PHYSICAL REVIEW B VOLUME 54, NUMBER 9 1 SEPTEMBER 1996-1

Surface contribution to Raman scattering from layered superconductors
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Generalizing recent work, the Raman-scattering intensity from a semi-infinite superconducting superlattice
is calculated taking into account the surface contribution to the density response functions. Our work makes
use of the formalism of Jain and Allen developed for normal superlattices. The surface contributions are shown
to strongly modify the bulk contribution to the Raman-spectrum line shape bedava2d also may give rise
to additional surface plasmon modes above Zhe interplay between the bulk and surface contribution is
strongly dependent on the momentum trangfeparallel to layers. However, we argue that the scattering cross
section for the out-of-phase phase modehich arise from interlayer Cooper pair tunnelingill not be
affected and thus should be the only structure exhibited in the Raman spectrum kelfow r2latively large
q;~0.1A/ve . The intensity is small but perhaps observab®0163-1826)01433-§

I. INTRODUCTION The isotropic inelastic light-scattering cross section is

i ,6
Recently, the authotstudied the inelastic light-scattering given by

intensity of an infinite superconducting superlattice with a do .
bilayer basis. Motivated by the Cooper pair tunneling model m“|a'ef| 1(q,0), (1)
proposed by Chakravarty and co-workefsr high-T, lay-
ered superconductors, we discussed the in-phase and out-d¢here
phase phase modésorresponding to the phase fluctuations
of the two superconducting order parameters in a bilayerl (q,w)= 2, Imy;;(q,o,l,1")e” 2t 2 )/og=2ku(Zi=21 ),
which arise in the presence of interlayer Cooper pair LI’
tunneling® These modes couple into density fluctuations and, M 2
as a.result., show up in the Raman melaspc light s.catterln. Here Z, ; represents the position of thi¢h layer in thelth
The intensity is weak because of screening associated with . ; : . N
the Coulomb interaction, and in fact is below the threshold of‘mlt cell. The density response functigr) (g, @,1,1") in Eq.

! 2) has been evaluated in Ref. 1 and represents the correla-
current Raman experiments. However, our results are of su{

SN ) ion between the charge density on layei ) and the charge
flglent interest that such expenm_ents should pe attempted. I&ensity on layerI(,j). The incident photon has momentum
this paper, we extend our previous ca!cu!gti'oasd show . energyw, , and polarizatio® and the scattered photon is
how the Raman spectrum fey<2A s significantly modi- — gimjlarly described by, w(, andé . We assume that the
fied when we include the_surface contrlbutlon_. We also iN-energy transfem= w,— w; in Eq. (2) is very small compared
clude surface plasmor(:.avhlch.occur above &) in the cal- {5 the photon frequencies, i.ew;=w;. The momentum
culation of the Raman intensity of layered supercondugtorstransfer parallel to the interface ks; —kj =q; and the mo-
The present paper is based on the approach of Jain afflentum perpendicular to the interfacekis —k, (=q,. For
Allen,* who considered normal layered electron geEG). small-angle scattering, we have ®e-2k, and Ing,~=5!
In their calculation for a semi-infinite superlattice, both thewhere k, is the momentum carried by the incident photon
bulk and surface contributions were included. They foundand § describes the damping of the photons in the medium.
that there were two effects of the surfadd) Van Hove The result given in Eg(2) shows that as a result of the finite
singularities at the upper and lower limits of the bulk plas-value of 8§, the inelastic light-scattering cross section in-
mon band were completely canceled out by negative surfaceolves aweightedsum of the correlation functions for elec-
contributions.(2) Depending on the background dielectric tronic densities in the different layers. We are interested in
constants, surface plasmarmn appear, either above or be- the interplay between the bulk and surface contributions to
low the bulk plasmon band. We show that the analogoughe Raman spectra. For this purpose, we only keepsitre
effects arise in a semi-infinitsuperconductinguperlattice, ~ tropic matrix element for the Raman interaction given in Eq.
resulting in major modifications of the bulk contribution to (1).” We consider superconductors with swave layer pair-
the Raman-scattering spectrum given in Ref. 1. Apart froning interaction but similar calpulatlons _could be done for
the out-of-phase phase mode contribution, the Ramarf-wave superconductors, as discussed in Refs. 3 and 8.
scattering intensity is found to be strongly dependent on the
value of momentum transfeg (parallel to the layens For
simplicity, we only discuss the surface effects for a superlat-
tice with a single layer per unit cell. This is sufficient to  For later comparison, we first recall the results of Ref. 1
understand the essential physics. for the Raman spectra for an infinite superconduckibgyer

