO; to illustrate this.
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[. INTRODUCTION the resonant frequency region near the basjg and w g
frequencies of the soft mode. The theory is applied to a semi-
This paper predicts effects in the electromagnetic reinfinite medium, and to a film in order to calculate the re-
sponse of a material that exhibits superconductivC),  flectivity and transmittivity (impedance We illustrate the
and is in a “nearly ferroelectric(NFE) state. We use the results quantitatively, using experimental data for supercon-
description “nearly ferroelectric” to mean a material that is aducting doped SrTiQ which is one of the materials for
typical soft-mode phonon Cochran-Anderson systemith ~ which all the needed lattice, electronic, and superconducting
high-static dielectric constant. Materials in this class includedata are available.
the sodium tungsten bronze N8O; and n- (or p-) doped We use London local electrodynamics for the supercon-
SrTiO; systems. ducting sector, rather than a nonlocal BCS or Pippard ap-
Recently’® sodium tungsten bronze NAO; with x  proach. These NFE-SC materials are all type M\ % ¢
~0.05 was reported to be a high-temperature superconduct@rhere), is the London penetration depth, aéds the co-
with T,~90 K. It is noteworthy that for 0&x<1, Mat-  herence lengthand in some cases they are strongly type Il
theis and collaborators long ago reported superconductivityh, >£).” It is well known that London electrodynamics is
but with T.~3-5 K2® Also Mattheis and Wod first  valid in these cases. We also do not consider in the present
reported ferroelectricity in the host WGsystem. Another work effects due to vortex creation in these systems.
material,n- (or p-) doped SrTiQ exhibits superconductivity,
with T;~1-3 K2 The host SITiQ is known to be a Il. MODEL AND DISPERSION
“nearly ferroelectric” material, where the static dielectric

constant(0) has been measured 240" in the temperature At the outset we note that all the relevant dynamical fields

range where superconductivity occdr addition to these considered, are transverse. These are the electromagnetic

two materials, Weger and collaborators have recently profi€!ds, t”he lattice V|b][at|or?s, and the L_or}(_j?(rj] supercurrent.
posed that in the high-temperature cuprate superconductord@Well's equations for the macroscopic fields are

a new multicritical point occurs due to an underlying, nearly V.B=0: V.D=0:
ferroelectric instability that renormalizes the electron-phonon ’ '
and electron-electron interaction and enharikes® 1 0B

In the present work we will assume the “host” ionic lat- VXE+ < EZO;

tice is a soft-mode NFE, with high dielectric coefficient
£(0). To clarify the scope of our work we also assume that
all the carriers injected in the host by doping are fully con- VXH-=-—=0, (1)
densed intas-wave Cooper pairs in that lattice, so there are c at

no “free” electrons. This assumption is consistent with ear-yjith the constitutive equations of the medium taken as
lier work on such systems by Cohen and Koche#o pre-

sented a strong-coupling theory applied to superconductivity B=H+47wM and D=E+47P=¢(w)E. 2

in SrTi0, (see also Refs.}J4Hence the free charge density For the host ionic lattice we assume a “diatomic” basis, with

pe=0, and free current densit,=0. w the relative displacement vector of the:) ions (W=u.
In our present phenomenological approach, we solve the

coupled equations for{a) the transverse electromagnetic —u-). The equations of motion of the lattice, omitting

field (Maxwell equations (b) soft-mode lattice vibrations damping, aré
(Born-Huang equations (c) the superconducting electrons 42w
in London(local) approximation. We report dispersive struc- — =by;W+b,E;  P=byw+b,E, 3
ture, when the electromagnetic frequency is tuned through dt?

