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V. G. Hadjiev, Xingjiang Zhod, T. Strohm, and M. Cardona
Max-Planck-Institut fu Festkaperforschung, HeisenbergstraRe 1, D-70569 Stuttgart, Germany

Q. M. Lin and C. W. Chu
Department of Physics and the Texas Center for Superconductivity at the University of Houston, Houston, Texas 77204-5932
(Received 22 August 1997; revised manuscript received 1 Decembey 1997

We report strong superconductivity-induced phonon renormalization effects observed in the
HgB&CaCu,044, s superconductor =123 K). At the transition from the normal to the superconducting
state, theA,4 phonons at 240 and 390 ¢rh 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 stateA;fHeaman peak at 575 cm, related to
the apex oxygen, and that at 487 chitentatively attributed to excess oxygere not detectable in the normal
state for incident light polarization in theb 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[f0163-18208)07725-X]

I. INTRODUCTION tra. Note, however, that iR-123 theB;4 and A;; symme-
tries are mixed®
Raman scattering of light by optical phonons in solids In this paper, we report a collosal superconductivity-

essentially proceeds via electron-phonon interactions. Thosaduced phonon self-energy effect which we have discovered
phonons, which are strongly coupled to electrons occupyingn microcrystalline HgBgCa;Cu,O4q, s (Hg-1234 super-
states near the Fermi surfaf€S), can be very sensitive to conductors. We have observed a remarkable frequency soft-
changes in the vicinity of the FS. In superconductors, theening and a linewidth increase of vibrations along ¢hexis
opening of the superconducting gap results in a redistributiommvolving the plane oxygen atoms with some admixture of
of electronic states and excitations in the immediate vicinitycalcium in a narrow temperature interval immediately below
of the FS which in turn changes the phonon self-energy, i.eT., accompanied by a strikingly strong phonon intensity en-
the contribution of the electron-phonon interaction to thehancement throughout the superconducting state. While
phonon frequency and its linewidth. Superconductivity-rather elaborate theories exist for the self-energy effects of
induced phonon self-energy effects have been observed forghonon frequencies and linewidth&the corresponding ef-
number of cupratés® and theoretically studied for the case fect on Raman intensities does not seem to have been theo-
of s-wave andd-wavé*® superconductors. In particular, siz- retically treated. Moreover, the existing theories for the self-
able effects have been observed for Bg, out-of-phase energy of phonons have so far not allowed the extraction of
plane oxygen phonon in YBEWO,_ 5 (Y-123)%34and for  quantitative data on parameters relevant to the superconduc-
the A;4 phonons in HgBgCa&Cu;0g., 5 (Hg-1223.% In addi- tivity from the available experimental results. We thus pro-
tion, the appearance of a superconducting gap in the lowpose a simple quantum mechanical scheme which allows us
energy electronic excitations may also lead to resonanceliki® relate the enhancement of the Raman intensities observed
phenomena, e.g., increases in the Raman intensity of sonie the superconducting state to the real part of the corre-
phonons below the transition temperatlite Such increases sponding self-energy and to obtain semiquantitative informa-
have been seen in Y-128 YBa,Cu,0g (Y-124)'' and tion on the corresponding electron-phonon coupling con-
Hg-1223°% Experimentally measured superconductivity- stant.
induced changes in phonon frequencies and linewidths, in
conjunction with model calculatiorfshave been used to es-
timate the magnitude of the superconducting gafRithi23
(R is a rare earth elemext Information on the supercon- We measured single crystalline grains of Hg-1234 in a
ducting order parameter can also be inferred from the eleamicrocrystalline pellet T.=123 K, determined by the zero
tronic peak that develops beloW. due to quasiparticle cre- of resistanceprepared by a high-pressure technid(X-ray
ation through pair breakintf;®® provided the peak is diffraction analysis confirmed that Hg-1234 was the main
discernible. Similarities of model calculations of the phononphase in the pellet. During the measurements the samples
self-energy and the electronic Raman efficiefitwith spe-  were kept in a continuous-flow liquid helium cryostat which
cific reference tal-wave paired superconductors, have beerwas used to vary their temperature from 3.8 to 300 K. Raman
pointed out in Ref. 15: at low frequencies, the imaginary parspectra were excited with the 647.1 nm line of a Kaser
of the phonon self-energy eétragonalsuperconductors var- and collected by a microprobe attachment of a Dilor XY
ies with frequency a?® for the B1g and asw for A;4 spec-  spectrometer in an exact back-scattering geometry. The laser
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0163-1829/98/5@)/10438)/$15.00 PRB 58 1043 © 1998 The American Physical Society



