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Strong superconductivity-induced phonon self-energy effects in HgBa2Ca3Cu4O101d
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We report strong superconductivity-induced phonon renormalization effects observed in the
HgBa2Ca3Cu4O101d superconductor (Tc5123 K!. At the transition from the normal to the superconducting
state, theA1g phonons at 240 and 390 cm21, which correspond to vibrations of the plane oxygen atoms with
some admixture of calcium vibrations, display an abrupt softening, and increase in linewidth within a rather
narrow temperature interval. The changes of phonon self-energy are accompanied by a strong enhancement of
the Raman intensity of the phonons in the superconducting state. TheA1g Raman peak at 575 cm21, related to
the apex oxygen, and that at 487 cm21 ~tentatively attributed to excess oxygen! are not detectable in the normal
state for incident light polarization in theab plane. They, however, show up in the superconducting state as
coupled phonon-electron excitations. To our knowledge, such phonon self-energy effects are the strongest ones
reported for the superconducting cuprates so far.@S0163-1829~98!07725-X#
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I. INTRODUCTION

Raman scattering of light by optical phonons in soli
essentially proceeds via electron-phonon interactions. Th
phonons, which are strongly coupled to electrons occupy
states near the Fermi surface~FS!, can be very sensitive to
changes in the vicinity of the FS. In superconductors,
opening of the superconducting gap results in a redistribu
of electronic states and excitations in the immediate vicin
of the FS which in turn changes the phonon self-energy,
the contribution of the electron-phonon interaction to t
phonon frequency and its linewidth. Superconductivi
induced phonon self-energy effects have been observed
number of cuprates1–6 and theoretically studied for the cas
of s-wave7 andd-wave8,9 superconductors. In particular, siz
able effects have been observed for theB1g out-of-phase
plane oxygen phonon in YBa2Cu3O72d ~Y-123!1,3,4 and for
theA1g phonons in HgBa2Ca2Cu3O81d ~Hg-1223!.6 In addi-
tion, the appearance of a superconducting gap in the l
energy electronic excitations may also lead to resonance
phenomena, e.g., increases in the Raman intensity of s
phonons below the transition temperatureTc . Such increases
have been seen in Y-123,10 YBa2Cu4O8 ~Y-124!,11 and
Hg-1223.6 Experimentally measured superconductivit
induced changes in phonon frequencies and linewidths
conjunction with model calculations,7 have been used to es
timate the magnitude of the superconducting gap inR-123
(R is a rare earth element!.3 Information on the supercon
ducting order parameter can also be inferred from the e
tronic peak that develops belowTc due to quasiparticle cre
ation through pair breaking,12,13 provided the peak is
discernible. Similarities of model calculations of the phon
self-energy and the electronic Raman efficiency,14 with spe-
cific reference tod-wave paired superconductors, have be
pointed out in Ref. 15: at low frequencies, the imaginary p
of the phonon self-energy oftetragonalsuperconductors var
ies with frequency asv3 for the B1g and asv for A1g spec-
PRB 580163-1829/98/58~2!/1043~8!/$15.00
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tra. Note, however, that inR-123 theB1g and A1g symme-
tries are mixed.16

In this paper, we report a collosal superconductivi
induced phonon self-energy effect which we have discove
in microcrystalline HgBa2Ca3Cu4O101d ~Hg-1234! super-
conductors. We have observed a remarkable frequency
ening and a linewidth increase of vibrations along thec axis
involving the plane oxygen atoms with some admixture
calcium in a narrow temperature interval immediately bel
Tc , accompanied by a strikingly strong phonon intensity e
hancement throughout the superconducting state. W
rather elaborate theories exist for the self-energy effects
phonon frequencies and linewidths,7,8 the corresponding ef-
fect on Raman intensities does not seem to have been t
retically treated. Moreover, the existing theories for the se
energy of phonons have so far not allowed the extraction
quantitative data on parameters relevant to the supercon
tivity from the available experimental results. We thus pr
pose a simple quantum mechanical scheme which allow
to relate the enhancement of the Raman intensities obse
in the superconducting state to the real part of the co
sponding self-energy and to obtain semiquantitative inform
tion on the corresponding electron-phonon coupling c
stant.