Il. BULK IN-PHASE AND OUT-OF-PHASE
PHASE MODES
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superlattice, ignoring the surface contributions. One finds 0.02

that Eq.(2) reduces to
:u_? b=-1 I,
1 E = out-of-phase — I
(@)= g5 IM{ ——(1+e 249+ 2e~¥cosk, d) 2 o e 1,
1 e 2 a in-phase
g mode (F=0)
s 20 5pE ; sinhgc(u?e?? - 1) £ oot
Fyb®—1 F
§
E 2y
+55(1+e 2dl6_pg=dl9 cosEkid)], ©)
where we have introduced the functions 0.00
X K 15
b=costy c—2v,pE, sinhgc, @24
u=b+ \/m’ FIG. 1. The bulk Raman intensitRef. 11 given by Eq.(3) for

an infinite superconducting bilayer superlattice with interlayer Coo-
_2.2cl6 o/ per pair tunneling of amplitud&,;. We useT;=0.03y (x=0.03)
F=ue 2ue”“cosk, c+1, andq=5.0x 10 3A/v¢ . The surface contribution is not included.
=1- —e 9HE_, .
D-=1-vzp(1-e WHE- @ by the solutions ob= *1 correspond to the upper-() and
The spacing of the bilayer id, the unit cell length isc, lower (—) limits of the “bulk plasmon” band for arninfinite
UZDEZ’JTEZ/C]”E is the two-dimensional2D) Coulomb inter-  superlatticé’ In contrast, the second term in E®) only has
action, ande is the superlattice background static dielectrica single pole given by
constant. In the long-wavelength limitg(<2A/vg), the
functionsE .. (qy,») are given by* D_(q),®)=0, ©)

1— corresponding to out-of-phase phase mode discussed in de-
Rt 3 qH‘J(j 5) tail in Ref. 1. Because the unit cell summation is over many
R.+ % (02— q”)‘](m ' bilayers, the Raman intensity is strongly enhanced in the
B superlattice case compared to the isolated bilayer (tase
where we have defined latter is discussed in Ref)8This is the origin of the pref-
actor[l—exp’g—Zdb)]*lmélZC in Eq. (3). Usingc=12 A
- Ty — and 6=1000 A, this prefactor is-40.
0\1- 02 aresino, o<1 We note in Eq.(5) that, in the limit ofg;—0, we have
J(w)= R,=0 and hencE+~q”—>0 This implies that the in-phase
w>1, phase modes given by=0 andb=*1 have less weight
whenq is small, an expected consequence of the screening
(6)  due to the Coulomb interaction. In contrast, even in the low-
and qy limit, E_~R_~x is still finite, being proportional to the
pair tunneling strengtfi ;. This means that the out-of-phase
2x T, phase mode given bfp _=0 has a weight proportional to
" gN(ep) X2—1° =g (M x and is not too dependent on the valueggf(in the range
o _ probed in Raman-scattering experimentis addition, one
Herew=w/2A, q=qve/2A, N(eg)=m*/m is the 2D elec-  can see from Eq3) that the intensities of, and| are also
tronic density of states at the Fermi level witlt being the dependent on the factors e 2%+ 2e~%%cosX, d) which
effective electronic masg is the in-layer pairing interac- garise from the lattice summation in E(p). Sinced<é and
tion, andT; is the interlayer Cooper pair tunneling strength.k d<1, we see that the intensity for the out-of-phase phase
Replacingo— w+iy is a simple way of including finite- modes ¢ sign) is greatly reduced compared to that of the
energy resolution. On the right-hand sides) of Eq. (3), the  jn-phase phase modes-(sign as a result of these factors.
first term (=1,) gives the contribution from the in-phase  |n Fig. 1, we plot the Raman light-scattering intensity
phase fluctuations, while the second terml) is associ-  pased on Eq3). In this and other figures, we use the param-