0163-1829/2001/64.4)/1445048)/$20.00 64 144506-1 ©2001 The American Physical Society



JOSEPH L. BIRMAN AND NATALYA A. ZIMBOVSKAYA

whereb;; are frequency-dependent coefficients, and the elec:

tric field E and the polarizatio® are the same as in Eq4)

and(2). Now we seek a plane-wave solution proportional to o
exp(k-r—iwt) for the Eqs(3) in the long-wave approxima-
tion. We follow Huang, and for these transverse waves, in the

ionic medium with a single-resonance frequemgy, we ob-
tain the usual expression for the dielectric function

e(w)= w?)(wF— ) (4

where the expressions for the coefficiebfs were given in

8oc(‘l’fo_

Refs. 8. In media such as the perovskites, bronzes, or cu

prates we have to take account of the otfremsof} LO and
TO modes by renormalizing., to some “effective” value
e, ® wheree,=¢.Il] w?,/w?,, (the primed product over
includes all oscillations except the soft modad we sup-
pose the frequencw is far below all frequencies ; and

wT; except the soft mode. In what follows we use E4)

with e, replaced bye

Teller (LST) relation is°

€0
— 2 2

o)

(5

Note that all oscillators, including=0 (the soft modg are
included in Eq.(5) (no prime on the produgt Finally we
take the London equatiohin the form:

1 nee?
c’A

1
VxXM=_J (6)

m* c?

HereA is the vector potential for the electromagnetic field:

19A

X A=B;
V XA=B; c o

(7
The London gauge has been used, and in (Bgns is the
superconducting electron density, amd is the electron ef-

fective mass. From Eqgs¢l),(2),(4),(6), and(7) we obtain the
equation for the electric field

1 9°E A
VXVXE=-—¢&(w)— ——-E
C

% c?A ®
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FIG. 1. Solutions of the dispersion equati®) for zero damp-

ing. Frequency intervale ;< w<wrtg and o> w., correspond to
real root of the Eq(9).

... The generalized Lyddane-Sachs-

dispersive form4) for e(w), interesting physics emerges as
w is increased from zero. Depending on the sign of the right-
hand side of Eq(9), k will either be real and electromagnetic
waves will propagate, or imaginary so the wave will damp
with frequency-dependent penetration depthwhere

1/2

Figure 1 illustrates this. Abb=0 the usual London penetra-
tion depth\, is found. As the frequency increase$ (w)
grows, up to a frequencyw.;, where k?*(wq;)=0 and
A (w¢p) is infinite, so the field is uniform inside the me-
dium. Forwg <w<wrg, k>0, and the field propagates in
the medium as in a dielectric. Far,<w<w, o, k?*<0, and
again there is a frequency dependgiif ), i.e., Meissner
effect. Exactly atw g, e(w_g)=0, SOA] (w_o) coincides
with the London penetration depth. Far o< w<w.,, k?
<0 giving increasing\} (), and atk?(w.,) =0, a uniform

2

w 2
gs(w))\l_ (10

The field equations describe the coupled electromagnetifield. Then, foro> w¢,, k*>0 and the wave propagates in
field, the soft-mode NFE oscillator, and the London superthe medium again, as in a dielectric.

current.

We now look for a transversd@) plane-wave solution for
E, and recalling thaV X V X E= — V2E for such solutions,
we obtain our result, the dispersion equation Towaves

©)

If the London term(last on the right-hand siglas absent,

In summary, our dispersion equati¢® as a function of
frequency gives alternately regions of Meissner-like
frequency-dependent penetration depfh(w) that are su-
perconducting with the magnetic fielB excluded forx
>\[, then changing to regions of field propagation with
w-dependent real wave number, as in a dielectric medium.
This alternating dielectric and Meissner behavior suggests
that our model has a zero-temperature phase transition be-
tween normal dielectric and superconductor phases driven by

then Eq. (9) is the usual equation for a transverse phonorthe electromagnetm frequenay, i.e., a type of “quantum
polariton® on the other hand, if the displacement term due tophase transition 2

the polarization is absertfirst term on the right-hand sigle
then the field attenuates in the distankg!= \4x/c?A
where\ is the London penetration depthOwing to the