II. EXPERIMENT

We measured single crystalline grains of Hg-1234 in
microcrystalline pellet (Tc5123 K, determined by the zero
of resistance! prepared by a high-pressure technique.17 X-ray
diffraction analysis confirmed that Hg-1234 was the ma
phase in the pellet. During the measurements the sam
were kept in a continuous-flow liquid helium cryostat whic
was used to vary their temperature from 3.8 to 300 K. Ram
spectra were excited with the 647.1 nm line of a Kr1 laser
and collected by a microprobe attachment of a Dilor X
spectrometer in an exact back-scattering geometry. The l
1043 © 1998 The American Physical Society
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1044 PRB 58HADJIEV, ZHOU, STROHM, CARDONA, LIN, AND CHU
power was kept low enough so that overheating amounte
no more than 5–10 K.

The compound Hg-1234, with four CuO2 planes per
primitive cell, crystallizes in the tetragonalP4/mmmspace
group.18 The group-theoretical analysis of the normal mod
at theG point in Hg-1234 shows that 7A1g , 2B1g , and 9Eg
modes are Raman allowed.19 From the atomic site
symmetries20 in Hg-1234 it follows that the Ba atoms, thos
Ca atoms which are not at a center of inversion, the
atoms in the CuO2 planes, and the apex oxygen can take p
in the A1g1Eg modes. The oxygen atoms in the inner a
outer pairs of CuO2 planes contribute to theA1g1B1g
12Eg modes. Based on the connection between the exte
morphology of the superconducting Hg-based cuprate c
tals and the crystallographic axes,6,19 we were able to choos
crystals which allowed us to perform experiments in t
z(x8x8) z̄, z(x8y8) z̄, and x(zz) x̄ polarization configurations
@written in Porto’s notationi (kl) j , where i and j are the
direction of propagation of the incident and scattered p
tons andk, l their polarization, respectively#. In this casez is
parallel to thec axis of the crystal andx8 and y8 are two
mutually orthogonal directions along@110# and @11̄0#. For
convenience, we give from now on only the polarization
rections~pair of letters inside the parentheses in Porto’s
tation!. Thus x8x8, x8y8, and zz configurations select the
A1g1B2g , B1g , andA1g symmetry components of the Ra
man scattering tensor, respectively.

III. EXPERIMENTAL RESULTS

In Fig. 1 we present polarized Raman spectra of Hg-12
at room temperature and at 4.5 K. The spectra were reco
in those scattering geometries which select the most in
mative components of the Raman efficiency, namely,~a!
A1g1B2g (x8x8), ~b! B1g (x8y8), and ~c! A1g (zz). Only
three clear Raman peaks at 574, 532, and 487 cm21 are
observable in the room temperaturezz-polarized spectrum in
Fig. 1~c!. They become better resolved at low temperatu
The strong peaks at 574, 532, and 487 cm21 have been as
signed to vibrations of the apex oxygen along thec axis and
to mixed modes of apex and excess oxygen at different
sitions in the Hg plane.19 Although of A1g symmetry, these
peaks do not appear in thex8x8 room temperature spectrum
in Fig. 1~a! ~note that there are no symmetry-allowedB2g
phonons!. For this polarization configuration, and at roo
temperature, three weak phonon peaks are observable at
390, and 410 cm21. The phonons at 240 and 390 cm21 ex-
hibit coupling with the scattering continuum manifested
an asymmetric line shape~Fano profile!. The peak at 410
cm21 has a symmetric profile and very low intensity. At lo
temperature, in the superconducting state, the two lower
quency phonons show an obvious change of their posit
linewidth, and especially the scattering intensity. Except
an increase in intensity, there is no dramatic change of
410 cm21 phonon self-energy. In addition to these effec
two relatively sharp Raman features show up at 486 and
cm21 on the top of theA1g1B2g superconductivity-induced
electronic peak@Fig. 1~a!#. Comparing with the spectra give
in Fig. 1~c!, one finds that the position of these peakscorre-
lates with that of the mainlyzz-polarized vibrations of the
to
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excess and apex oxygen atoms. Note that this is not bec
of polarization leakage. The line shape of the 574 cm21 pho-
non in zz polarization is almost independent of temperatu
while the 575 cm21 peak in thex8x8 spectra only exists in
the superconducting phase. The two phonons ofB1g symme-
try which are predicted by group theory are hardly seen
the room temperature spectrum of Fig. 1~b!. Except for some
Raman features that coincide in position with the peaks
the x8x8 spectra, likely due to polarization leakage, a re
tively broad peak appears at 690 cm21 that can be attributed
to superconductivity-inducedB1g excitations of electronic
origin. From now on we focus on theA1g spectra.