1044 HADJIEV, ZHOU, STROHM, CARDONA, LIN, AND CHU PRB 58

power was kept low enough so that overheating amounted to '
Hg-1234

no more than 5-10 K. 150 |
The compound Hg-1234, with four CyOplanes per 647.1 nm
primitive cell, crystallizes in the tetragon®4/mmm space 100 L

group!® The group-theoretical analysis of the normal modes
at thel’ point in Hg-1234 shows thatA, 4, 2By, and &,
modes are Raman allowéd. From the atomic site
symmetrie®’ in Hg-1234 it follows that the Ba atoms, those
Ca atoms which are not at a center of inversion, the Cu
atoms in the Cu@planes, and the apex oxygen can take part
in the A4+ E4 modes. The oxygen atoms in the inner and
outer pairs of Cu@ planes contribute to thé\;3+Bg4
+2E4 modes. Based on the connection between the external
morphology of the superconducting Hg-based cuprate crys-
tals and the crystallographic ax&% we were able to choose
crystals which allowed us to perform experiments in the
z(x'x")z, z(x"y")z, andx(z2)x polarization configurations
[written in Porto’s notation (kl)j, wherei and | are the
direction of propagation of the incident and scattered pho-
tons andk, | their polarization, respectivelyln this casez is
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parallel to thec axis of the crystal ana’ andy’ are two 100 |
mutually orthogonal directions alorfd.10] and[110]. For
convenience, we give from now on only the polarization di- 50 |

rections(pair of letters inside the parentheses in Porto’s no-
tation). Thusx’x’, x'y’, and zz configurations select the 0 ‘ ‘ ‘
A1gt+Byg, Big, andA;g symmetry components of the Ra- 0 200 400 600 _ 800 1000
man scattering tensor, respectively. Raman shift (cm )

FIG. 1. Polarized Raman spectra of Hg-1234 single crystalline
ll. EXPERIMENTAL RESULTS grains measured at room temperat(Rd) and at 4.5 K with 647.1
nm laser excitation. The spectfa) and (b) were taken from the
In Fig. 1 we present polarized Raman spectra of Hg-1234ame grain whereas those(ir) were measured from another grain
at room temperature and at 4.5 K. The spectra were recordemliented with theac plane normal to the incident light.
in those scattering geometries which select the most infor-
mative components of the Raman efficiency, namédy,
A1gtByg (X'X"), (b) Byg (X'y"), and (c) Ay (z2). Only
three clear Raman peaks at 574, 532, and 487 'care . I .
non in zz polarization is almost independent of temperature

observable in the room temperatwzpolarized spectrum in while the 575 cm? peak in thex'x’ spectra only exists in
Fig. 1(c). They become better resolved at low temperature, P P y

The strong peaks at 574, 532, and 487 ¢rhave been as- the S“Pemo”d““”‘_g phase. The two phononB gfsymme- .
signed to vibrations of the apex oxygen along thaxis and try which are predicted by group theory are hardly seen in

to mixed modes of apex and excess oxygen at different pdn€ room temperature spectrum of Figbjl Except for some
sitions in the Hg plané® Although of Ay, Symmetry, these Raman features that coincide in po.smc.)n with the peaks in
peaks do not appear in théx’ room temperature spectrum the x'x’ spectra, likely due to polarization leakage, a rela-
in Fig. 1(a) (note that there are no symmetry-allowsg, tively broad peak appears at 690 chthat can be attributed
phonons. For this polarization configuration, and at room to superconductivity-induce®,  excitations of electronic
temperature, three weak phonon peaks are observable at 240igin. From now on we focus on th&,, spectra.