Up to this point damping was ignored . To examine this
we write the dielectric functiori4) allowing for a phenom-
enological damping coefficiedt (Ref. 13
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g(w)=seL(0fy— 0)I[(w5y— 0?)—2iwl']. (11

As shown on Fig. 2, including “moderate” dampirg of

PHYSICAL REVIEW B4 144506

smallest root of the Eq9) for k=0,

the soft-mode oscillator changes the results quantitatively but e(w)= o i (12)
the above qualitative features remain the same. A @2
Our first step is to determine the extent of the important
frequency intervak < w<wtg. The frequencyw.; is the  The roots of this equation are,
|
1 1 2rz 1 1 \* ar? 1
(1)1’2: w70 —| 1+ - +— 1—- - 1+ . (13)
2 1+a%) wi(l+a?) 2 1+a%)  w?y(1+a? 1+a?
|
Herea’= w’,e. A/4 is a dimensionless parameter that can 47
take on values of the order of unity in nearly ferroelectric Eix(0) ~Ex(0) = 7 Ex(0)=0. (14)

materials such as-SrTiO; (see below.

As we demonstrate below, when we calculate the actuaHereE;,(0), E,,(0), E(0) are the incident, reflected, and
size of the regiomw= wto— w.; for Nn-SrTiO; using mea-  transmitted electric fields, respectively adds the surface
sured parameters includiig dw is, we believe, sufficiently impedance . First consider the case without dampifig (
wide to enable measurement of our predicted effects in a film=0), where we have
of NFE-SC. First, we consider a semi-infinite medium and

then the film.

Ill. SEMI-INFINITE MEDIUM

We consider a semi-infinite NFE-SC medium occupying
the half-spacez>0. An incident electromagnetic-wave
propagates in thedirection with electric and magnetic fields
E(r) and B(r) polarized alongx andy axes, respectively.
The Mg\fwell boundary conditions at the interface plane
=0 ar

Eix(0)+E(0) —E(0)=0;

€ (w)

FIG. 2. Solutions of the dispersion equati¢® for nonzero
damping coefficientl'. For moderate dampingcurve 1 the
“anomalous” frequency ranges still exist. The enhancement of
leads to disappearence of such frequency interiaisve 2.

dk
1+ (\f k)2

Js
(15

We defined the effective penetration depthby Eq.(10). In

the expressior{15) the upper signs are used for frequency
ranges where the material exhibits Meissner-like behavior
(k?<0), while the lower signs apply to the frequency regime
of dielectriclike behavior K*>0). After integrating ovei,

we obtain

47 _8io
Z=—Eu(0)/By(0)=+—-(A[)
Cc

dmio
=— o N whenw<wg ororo<w<we;
and
47w .
Zz?AL whenwg<w<wrgoro>we. (16)

Using these results we can solve the equatid4s and cal-
culate the reflection coefficient for the Meissner—like (
<0) or dielectriclike §*>0) frequency ranges. We obtain

the following:
2
( ); Ko

-

for the anomalous frequency ranges (<w<wrg;w
>wey); andR=1 whenw<wg; of wrg<w<wg,. Of course

the latter confirms a well-known result of electrodynamics of
superconductors, i.e., when we do not consider vortices, the
electromagnetic field cannot penetrate into the volume of a
superconducting medium. For the “anomalous” intervals,

E(0)[?
Ex(0)|

Ko f —1
koA +1

17)
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e.g., v <w<wrg, the reflection coefficient tends to unity % L i\ L
near the limiting pointsw.; and wry because\! tends to E.(0)= By(O)cot( —*) R By(L)sin1<—*>;
infinity when w— w¢; and\{" tends to zero whem— w1y. M M
However in the interior of this frequency rangetakes val-

ues that are considerably smaller than unity. This means that o\ - v

the electromagnetic field can penetrate into a semi-infinite =x(1)= —c—By(0)sin N By(L)co NI
NFE-SC medium within the “anomalous” frequency range - L(20)