We discuss next the assignment of theA1g phonons at
240, 390, and 410 cm21. The symmetry and frequency o
these phonons suggest that they involve vibrations along
c axis of plane oxygen atoms and of the Ca: the vibrations
Ba and Cu in the planes usually have frequencies below
cm21 in the structurally similar superconducting cuprate
the A1g apex oxygen vibration is seen at 574 cm21 @Fig.
1~c!#. Since Ca has the lightest mass among the cation
Hg-1234, its frequency is expected to be close to that of
low frequency~bond bending! oxygen vibrations and the C
vibrations may therefore mix with the latter. This gives
total of three Raman activeA1g modes in the 200–450 cm21

region involving pairs of planes. Lattice dynamical calcu
tions for the isomorphic Tl-1234 compound21 indeed show

FIG. 1. Polarized Raman spectra of Hg-1234 single crystal
grains measured at room temperature~RT! and at 4.5 K with 647.1
nm laser excitation. The spectra~a! and ~b! were taken from the
same grain whereas those in~c! were measured from another gra
oriented with theac plane normal to the incident light.
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PRB 58 1045STRONG SUPERCONDUCTIVITY-INDUCED PHONON . . .
that the vibrations of Ca and plane oxygen atoms are mix
In Ref. 21, it was calculated for Tl-1234 that the frequenc
of the mixed vibrations along thec axis of oxygen in the
CuO2 planes and Ca moving in-phase and out-of-phase w
the oxygen atoms are 246 and 450 cm21, respectively. One
phonon corresponds nearly exclusively to the vibrat
against each other of the two CuO2 layers which are sepa
rated by Ca atoms. This phonon has a small admixture
calcium and should be found at 369 cm21. Unfortunately,
there are no experimental data available so far for Tl-12
that may check the lattice dynamical predictions, while
calculations just mentioned, based on semiempirical lat
dynamical models, are known to be rather unreliable, es
cially concerning eigenvectors.22 Ab initio calculations,
based on the electronic total energy,23,24 would be highly
desirable in order to achieve a more reliable assignmen
the frequencies and eigenvectors of the threeA1g modes un-
der discussion. Nevertheless even these calculations
known to lead to considerable errors in the phonon eigenv
tors, especially when phonon frequencies correspondin
the same symmetry are close to each other. A way to s
this problem is to determine the eigenvectors experiment
by isotopic substitution,22 an investigation which has not ye
been performed for the Hg-based superconductors. As a
sible way out of the impass discussed above we examine
possibility of adopting the eigenvalues and eigenvectors
culated for Tl-1234 for the interpretation of our data co
cerning the 240, 390, and 410 cm21 phonons of Hg-1234.
The similarity of the electron-phonon coupling strength
the modes at 240 and 390 cm21, as displayed by their line
shape and dependence of Raman intensity on tempera
suggests that these two phonons should have some com
vibrational patterns. In addition, the phonons at 265 and
cm21 in Hg-1223 have similar temperature dependence
those at 240 and 390 cm21 in Hg-1234.6 In the Hg-1223
compound there are only two Raman active mixed pla
oxygen and Ca modes.21 Therefore, we assign theA1g modes
at 240 and 390 cm21 in Hg-1234 to the mixed Ca and oxy
gen modes and that at 410 cm21 to pure plane oxygen vibra
tions along thec axis. The weak electron-phonon couplin
observed for the 410 cm21 phonon would then have to resu
from some cancellation within each pair of CuO2 planes
sandwiching the Ca plane, possibly related to the fact
those CuO2 planes move in opposite direction.