390, and 410 cm'. The phonons at 240 and 390 thex- We discuss next the assignment of tAg, phonons at
hibit coupling with the scattering continuum manifested by240, 390, and 410 cit. The symmetry and frequency of
an asymmetric line shap@-ano profilg. The peak at 410 these phonons suggest that they involve vibrations along the
cm™ ! has a symmetric profile and very low intensity. At low ¢ axis of plane oxygen atoms and of the Ca: the vibrations of
temperature, in the superconducting state, the two lower freBa and Cu in the planes usually have frequencies below 200
quency phonons show an obvious change of their positioogm™! in the structurally similar superconducting cuprates;
linewidth, and especially the scattering intensity. Except forthe A;, apex oxygen vibration is seen at 574 ch[Fig.

an increase in intensity, there is no dramatic change of th&(c)]. Since Ca has the lightest mass among the cations in
410 cm ! phonon self-energy. In addition to these effects,Hg-1234, its frequency is expected to be close to that of the
two relatively sharp Raman features show up at 486 and 57bw frequency(bond bendingoxygen vibrations and the Ca
cm ! on the top of theA, 4+ B,y superconductivity-induced vibrations may therefore mix with the latter. This gives a
electronic peakFig. 1(a)]. Comparing with the spectra given total of three Raman activ&,;; modes in the 200-450 cm

in Fig. 1(c), one finds that the position of these peaksre-  region involving pairs of planes. Lattice dynamical calcula-
lates with that of the mainlyzzpolarized vibrations of the tions for the isomorphic TI-1234 compouftdndeed show

excess and apex oxygen atoms. Note that this is not because
of polarization leakage. The line shape of the 574 émpho-
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that the vibrations of Ca and plane oxygen atoms are mixed.
In Ref. 21, it was calculated for TI-1234 that the frequencies XX

of the mixed vibrations along the axis of oxygen in the WWW47'1 "o
Cu0, planes and Ca moving in-phase and out-of-phase with R L WP 295K, 400

the oxygen atoms are 246 and 450 Cmrespectively. One Wit 250K, +430
phonon corresponds nearly exclusively to the vibration Wi 200K, +400
400 | 150K, +370 ]

against each other of the two Cu@yers which are sepa-
rated by Ca atoms. This phonon has a small admixture of AP s 120K, +340
% W‘ Mwﬂ W hWMWWMﬁOK, +300

calcium and should be found at 369 ¢t Unfortunately,
300 | M)\Fwwﬁmmm 105K, +260 1
100K, +220