=

E.=7N(ep)J(w)

R,=0, R

ated with the out-of-phase phase fluctuations. eters: bilayer spacing=3 A, the unit cell sizec=12 A,
One finds that the in-phase first term in E8) hasthree  pajring  strength gN(er)=0.25, Fermi momentum
poles, given by ke=3.07x10"cm* and hence a 2D hole density

_ _ n=1.5x10%m 2, layer effective massm*=m, back-
F(2k,.q),©)=0 andb(q),«)==1. ®) ground static dielectric constaat= 10, photon momentum in
F=0 gives an in-phase plasmon mode which Raman scathez directionk, =1.0x 10° cm™1, optical penetration depth
tering picks up(in an approximate wa§this mode is similar  6~1/k, =1000 A, superconducting energy gap
to the plasmon mode of an infinite superlattice, withA=280 cm !, and finite-energy resolutioy=0.05A. The
g,=2k, ). The additional twgVan Hove singularities given momentum transfer parallel to the layers is
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. : . . . . w=2A can be considered as the effective upper limit of a
=038 superconducting bulk plasmon bahtf.
As Jain and Allef have pointed out for a normal super-
oo lattice with one layer per unit cell, the Van Hove singularity
15 | 409 a s associated withh=+1 corresponds to all the neighboring
layers oscillating in phase; while the one associated with
b= —1 corresponds to all the neighboring layers oscillating
=24 out of phase with each other. In contrast, the out-of-phase
phase mode in Fig. 1 is a collective mode associated with the
S “internal Cooper pair dynamics” exhibited by a bilayer via
the interlayer Cooper pair tunneling between the two layers.
05 F=0 tol<1 T The physics of this out-of-phase phase mode is completely
different from the out-of-phasb=—1 bulk plasmon in a

20

o/2A

B =-1 b<-1 ] .
% superlattice.
%%.00 0.05 o0 015 ‘ 0.20
q, (in units of Arv,) [1l. SURFACE CONTRIBUTIONS AND SURFACE

PLASMONS

FIG. 2. The dispersion relation of surface plasmons in a semi- . . .
infinite  superconducting superlatticésolutions of Q=0) for The result in Eq(3) doesnot include the surface contri-
a=—0.8 and —0.9. The shaded area betwedrn=—1 and Pution. We now include it but only consider the case of a

w=2A lines denotes the bulk plasmon band for an infinite superS€Mi-infinite superlattice of singlelayer per unit cell since
conducting superlattice. ThE=0 line represents a sharp “bulk this already describes the interplay between bulk and surface
plasmon” picked up by Raman scattering. Fgy=0.025\/v¢ contributions. In the case of a single layer per unit cell, we
(dashed ling there is only an overdamped resonalsee Fig. 5. need only to replace the usual 2D Lindhard function in the
formulas given by Jain and Allérby the appropriate density

g =5.0x 10 3A/vp=1.17x10° cm ! in Fig. 1. The out-of-  'esponse functior[i_.e., E, in Eq. (5)] for a r_leutral 2D
phase phase mode is well defined, as expected. While t@pergonducto?.u_smg Eq.(50) in Ref. 4, we find that the
Raman intensity from the out-of-phase contribution shown irfésulting Raman intensity is given by
Fig. 1 is not too dependent on the value @f, roughly
speaking, the intensity from the in-phase contribution is pro-
portional toqﬁ. As shown in Fig. 1 for the in-phase contri-
buy(_Jns, one has a gmall peakaat 2A correspondlng to _the [ UZDE+SinI“ch(u2e2°’5— 1))
pair-breaking gap in ars-wave superconductofwhich is X1Im!{ E.
identical to the upper limit of the bulk plasmon band, i.e., the Fyb?—1
pole given byb=1). In addition, “hidden” in the low-
frequency broadened peak is the in-phase phase mode con- vopE 4 (€29°—1)(u?A—2uB+C)
tribution given by the solution oF =0, which overlaps on 2Q(b%*—1)F
the Van Hove singularity corresponding to the pble —1 )
at the lower limit of the bulk superlattice plasmon basde ~ Where we have defined
Fig. 2. This will become more transparent when we discuss
the surface contribution. o A=Gsintfq c+1+ 2 e2apc