Figure 2 shows the temperature evolution of theA1g pho-
non modes of Hg-1234 as measured in thex8x8 configura-
tion. The 240 and 390 cm21 phonon lines display clea
asymmetric line shapes with a characteristic antiresonanc
the higher frequency side in the whole range from room te
perature to 4.5 K, a fact which suggest an interaction
tween discrete~phonon! states and a broad~electronic! con-
tinuum, as found for other cuprates.1,3,6 We have fitted the
measured phonon lines with a standard Fano function25

I ~v!5I c

uq1eu2

11e2 1I b~v!, ~1!

in which e5(v2vp)/Gp with the renormalized phonon fre
quencyvp5vp

01dvp , vp
0 is the ‘‘bare’’ phonon frequency

q the asymmetry parameter,Gp the linewidth@given as half
width at half maximum~HWHM!#, I c a quantity proportional
d.
s

th

n

of

4
e
e
e-

of

re
c-
to
ve
ly

s-
he
l-

-

f

re,
on
0
s

-

at

at
-
-

to the square of the Raman vertex of that part of the e
tronic continuum that interferes with the phonon, andI b(v)
is the spectral function of a noninterfering background. R
man spectra and the fitted Fano profiles of the 240 and
cm21 phonons are shown in Figs. 3~a! and 4~a!, respectively.
The fitted values of the Fano parameters~except for the
trivial background I b) and the renormalized phonon
intensity26

I p[p@ I ~vp!2I b~vp!#Gp5pI cq
2Gp ~2!

of the 240 and 390 cm21 peaks are plotted vs temperature
Figs. 3~b! and 4~b!. ~We assume thatq is real. An imaginary
part of q can be represented by a noninteracting electro
background, i.e., byI b , see Ref. 25.! Note thatI c andI b are
intensities per unit frequency whileI p is the integratedin-
tensity of the discrete phonon excitation.

Apart from some differences in details, the temperat
dependences of frequency, linewidth, and intensity of
240 and 390 cm21 peaks display a remarkable abrupt chan
in a narrow temperature interval~10–15 K! right belowTc .
Using the phonon frequenciesvp

N andvp
S in the normal state

and in the superconducting state, the relative softening (vp
N

2vp
S)/vp

N of the 240 and 390 cm21 phonons is 6 and 18%
respectively. Simultaneously, the phonon linewidth go
through a maximum belowTc with an overall change in
linewidths (dGp)max/vp

N equal to 10% for the phonon at 24
cm21 and 40% for that at 390 cm21.

In the normal state, the linewidths of the 240 and 3
cm21 phonons increase with increasing temperature. T
indicates that at least two types of decay channels contrib
to the phonon linewidth. The temperature-dependent cha

FIG. 2. Raman spectra of Hg-1234 measured at various t
peratures between RT and 4.5 K inx8x8 polarization. The numbers
in the right column give the offset of the spectra with respect to t
at the bottom.
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1046 PRB 58HADJIEV, ZHOU, STROHM, CARDONA, LIN, AND CHU
can be described in many solids by anharmonic decay27 of
the phonon with frequencyvp and zero wave vector into two
phonons with opposite wave vectors and frequencies clos
vp/2. This impliesGanh(T)5Ganh

0 @112nB(vp/2)#, wherenB

is the Bose-Einstein factor. An additional near
temperature-independent contributionGb to the linewidth
may result from phonon scattering by impurities and, in
normal state, to the coupling of the phonon to the continu
of electronic excitations. We have fitted the temperature
pendence of the phonon linewidthsGp(T) at 240 cm21 @Fig.
3~b!# and 390 cm21 @Fig. 4~b!# in the normal state using th
function

Gp
N~T!5Ganh

0 S 11
2

exp~\vp/2kBT!21D1Gb . ~3!