where the Meissner effect is suppressed. We did not include
the effect of damping that will be discussed below. TheThe solution of this system of equations for the magnetic

damping effect is small in the practical caseneSrTiO;. induction is
ic L ic L
IV. THIN FILM OF NFE-SC By(0)= —*EX(O)COI( —*) - —*EX(L)Sin_l( —*) ;
o[ N o[ N
We turn to the case of a slab or film of thicknésso that
the material occupies the regiors@=<L. As previously, we ic L ic L
take the electromagnetic field normally incident on the inter- By(L)= —*EX(O)sin‘l( —) - EX(L)cm( —*) .
face atz=0, propagating in the direction with the electric wh{ L WA L
and magnetic fields depending only pand parallel toc and (21)
y respectively. To proceed, we expand the electric field in therpe boundary conditions on the interfaces 0 andz=L
medium in a Fourier series, as done in Refs. 7, can be written as follows:

Eix(0) + Ex(0)=E(0);

E(z)= z > (1— EaNo) Encos ky2)
L 2 Eix(0) — E(x(0)=By(0);

l

nSin(kyz). (18 Ex(L)=By(L). (22
1

Using these boundary conditions and expressi@tsfor the
magnitude of the magnetic field on the interfazesO and

Here z=L we arrive at the following expressions for the reflection
and transmission coefficients:
L
Esz E(z)codkyz)dz 1
0 R= : ; (23)
1+ p?(w)sin2(LINS)
- L 7N 2 P2
EN=L E(2)sinkn2)dz;  ky=——. TP (w)sin”“(L/\]) | 24
1+ p?(w)sin 2(L/\})
Using the dispersion equatidf), we get where the the functiop(w) has the form
) (@) 2ck* 1 25
A plw)= %2, 2"
Ev= oz [E/(O- (- D'E'L)]; © 1-cko
= _
LN Herek* =1/\[ is the solution of the dispersion equatit9)
in the “anomalous” frequency rangeci<w<wyg. For
_ 7\f2 frequencies very close @1y, we havek= (w/c)+/e, which
En= — 23 [E(0)—(—DNE(L)]. (19 corresponds to a polariton-phonon transverse wave.
Kn(+AEkN—1) We now note an interesting result following from Egs.

(23) and (24), when the effective London penetration depth
The upper sign in the denominators of E9) is used for I, and the Fourier componekt=ky are in resonance. That
those frequency ranges whée<0, and the lower sign cor- is, for A} =L/(@N) or k=ky, sinL/A*) in Egs. (23) and

responds to the frequency ranges whiete 0. (24) equals zero and we get for the reflection and transmis-
Since the results emerge in the regiée = wc,— wto, sion coefficients the valueR=0, T=1, which means total

whenk?>0 we consider this case in this Sectidower sign  transparency of the slab ky, (See Fig. 3.

in (19)], and for the present we take=0. In this frequency Total transparency can also occur at a frequency for which

range the material exhibits dielectriclike behavior. Substitutk=ky=w/c. At this frequency we have:(w)—4m/ w?A

ing Eqg. (19) into Eq. (18) we get =1 so itis located close to the left-boundary frequengy.
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T L=10A ; T=0 It was shown before that damping in the lattice system re-
duces the anomalous frequency range. The frequency
interval w1 <w<wrg has to be replaced by the narrower
interval v, < w<w,. The imaginary part of &} depends on
frequency and increases when the latter increases. As we will
illustrate below, moderate damping, assrTiO; will only

o) ) - > . , slightly modify the sharp resonances that occukaky and
0.6 0.7 0.8 0.9 1.0 k=Kg.
w/w., To the best of our knowledge the general behavior we

predict for an NFE-SC system has not been observed. In
order to examine the practicality of making such observa-
T L=2x.;T=0 tions we have calculated the effects quantitatively for
n-doped SrTiQ. This material was much studied, as a nearly
ferroelectric, and as a superconductor, prior to the era of high

| =
T., so that the needed physical parameters are available.
V. APPLICATION TO N-SrTiO3, APROTOTYPE NFE-SC
1 1 1
0.8 0.9 1.0