In a normal metal superlattiéehe lower limit of the bulk 2
plasmon band is far away from the particle-hole continuum
and, as a result, both the uppdr<{+1 polg and lower
(b=—1 pole limits of the bulk plasmon band are well de-
fined. We recall that the bulk plasmon band refers to the
plasmons labeled by, in aninfinite superconducting super- . a
lattice. These give rise to the Van Hove singularities dis- C=Gsinffqc+1+ X
cussed in Ref. 4. In contrast, in a superconducting superlat-
tice, the particle-hole excitation spectruwhich begins at  with
the pair-breaking gapZ2) is strongly coupled into the super-

|(w)=mrs

1+

] . (10

X o
B=Hsinkfqc+ coshyc+ Eequc,

(11)

lattice bulk plasmon spectrum. As a consequence, the bulk G=3[(b*~1)~*~ 1/sinty c]/sinhgc,
plasmon band is split into two different regions above and 12 12 i i
below the pair-breaking gap (9. For the plasmon band H=3[u "(b"=1)""*—e "%sinhgc]/sinfg|c,

below 2A (which we are most interested)jrone can find a ., ) 1 ]

well-defined line fob= — 1 corresponding to the lower band Q=z[1—(b"=1)""%(1—bcostyjc)/sinhgc]

limit of the bulk plasmon bandwhich is generally at low Ll qic(h2_ 1)1/ _ ;

frequencies However, due to the strong coupling between zaeli(b"~1) Z(COSmHC b)fsintyc, 12
the bulk plasmon and BCS particle-hole continuum, startingvhere u and F are defined in Eq.(4) and now
at 2A, there is no well-defined solution fdr=+1. Never- b=coshyc—v,pE ,sinhgc. The parametera=(e—€g)/(e
theless, the peak atA2in Fig. 1 supports the argument that + €5) depends on the optical dielectric constant} iside
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and (ep) outside the superlattice. It plays a key role in deter- .
mining the surface contributions as well as the appearance 001 P\ b=t ou .
and energy of surface plasmons. The formula docan be ! T I,
rewritten in the useful forme/eg=(1+ a)/(1— «). We call (F=0)
attention to the similarity between the first term in Ef0)

and the first term in Eg(3). In the rhs of Eq(10), the first
term (=1g) gives thebulk contribution, while the second
term (=1g) is associated with theurfacecontribution. The
three poles mentioned earlier are exhibited by both contribu-
tions:F =0 corresponding to an in-phase plasmon which Ra-
man scattering picks up anod=*=1 corresponding to the
upper and lower limits of the bulk plasmon band. There is a i
newpole of the surface contributioky given by !

0.00 7 ===

Raman Intensity (arb. units)

-0.01 . '
0.0 0.5 1.0 1.5

Q(QH 1w)201 (13) o/2A

which can be shown to correspond to a surface plasmon. One FIG. 3. Raman intensity given by E¢LO) from both bulk(dot-
has a nontrivial solution oQ=0 only whena#0 (i.e., € ted line and surfacgdashed ling contributions for a semi-infinite
# €p); that is, the surface of the superconducting superlatticéuperconducting superlattice. The same parameters are used as in

must separate regions with different dielectric constants t&9. 1, with @=0.82 (corresponding tas,=1 and e=10). Apart
give rise to surface plasmofis. from the absence of the out-of-phase phase moudy expected