Note that Gp
N(T50)5Ganh

0 1Gb is the sum of the
temperature-dependent part ofGp

N(T) at T50 and the
temperature-independent partGb . Consequently, thechange
in linewidth due to the superconducting transition is given
the linewidth atT50 minus Gp

N(T50), i.e., dGp5Gp(0)
2(Ganh

0 1Gb). The dashed line in Fig. 3~b! represents the fi
with Eq. ~3! ~linewidths are given as HWHM! with Ganh

0

53 cm21 and Gb54.4 cm21 taking vp5240 cm21 ~these
quantities have rather large error bars!. The fit allows us to
distinguish between the temperature-dependent contribu
Ganh, and the constant contributionGb to the linewidth, of
which the latter is likely to be due to the interaction of t

FIG. 3. Raman spectra of the A1g mode at 240 cm21 measured
in x8x8 polarization with the 647.1 nm laser line at different tem
peratures and the corresponding fitted Fano profiles~a!. The fitted
frequency, linewidthGp ~HWHM!, asymmetry parameterq, and the
phonon intensity are plotted in~b! as open circles. Smooth dotte
lines are given as a guide to the eye. The dashed line in the
width panel represents a fit to the widths found aboveTc with the
function in Eq.~2!, taking vp5240 cm21. This fit yieldsGanh

0 53
cm21 andGb54.4 cm21.
to

e

e-

y

on

240 cm21 phonon with electronic excitations in the norm
state and/or impurity scattering. The fit of the temperat
dependence of the 390 cm21 phonon linewidth with Eq.~3!
yieldsGb'0. The results of such a fit are represented by
dashed line in Fig. 4~b!. The fitting parameters for this cas
are Ganh

0 57.3 cm21 for vp5390 cm21. The strongest
change in the phonon linewidth takes place just belowTc , as
would be expected for a crossover of the opening superc
ducting gap and the phonon energy. When further lower
the temperature the linewidth remains nearly constant.

IV. DISCUSSION

The expression in Eq.~1! for the Raman efficiency of a
system with a phonon coupled to a continuum of excitatio
~here we consider electronic excitations! can be written in
terms of microscopic parameters28,29 ~neglecting for simplic-
ity other phonon renormalization mechanisms as, for
stance, anharmonic decay!

I ~v!;pTe
2r~v!

~v2vp
01TpV/Te!

2

@v2vp
02V2R~v!#21@pV2r~v!#2

,

~4!

whereTe , Tp , andV are the vertices describing the couplin
of the electron-hole excitations to the photons~Raman ver-
tex!, the coupling of the phonons to the photons, and
electron-phonon coupling, respectively. The bare phon

e-

FIG. 4. Raman spectra covering the 390 cm21 A1g mode mea-
sured inx8x8 polarization with the 647.1 nm laser line at differe
temperatures and the corresponding fits with Fano profiles~a!. The
fitted frequencies, linewidthsG0 ~HWHM!, line shape parameter
q, and the phonon intensity are represented in~b! by open circles.
Smooth dotted lines are given as a guide to the eye. The dashed
in the linewidth panel represents a fit to the widths found aboveTc

with the function in Eq.~2!, taking vp5390 cm21. This fit yields
Ganh

0 57.3 cm21.
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PRB 58 1047STRONG SUPERCONDUCTIVITY-INDUCED PHONON . . .
frequency isvp
0 . The continuum spectral functionr(v) and

the functionR(v) are related to the imaginary and the re
part of the retarded electronic polarizabilityP(v) at q50
by

r~v!52
1

p
Im P~v! and R~v!5Re P~v!, ~5!

respectively. A Kramers-Kronig relation allows us to calc
late R(v) from r(v). Note thatr(v) is an odd function of
v, this is a general property of retarded correlation functio
and has to be kept in mind when performing the Krame
Kronig transformation.