1 1

0.6 0.7

In order to evaluate the magnitudes and locations of the
w/w predicted effects, we require lattice, dielectric, and electronic
data. So far as we can determine such measured data is only
FIG. 3. Transmission coefficient for the transverse electromagavailable forn-SrTiO;, and we will use it below. Nearly
netic field through a thin NFE-SC film versus frequency in theferroelectric SrTiQ has been studied for some time. The
anomalous frequency range.;<w<wro. Two different thick-  temperature-dependent static dielectric coefficief@) has
nesses of films are illustrated. The parameters used were fdfeen measured in a wide temperature range, extending down
n-SnTiO; (see text to about 1 K* The frequency dependent. is known at
various temperaturésLattice dynamic studies were carried
Whenk,=k the functionp(w) tends to infinity and again we oyt based on the shell modéineutron scatterindf infrared,
getR=0 andT=1. To explain this we can treat the quantity and Raman(including electric-field dependenceoptical
Ve(w)=e(w)—4mlw’A=n(w) as an effective reflective properties have been measufeis a result the lattice dy-
index of the slab material. When it equals unity the electro-namical parameters are known, and the generalized LST re-
magnetic field from outside passes through the slab withougtion (5) has been verified. From the line widths in infrared
reflection. and Raman properti€sthe damping parametdr for the
Our resultg23) and(24) were obtained, neglecting damp- soft-mode lattice frequencw,o is known. Hence all the
ing. For a nonzero damping constdntwe have to replace physical parameters of the dielectric host are actually known.
our expressiong23) and (24) near the resonances by the The temperature-independent quantities are
following:
€,=5.5,
1

R= ;
1+ p?(w)+SH(w)sin 2(LIN}")

(26) (,()Lo:5.2>< 1012 Sil,

: I/ wli/ 0%,=4.1.
pz(a))sm’z(L/)\f r) i wL|/wT|

T 1+ p2(w)+ Sw)sin 2L

(27) Using the LST relation we have atl K

where wro=1.6x10" 51

S(w)=p(w)CogLINF ")+ 1+ p?(w)sinh(L/NF") and at 1 K
(28)
e(0)~2.25x 10%.
and IA[ =1\] +i/IN]". _ _ _
We can use the following approximation fof * and\f”: ~ The damping constant for the soft TO mode as in @8) is
measured from optical line width

1 w? 1 -
-\ 2?® (w)—)\—; (29) I'*/w7y~0.2
L

L
at the temperature of interediActually the measurement

1 2o Y21 was at a higher temperature than the regionTgfso the
revied By et Bt (30 relevantl” for our work will be smaller, but we use the above
AL W~ W L value)
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For the needed electronic parameters we use the effectivaectric superconductdNFE-SQ. The analysis can apply to
massm* ~ 10m, wherem, is the free electron mass. A range several material systems of current interest: sodium tungsten
of n doping from 167 to 10** cm 2 was used for SC bronzes N@WO;, doped n-SrTiO;, and possibly high-
n-SrTi0,;. We choosen,=9x 1017 cm 2 for our calculation. temperature cuprates. We note that several authors have dis-
We recall thatn-doped SrTiQ exhibits concentration depen- cussed microscopic theories for the superconductivity in
dentT., with T.=0.3 K in the optimum doped systefin  n-SrTiO; (Ref. 15 in the strong-coupling framework. How-
this temperature rangg(0) has the high value given above, ever, our macroscopic approach has not previously been re-
as was noted also by Cohé&n. ported, to our knowledge. We assume all the free carriers are