there are no experimental data available so far for TI-1234
200 80K, +160

Hg-1234

that may check the lattice dynamical predictions, while the
calculations just mentioned, based on semiempirical lattice
dynamical models, are known to be rather unreliable, espe-
cially concerning eigenvectof8. Ab initio calculations,
based on the electronic total energy* would be highly
desirable in order to achieve a more reliable assignment of
the frequencies and eigenvectors of the thkeg modes un-
der discussion. Nevertheless even these calculations are 100 |
known to lead to considerable errors in the phonon eigenvec-
tors, especially when phonon frequencies corresponding to
the same symmetry are close to each other. A way to solve o , ‘ ‘ ‘ ‘
this problem is to determine the eigenvectors experimentally 0 200 400 600 800 1000 1200
by isotopic substitutioR’ an investigation which has not yet Raman shift (cm™)
been performed for the Hg-based superconductors. As a pos-
sible way out of the impass discussed above we examine the FIG. 2. Raman spectra of Hg-1234 measured at various tem-
possibility of adopting the eigenvalues and eigenvectors calperatures between RT and 4.5 Kxfix' polarization. The numbers
culated for TI-1234 for the interpretation of our data con-in the right column give the offset of the spectra with respect to that
cerning the 240, 390, and 410 cfphonons of Hg-1234. @t the bottom.
The similarity of the electron-phonon coupling strength of
the modes at 240 and 390 cf as displayed by their line- 10 the square of the Raman vertex of that part of the elec-
shape and dependence of Raman intensity on temperatufgonic continuum that interferes with the phonon, agiw)
suggests that these two phonons should have some commisnthe spectral function of a noninterfering background. Ra-
vibrational patterns. In addition, the phonons at 265 and 40"an spectra and the fitted Fano profiles of the 240 and 390
cm ! in Hg-1223 have similar temperature dependence a§M  phonons are shown in Figsi@ and 4a), respectively.
those at 240 and 390 cm in Hg-1234% In the Hg-1223 The fitted values of the Fano parameteéesgcept for the
compound there are only two Raman active mixed planetrivial bglckground lp) and the renormalized phonon
oxygen and Ca modé$Therefore, we assign the,, modes  Intensit
at 240 and 390 cm' in Hg-1234 to the mixed Ca and oxy-
gen modes and that at 410 cfto pure plane oxygen vibra- lp=m[1(wp) —lp(wp) 1T, =7l q°T, 2
tions along thec axis. The weak electron-phonon coupling .
observed for the 410 cit phonon would then have to result Of the 240 and 390 cmmi peaks are plotted vs temperature in
from some cancellation within each pair of Cu@lanes Figs. 3b) and 4b). (We assume thaj is real. An imaginary
sandwiching the Ca plane, possibly related to the fact tha@art ofq can_be represented by a noninteracting electronic
those Cu@ planes move in opposite direction. background, i.e., by, , see Ref. 25.Note thatl . andl}, are
Figure 2 shows the temperature evolution of fhg pho- intensities per unit frequency Whllle) is the integratedin-
non modes of Hg-1234 as measured in &’ configura- tensity of the discrete phonon excitation.
tion. The 240 and 390 cit phonon lines display clear Apart from some dn‘ferenc_es in details, the temperature
asymmetric line shapes with a characteristic antiresonance g§éPendences 9f1 frequency, linewidth, and intensity of the
the higher frequency side in the whole range from room tem240 and 390 cm™ peaks display a remarkable abrupt change
perature to 4.5 K, a fact which suggest an interaction bel @ harrow temperature intervel0—15 K right below T
tween discretéphonon states and a broaglectronig con-  Using the phonon frequencies, ande; in the normal state
tinuum, as found for other cuprat&d® We have fitted the and in the superconducting state, the relative softenisfy (

Scattering intensity (arb. units)

4.5K, +0

measured phonon lines with a standard Fano fun€tion —wﬁ)/w'g of the 240 and 390 cm' phonons is 6 and 18%,
respectively. Simultaneously, the phonon linewidth goes
lq+ €|? through a maximum below . with an overall change in
Hw)=le77z+Ib(w), @D Jinewidths (6T p) max/ @}y equal to 10% for the phonon at 240

cm~ 1 and 40% for that at 390 cnt.
in which €= (0 — wp)/I", with the renormalized phonon fre-  In the normal state, the linewidths of the 240 and 390
quencywpzwng dwp, wg is the “bare” phonon frequency, cm™! phonons increase with increasing temperature. This
q the asymmetry parametdr,, the linewidth[given as half indicates that at least two types of decay channels contribute
width at half maximum(HWHM)], | ;. a quantity proportional to the phonon linewidth. The temperature-dependent channel
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FIG. 3. Raman spectra of the;Amode at 240 cm! measured
in Xx’x’ polarization with the 647.1 nm laser line at different tem-
peratures and the corresponding fitted Fano proféesThe fitted

frequency, linewidtd”, (HWHM), asymmetry parametey, and the tgmperatures a_md the cqrresponding fits V\.Iith Fano pr@esThe
phonon intensity are plotted ib) as open circles. Smooth dotted fitted frequencies, linewidths, (HWHM), line shape parameters

lines are given as a guide to the eye. The dashed line in the lined: and the phonon intensity are representedoinby open circles.