In Eq. ~4!, it is implicitly assumed that the verticesTe ,
Tp , andV are all independent of energy and momentum a
are real. These assumptions are justified by the small ra
of energies covered by the Raman spectra. We will also
sume that the verticesTe andTp do not change much whe
crossing the superconducting phase transition atT5Tc .
These Raman vertices include electronic transitions to in
mediate states~with k conservation! which may have ener
gies close to those of laser photonsvL . The band structure
changes atTc only in a region of width approximately twice
the maximum gap 2D0 around the Fermi energy. Therefor
and because of the fact that 2D0 is considerably less than th
typical lifetime broadening of interband transitions, the re
nance conditions should not change much upon crossingTc .
Hence, the Raman vertexTe can be assumed to be the sam
in the normal as in the superconducting state. This assu
tion has received ample confirmation in the cases of Y-1
~Ref. 30! and Y-124.13,31The vertexTp involves first absorb-
ing a photon, then emitting a phonon and after that emitt
the scattered photon. Also in this case, and for the sa
reasons, it is unlikely thatTp would change when crossin
Tc .

We conclude from Eq.~4! that the broadening of the pho
non due to the coupling to the continuum of excitations
given by3

G5pV2r~vp!. ~6!

Note that anharmonic broadeningGanh can be included by
replacingpV2r(v) in Eq. ~4! by pV2r(v)1Ganh provided
the real part of the self energydvp

anh given by anharmonic
broadening does not vary much aroundvp

0 . In this case
dvp

anh can be absorbed as a frequency shift intovp
0 @i.e., we

replacevp
01dvp

anh(vp
0) by vp

0 in Eq. ~4!#.
If we attempt to determineV by fitting experimental data

with Eq. ~6!, we are faced with a problem. When trying
calculateV from the linewidth, we need to know the electro
spectral functionr(v). In the case of vanishing electron
phonon couplingV, Eq. ~4! gives I (v);pTe

2r(v). Al-
though Te is unknown it can be taken as a scaling fac
when we represent the data in arbitrary units. On the o
hand, from the theory of electronic Raman scattering in
superconducting state, we know that for tetragonal superc
ductors with a gap function ofkx

22ky
2 symmetry (B1g in the

D4h point group! the functionr(v) is linear in v in the
low-frequency regime (v&D0) ~Refs. 13,15!. Under this as-
sumption and using Eq.~6!, we can calculate the ratio of th
l
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electron-phonon coupling constants for the two particu
phonons at 390 and at 240 cm21 in the superconducting stat
to be given by

V390
2

V240
2

5
G390

G240

240 cm21

390 cm21
~7!

which yieldsV390/V240'1.5.
The second possibility to obtain information aboutV from

experimental spectra makes use of the frequency shiftdvp
52V2R(vp). For this purpose we must know the unreno
malized energy which is, in principle, not an observable.

This problem can be overcome through the kindness
nature: in the material at hand the experimental data for
normal state suggest thatV, and thus the phonon self-energ
is rather small. Nearly negligible electronic self-energy co
tributions toGp in the normal state can be inferred from Fig
3~b! and 4~b!. The increase inG observed belowTc , in spite
of the decrease in the electronic continuum at frequen
below '400 cm21, also confirms the fact thatV in the su-
perconducting state is much larger than in the normal st
We shall make use of this fact to obtain the real and ima
nary parts of the self energy in the superconducting state
referring the corresponding frequencies and widths to th
in the normal state~which are assumed to vanish!. The rea-
son whyV in the normal state differs from that in the supe
conducting state can be attributed to the different types
averages of the electron-phonon matrix elementsgk which
are relevant to the two cases. For the normal state we h

V2;^gk
2&FS2^gk&FS

2 , ~8!

where^•••&FS represents an average over the four sheet
the Fermi surface and̂gk&FS

2 corresponds to the electrostat
screening required forA1g phonon modes.15 Note that ifgk is
constant over the four Fermi surface sheets,V2 vanishes due
to screening~this only happens for phonons with the fu
symmetry of the point group, i.e.,A1g in the D4h case, oth-
erwise^gk&FS vanishes whilê gk

2&FS does not!.
In the superconducting state, Eq.~8! must be replaced by

V2;^gk
2lk~v!&FS2

^gklk~v!&FS
2

^lk~v!&FS
, ~9!

wherelk(v) is the Tsuneto function.12,13 If lk is not con-
stant over the Fermi surface sheets, the averages in Eqs~8!
and ~9! can be rather different, a fact which allows for th
near vanishing of Eq.~8! suggested by the experimental da

We note, however, that values of the Fano parameterq of
the order of one are found for the two phonons in the norm
state. Correspondingly, sigmoid-type spectra can be seen
these phonons in Fig. 2 in spite of their meager strength.
expression forq is @see Eqs.~1! and ~4!#

q5
VTp /Te1V2R~v!

pV2r~v!
. ~10!