In Fig. 2, we show the dispersion relation of surface pIas-Whe” the unit cell has two layersthe bulk contribution is very

mons in a superconducting superlattice, as given by the sgmilar to that given in Fig. 1.
lutions of Q=0, for various values ofr. The shaded area
between the line denoted Hy=—1 and the linew=2A clearly shown, not only for the two boundaries of the bulk
represents the bulk plasmon band of an infinite superconplasmon band av=—1 andw=2A, but almost for the en-
ducting superlattice. We find that the surface plasmon aptire region below A. We also see that afj=0.1A/v, the
pears only above the upper linfite., o=2A) of this bulk  broad relaxational mod¢always peaked atw~0.8(2A)]
plasmon band, where BCS particle-hole damping of collec€orresponding to the minimum & (see Fig. 2 has a very
tive modes can occur. For positive values@f(e>¢p), a  low weight in the Raman-scattering spectrum.
surface plasmon appears at very large energie2A, in To see how the interplay between the bulk and surface
which case it is essentially identical to that in a normal su-contributions depends a, we plot in Fig. 5 thetotal Ra-
perlattice. We remark that for a highs material with a di- ~man intensities for various values qf . Comparing Fig. 5
electric constante~10 in a vacuum é,=1), one has with Fig. 2, one finds that fog=<0.02% /v, a well-defined
a=0.82. Fora increasingly negative-¢—1.0), which re-  bulk plasmon modeK=0) gives rise to a sharp peak even
quires €3/e>1, the surface plasmon energy slowtle- after the cancellation of the bulk and surface contributions. A
creasedoward 2A (see Fig. 2 peak associated witw=2A still shows up. As mentioned

In Fig. 2, the dispersion relation denoted By-=0 repre-  above, forq=0.02%/vg, the minimum ofF results in a
sents a(bulk) plasmon, which is a pole of the Raman scat-very broad maximum at/2A~0.8. We also note that for
tering intensity in Eq(10). One sees th@& =0 mode is well g=0.025\/vg, while both the bulk and surface contribu-
defined only wherg=0.028%\/vg (solid ling). The critical
value ofq (0.02% /v¢) changes for different choices @f
and k; . When q=0.02%/vg, we find no solution for
F=0. The dashed line represents the minima-ofi.e., an 0.10 f
overdamped or relaxational mgddhis broad resonance is
always peaked ab/2A = 0.8, whatever the values chosen for
S andk, .

In Fig. 3, we show the net Raman intensity based i
for a semi-infinite superconducting single-layer superlattice,
showing the surface and the bulk components. Comparing
Fig. 3 with Fig. 1, one sees that the low-frequency Van Hove
singularity ato= —1 from the bulk contribution is canceled
by the negative surface contribution. In contrast,ithphase
phase bulk plasmon modé& &0) shows up as a sharp peak
in the low-frequency region. As shown in Fig. 3, a peak : :
associated with the=1 Van Hove singularity can still ap- 00 05 oA 10 15
pear atow=2A since the bulk and surface contributions do
not completely cancel each other. FIG. 4. Raman intensities as in Fig. 3 except for a much larger

Figure 4 is similar to Fig. 3 using the same parametersyalue qy=0.1A/vg. This plot clearly shows the almost complete
but at a much higher momentum transégr=0.1A/ve. The  mutual cancellation of the bulk and surface contributions at such
cancellationbetween the bulk and surface contributions islarge values ofy; .

00—

Raman Intensity (arb. units)
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FIG. 5. The total Raman intensity in the regior<2A (includ-
ing both bulk and surface contributiopdor various values of the
momentum transfeq. The peak is associated with the zero or
minimum of F Eq. in (14).

tions are roughly proportional tqmz, thenetweight after the

mutual cancellation of bulk and surface contribution effec-

tively decreasesisq) increases.

For c/é, qc, andk, c<1 appropriate for layered super-
conductors, the total Raman intensity given in Et) can
be reduced after some calculation to

E.