We now determine the anomalous frequency interval justondensed in Cooper pairs, as in some earlier work on the
below wrgo. We first need the parameteﬁzwfog;/\mw SrTiO; (See Refs. 34 The resulting coupled modes can be
[see EQ.(13)]. For SITiQ; with ng=9X 10 cm~3, and considered as phonon-polaritons dressed by the supercurrent
m* ~10m,, we geta’~2.1. Taking, firstI'=0, and solving  Or electromagnetic waves in a London superconductor
Eq. (12) we find we; =0.9x 10" ¢, This givesdw=wro  dressed by the transverse optic way@® phonong
— we;=0.43w1¢ . Using the measurel for SrTiO;, we ob- A result, which we illustrated, is the alternation of the
tain that w, shifts negligibly while w., shifts slightly to ~ System response between Meissner-like superconductor and
wl,=0.96x 10" ¢!, and the anomalous frequency region @ dielectriclike medium, as the incident electromagnetic fre-

becomes slightly smaller quency is cont_lnuously varu_ad._ Particularly of interest is the
“comblike” series of transmission resonance peaks we pre-
S0’ = wro— wly~0.4w1o. dict, which should be measurable. Such measurements would

test our theory. One NFE-SC material of choice would be
We expect that this intervalw’ is still sufficiently wide to  n-SrTiO, for which we made quantitative estimations.
examine optical response experimentally by reflection/

transmission studies in-SrTiO;. The small effect of damp- ACKNOWLEDGMENTS
ing makes it likely also thal’=0 is a good approximation ) ) )
for the calculations that follow. We thank Dr. Gregory Zimbovsky for his help with the

We now turn to calculating the reflection/transmission co-manuscript. An inservice grant from the PSC-CUNY is also
efficients for an-SrTiO; film of NFE-SC of thickness, first ~ acknowledged for partial support.
for I'=0, using the formulag23)—(25). In this case the re-
sults are shown on Fig. 3. We predict a “comblike” structure APPENDIX: PARTITION OF ENERGY BETWEEN
of narrow perfect transmissioh,=1 spikes alternating with ~ RADIATION, LATTICE POLARIZATION, AND LONDON
regions wherd ,=0. The spikes occur at the resonance con- FIELD

- " . .
Q|t|on whgre)\L = L/mN. Next we gstn;nate the effect includ- It is useful to obtain the frequency-dependent partition of
ing damping. For W,fak dzarrlgln@ lw70=0.2 the value of  gnergy between the three propagating fields. This can be seen
the factor [2wl'/(w7o— )] changes from 0.9 to 1.5 a5 extending Huang's early treatment of the radiation-lattice
when w runs over the interval between; and w,. Thus,  coupling (phonon polaritof) to include the London super-
when the thickness of our filhis small or of the same order cyrrent, or conversely extending London treatrieof the

as thew=0 London penetration depth, (hereA; ~1.8  energy momentum theorem, to include the dielectric polar-
x10~3 cm) moderately weak damping as in Sr§i€annot  jzation.

significantly change the height of the peak in the transmis- jthin our treatment all fields are transverse and we con-
sion coefficient. Peaks arise due to the propagation of thgider the infinite medium. We will obtain the continuity

transverse mode Corresponding to the solution of the diSpeéquation for energy densily and Poynting energy flux vec-
sion equation(9). We believe that these peaks can be ob+or s, From Maxwell’s equation$l) we have

served in any NFE-SC material in the appropriate frequency

ranges, and at temperatures beldy Such an observation 1 B 1 oD

would give support for theory proposed here. V.s=-— EH dt EE'E’ (A1)
It is not possible to make realistic estimates of the interval

Sw (or S’ with damping for NaWOs, or for cuprates Where

pending the availability of the necessary material constants c

as we had im-SrTiO;. The theory presented will apply to s=-—[ExH]. (A2)

any such NFE-SC material, so the experimental search for 4

the resonance comblike structure T{w) just below w

— wro will be highly valuable. In order to simplify the right-hand side of EGA1) we use

the lattice equation of motiof8) to obtain

VI. SUMMARY 1 oD 1 d 277'(9((9

—E ——=—e. = (E)+— —| =W+o WZ).