The weak phonon spectra observed in the normal state a
us to setTp'0. The values ofq'1 found experimentally
thus imply thatR'r.

We consider next the large frequency shiftsdvp and the
increase in the phonon intensity observed when lowerinT
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1048 PRB 58HADJIEV, ZHOU, STROHM, CARDONA, LIN, AND CHU
below Tc . In view of the many uncertainties involved i
detailed microscopic theories~which are not meant to appl
to the case of four CuO2 layers anyhow! we propose a simple
treatment which is physically transparent and yields res
in reasonable agreement with the observations. The calc
tions are based on the schematic representation of the
tronic scattering spectra shown in Fig. 5. Instead of perfo
ing the Kramers-Kronig integrations required for th
calculation ofdvp we replace the electronic spectrum of Fi
5 by ad function at its maximum. This yields

dvp52V2R~vp!52~Gp2Ganh
0 !

R~vp!

pr~vp!
. ~11!

Because of the fact thatR(v) and r(v) are related by a
Kramers-Kronig transform, we can express the quotient
the right side of Eq.~11! as 2HeGe /(hpd), where the pa-
rameters are defined in Fig. 5. Then, the line shift can
written as

dvp5
He

hp

Ge~Gp2Ganh
0 !

d
. ~12!

For the phonons at 240 and 390 cm21 we use this relation to
calculate ‘‘theoretical’’ line shiftsdvp

theo and compare thes
to the experimentally determined line shiftsdvp

exp. The re-
sults are given in Table I. In the case of the 487 and 5
cm21 phonons, the line shift cannot be meaningfully det
mined from the experiment.

A similar expression can be derived for the height of t
phonon peakHp . We start with Eq.~2! and useqGp5dvp
as well asq5R(vp)/@pr(vp)#. This yields

FIG. 5. Definition of quantities used in the text for the electron
and phonon spectra of Hg-1234.
ts
la-
ec-
-

n

e

5
-

I p5
I c

pTe
2r~vp!

pTe
2R~vp!dvp . ~13!

The quotient on the right side of this relation is one, and th
factor pTe

2R(vp) is the Kramers-Kronig transform of the
electronic Raman intensity atv5vp . In suitable units we
write I p5pHpGp andpTe

2R(vp)5pHeGe /d and get for the
ratio of the phonon height to the height of the electronic pea
the relation

Hp

He
5

Ge

Gp

dvp

d
. ~14!

We use this relation to calculate ‘‘theoretical’’ phonon
heightsHp

theoof the 240 and 390 cm21 phonons and compare
them to the experimentally determined phonon heightsHp

exp

in Table I. For the 487 and 575 cm21 phonons we use Eq.
~14! to calculate the line shift which is experimentally no
accessible.

The agreement of the ‘‘theoretical’’ values for the phono
lineshiftsdvp

theoand phonon heightsHp
theoand its experimen-

tally determined counterpartsdvp
exp and Hp

exp, respectively,
is quite satisfactory, especially when one considers the si
plicity of the theory.

For the purpose of extracting the coupling constantV
from the experimental spectra, the Raman vertexTe has to be
known. Although it could be determined from experiment,13

we will use here another approach to characterize t
electron-phonon coupling strength. We define the number
electronic statesNe involved in the electronic peak around
v5ve by r(v)5Ned(v2ve). Then, Eq.~11! reads

NeV
25dvp•d ~15!

and can be used to determine the values of the combinat
NeV

2 from the experiment~see Table I!.
It is of interest to express the electron-phonon couplin

strength by means of McMillan’s electron-phonon interac
tion parameterl which in Eliashberg’s theory plays the role
of the combination ‘‘N(0)V’’ in the BCS theory and also
represents the mass enhancement of electrons (11l) due to
their coupling to the phonon system. This parameter is d
fined by32
its
s

.