2
= +(2k, c)? (14

"’%"”ﬂ

() 5
which is valid forq_H<w_<1 and for all values ofr. We note
that in Eq.(14), the functionF given in Eq.(4) is a very
sensitive function oft/§ andk, ¢ and therefore we cannot
approximate it by ¢—1)? in the limit of ¢/ 8, k, c—0. We
can see directly from Eq14) that the poles ob==*1 are
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FIG. 6. The Raman intensity as in Fig. 3, will=0.2A/v¢ and
a=-—0.8.

and surface contributions in the region @k&2A. This is
because at this relatively large valuedqf, there is no well-
defined solution of =0 (see Fig. 2

One might worry that the bilayer out-of-phase phase
mode shown in Fig. 1 might also be strongly modified due to
the surface contributions at higher valuesqpt However,
while the intensity(and the dispersion relatiprof the out-
of-phase phase mode is very sensitive to the pair tunneling
strengthT;, it is not strongly dependent on the value of
;. It is associated with out-of-phase oscillation of order
parameters in a single bilayer, with noet charge
fluctuation® Therefore, we do not expect any strong modifi-
cation of the out-of-phase phase mode at larger values of

qj-

IV. CONCLUSIONS

removed as a consequence of the cancellation between bulk
and surface contributions. The only pole now is given by \e have shown that the surface contribution plays a ma-
F=0. One has a broad spectrum without any sharp peak fdbr role in determining the final Raman-spectrum line shape
qHZO 028\/v¢ . In this region, one may verify th&=E%  from semi-infinite superconducting superlattices. We find
och As a result, the net Raman intensitfyw) decreases as that, as in the case of normal superlattices discussed by Jain
qy increases, roughly proportional tp 2 (see Fig. 5. and Allen? the proper inclusion of the surface contribution

In addition to the surface contribution discussed abovegancels “spurious” bulk contributions associated with Van
there may be a surface plasmon in the region2A (see  Hove singularitiegsee Ref. 1 of the upper and lower limits
Fig. 2 but this only arises when we have different dielectric of the bulk plasmon band of an infinite superconducting su-
constants inside and outside the superlatticé ;). In Fig.  perlattice. We have also found that the bulk plasmon mode in
6, we show the contribution of a surface plasmon to thethe regionw<<2A ceases to be well defined whgpreaches
Raman intensity. The parameters used are as in Fig. 3 but atcritical value (~0.02%\/v¢ for the parameters we have
a much higher momentum transfgy=0.2A/ve (which is  used. In addition, the surface plasmon usually contributes to
probably the upper limit for Raman scattering in high- the Raman intensity in the region welbove2A and only
superconductojsin order to have a surface plasmon energyapproaches 2 if the superconductor is overlayed by a trans-
fairly close to 2\, the dielectric constants are taken to give parent material with a dielectric constasgtmuch larger than
a=—0.80. The latter value requireg/e=9, i.e., a layered that of the superlattice The surface-plasmon mode inten-
superconductor with auch lowerdielectric constant com- sity increases aq| and thus one wantg as large as pos-
pared to the overlay material. As shown in Fig. 6, this givessible if one wants to study itsee Fig. 6.
a Raman spectrum with lots of structure, with a broad sur- As mentioned above, for relatively large valuesypf the
face plasmon peak at an energy above Zhis region is the (negative surface contribution tends to completely cancel
pair-breaking region, where there is strong BCS particle-holeut the bulk contribution in the entire frequency regioe
damping of collective modes. The intensity of the surfacelow 2A. Because the out-of-phase phase mode discussed in
plasmon is roughly proportional tq” Once again, Fig. 6 Ref. 1 is not expected to be strongly affected by the surface
shows the almost complete cancellation between the bulkontribution, at relatively large values gf, this mode(see
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Fig. 1) should be thenly structure remaining in the Raman  The absolute intensity of the Raman spectra we discuss in

spectrum below 2. this paper is somewhat below current experimental sensitiv-
The fact that the surface contribution cancels much of thaty. However, we hope that the interesting predictions we

bulk contribution can be understood in physical terms. Thenake concerning the out-of-phase phase modes as well as

bulk contribution is based on response functions in @y. surface plasmons will encourage future experimental efforts.

which are for an infinite superlattice. This ignores the surface

“reflections” which will occur at the boundary of any semi- ACKNOWLEDGMENTS
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