We solved the coupled “soft-mode” lattice-dynamics ¢ dt 2c 4t ¢ at ™ A3
(long-wavelength equations of motion, together with Max- (A3)
well equations for the associated electromagnetic field and@hen, using the first of equatiorig), and equation$6) and
the London equations for the supercurrent, in a nearly ferro¢7) we have
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VXM]=—-J=—— A4
[VXM] o (A4)
and
1
[VX[VXM]]=-V?’M=———B. (A5)
c°A
Now we will assume plane monochromatic

electromagnetic-wave propagatipr exp(k-r—iwt)]. So

J
V2 -k L
Then
1
k2M=—2—B, (AB)
c
o)
B=H- B, (A7)
A2k?
or with B=uH we get:
1—1+ ! (A8)
e NS
and
1,98 1lBaB_ 1 . 1 aBZ
¢ at  cpodt 2c|T\Hejat
(A9)
Since all waves are transverse take=(E,,0,0);B

=(0By,0);k=(0,0k) giving By=(ck/w) E,. We eliminate
H from (A1), and combining all terms, we get

U 1 JB

1 4D
dt 4x ' at  Aw

A7~ ot

2 2
1( azaB)la_szoaz

axl %ottt Tt 2 a 2 at

L ¢ aEZ (A10)
8m w2\2 It

It is simple to identify the various terms in the energy density
U as belonging to radiation field, lattice polarization, and

London supercurrent. Thus

1 2, L
URADZESWE +%B ' (All)
1.,.15 5
ULATTICE:_E(W) 5 0TeW (A12)

PHYSICAL REVIEW B4 144506

1 1

N 2

wherek,= w/c. All these contributions to the energy density
can be expressed in terms Bf in our plane-wave case,

giving

k2
_ = M le2
URAD_S’IT 830+ kg E y (A14)
(e0—82) 0Fo( @2+ 0F0)
ULaTTicE= 2 -5 E5  (AlH)
8m(wig— w°)
and, as before:

1 1 5

E-. (Al6)

SC_87T )\Ek(z)

Before proceeding we note that the expression for the
lattice term in energy density is unchanged from that found
by Huand for the phonon polariton. Formally that is also
true for the radiative term, however hidden lityp is the
effect of the London term via the changed dispersion equa-
tion (9), which includesA. Note that substituting the disper-
sion equation9) into Ugap We get

1
- _ 2
URAD 877_(800"‘8(0)) )\Ekg E (A17)
or
2 2
Sx(wLO_a)To) 1 2
= + —
s 8w(28“ ot NI
(A18)
and
1 1
E2. (A19)

SC_8’7T )\Ek%

We may see that the energy-density contributidog: will
exactly cancel the London contribution to the radiation en-
ergy densityUrap. Thus, if we calculate the latticgoolar-
ization) fraction of the energy we obtain exactly the result of
Huand despite the coupling of the London supercurrent. We
have

) :ULATTICE: UiatTice
LATTICE™ Utorar  Uratricet UraptUsc
1 (w? +w2)(w2 —w?y)
-3 To Lo~ @To (A20)

2 22, 2 2 2
(070~ @)t wTp(wog— 09)

This result shows that the mode described by the disper-
sion equation(9) is a mixed photon-phonon mode within all
frequency rangev.; < w<wtgo. We emphasize this result is
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only meaningful in the intervals where€?>0. The lattice “anomalous” frequency range, we can expect that the ion
contribution to the energy enhances when the frequency insscillations at the frequencyg being excited by the elec-
creases and gets its maximum whergoes towro. At the  tromagnetic field that can penetrate to a NFE-SC material
frequencies close tawro p~1, so all the energy density within the “anomalous” frequency interval, will exist at fre-
is concentrated in the ion system. Taking into account thatjuencies larger thawto where the material behaves as a
the frequency wro is a boundary frequency for the superconductor.
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