TABLE I. The per-phonon quantities atT50 used in the text. The electronic peak is characterized by
positionve5620 cm21, its linewidth Ge5250 cm21, and its peak intensityHe580 a.u. Here, a.u. denote
the arbitrary units for the intensities taken from Fig. 1. The line shiftdvp

theo and the phonon heightHp
theo are

calculated using Eqs.~12! and~14!, respectively, for the 240 and 390 cm21 phonons. The line shiftdvp
theo of

the 487 and 574 cm21 phonons is as predicted by Eq.~14!. The coupling strengthNeV
2 and electron-phonon

coupling parameterln have been determined using Eq.~15! and Eq.~19!, respectively, for all four phonons

vp

cm21

Gp

cm21

Ganh
0

cm21

d

cm21

hp

a.u.
dvp

theo

cm21

dvp
exp

cm21

Hp
theo

a.u. cm21

Hp
exp

a.u. cm21

NeV
2

cm22

ln

240 9 3 380 20 16 15 87 120 5700 0.08
390 22 7.3 230 35 37 40 158 110 9200 0.08
487 23 133 6.1 40 810 531023

574 30 45 2.2 32 99 631024
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l52E
0

`

dv
a2F~v!

v
, ~16!

where the spectral functiona2F(v) determines the transi-
tion temperatureTc in Eliashberg’s theory. Using the elec
tronic density of states at the Fermi levelN052(kd(ek) in
the normal state,a2F(v) is given by the expression32

a2F~v!5N0
21 (

n,ks,k8s8
uVn,ks,k8s8u

2d~v2vn,k2k8!

3d~ek!d~ek8!, ~17!

whereVn,ks,k8s8 is the electron-phonon matrix element fo
phonon branchn, vn,k is the frequency of the phonon o
branchn with momentumk, and the sum overn includes all
optical phonons. Because of the fact that Raman scatte
only gives information about phonons at the center of the B
(G point!, we approximate the optical phonons by dispe
sionless phonons with the frequency given by that of t
correspondingG-point phonon, i.e.,vn,q5vn,q50[vp,n and
also takeVn,ks,k8s85Vndss8. Replacing Eq.~17! into Eq.
~16! yields

l5N0(
n

Vn
2

vp,n
. ~18!

The l represented by Eq.~18! is to be regarded as the con
tribution to l which one would have if all phonons of a
given branch would couple as much as that at theG point.
We have determined above for several phonons values
V2Ne whereNe is the total number of interacting excitation
induced by the superconductivity. To a reasonable appro
mation we can writeNe'D0N0 and, therefore,

l5(
n

ln , ln5
1

D0

NeVn
2

vp,n
. ~19!

Using D05310 cm21, the values ofln are given by 0.08,
0.08, 531023, and 631024 for the phonons at 240, 390
o
in
o

K

,

u

B

ng
Z
-
e

of

i-

487, and 575 cm21 respectively. In order to get a feeling fo
the magnitude of these electron-phonon coupling const
we note that if all phonons had the same value ofln as that
determined for the 390 cm21 phonon ('0.1), the totall
would be 0.136056, a large value indeed which would lea
to a very highTc if taken literally in the BCS theory.

V. CONCLUSIONS

We have observed superconductivity-induced phon
self-energy effects for theA1g phonons in Hg-1234 which
show a strength exceeding that found in any other cup
superconductors studied so far. The dramatic softening of
240 and 390 cm21 phonons belowTc is similar to that re-
quired to interpret the change in vibrational amplitude wh
has been observed in nearly optimally doped YBa2Cu3O72d
at Tc in ion channelling experiments33 ~see also the result
from resonant neutron absorption spectroscopy
Bi2Sr2CaCa2O8, Ref. 34!. The phonon self-energy effects, i
combination with a clear development of th
superconductivity-induced electronic Raman peaks, offe
unique opportunity for a detailed theoretical modeling
electron-phonon coupling processes in superconducting
prates. In spite of the large values ofl associated with the
large electron-phonon coupling effects discussed here,
question of a possible connection between the obser
strong electron-phonon coupling and the remarkably highTc
of the Hg-based superconducting cuprates must remain o
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