width panel represents a fit to the widths found abGyewith the _Smooth dot_ted lines are given as a guide to thg eye. The dashed line

function in Eq.(2), taking w,=240 e, This fit yieldsT' =3 in the I|neW|dt_h pqnel represer_ns a fit to the V\/J?ths f_our_ld gbb;ve

cm ! andl,=4.4 cnt . with the function in Eq.(2), taking w,=390 cni =. This fit yields
rd=73cmk

FIG. 4. Raman spectra covering the 390’6171\19 mode mea-
sured inx’'x’ polarization with the 647.1 nm laser line at different

can be described in many solids by anharmonic d€cafy
the phonon with frequency,, and zero wave vector into two
phonons with opposite wave vectors and frequencies close
wp/2. This impliesl’ ;,(T) :an,[l+2n3(wp/2)], whereng
is the Bose-Einstein factor. An additional nearly
temperature-independent contributidly to the linewidth - )

gre 'y =7.3 cm = for »,=390 cm . The strongest

may result from phonon scattering by impurities and, in th anh—

normal state, to the coupling of the phonon to the continuunfh@nge in the phonon linewidth takes place just belowas
of electronic excitations. We have fitted the temperature deWou!d be expected for a crossover of the opening supercon-

pendence of the phonon linewidths(T) at 240 cm * [Fig. ducting gap and the phonon energy. When further lowering

3(b)] and 390 cm* [Fig. 4b)] in the normal state using the the temperature the linewidth remains nearly constant.
function

240 cm ! phonon with electronic excitations in the normal
gJate and/or impurity scattering. The fit of the temperature
dependence of the 390 ¢rh phonon linewidth with Eq(3)
yieldsI',~0. The results of such a fit are represented by the

dashed line in Fig. é). The fitting parameters for this case
0

IV. DISCUSSION

+T,. ©) The expression in Eql) for the Raman efficiency of a
expfiwp/2kgT) — 1 system with a phonon coupled to a continuum of excitations
N/a A 10 . (here we consider electronic excitatioreman be written in
Note that FP(T_O)_ra“h+FbN s the sum of the o of microscopic parametét$® (neglecting for simplic-
temperature-dependent part &f,(T) at T=0 and the ity other phonon renormalization mechanisms as, for in-
temperature-independent part. Consequently, thehange stance, anharmonic deday

in linewidth due to the superconducting transition is given by

the I(i)newidth atT=0 minusF,’}'(T=O), i.e., oI',=1",(0) : 2 )
—(TanitT'p). The dashed line in Fig.(B) represents the fit l(w)~7Tep(w o2 > > 5
with Eq. (3) (linewidths are given as HWHMwith T [0=0p=VIR(0) "+ [ 7V p(w)] @

=3 cm ! andI',=4.4 cm ! taking w,=240 cm * (these

quantities have rather large error barghe fit allows us to  whereT,, T, andV are the vertices describing the coupling
distinguish between the temperature-dependent contributioof the electron-hole excitations to the photdifaman ver-
I'.nne @nd the constant contributidny, to the linewidth, of  tex), the coupling of the phonons to the photons, and the
which the latter is likely to be due to the interaction of the electron-phonon coupling, respectively. The bare phonon

FE(T)=rgn,(1+

(0= g+ TpVITe)?
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frequency iSwg. The continuum spectral functign(w) and  electron-phonon coupling constants for the two particular
the functionR(w) are related to the imaginary and the real phonons at 390 and at 240 crin the superconducting state
part of the retarded electronic polarizabiliy(w) atq=0  to be given by
by
Vs T390240 cnil

! V2o T2:0390 cm @

p(w)==—ImI(w) and R(w)=Rell(w), (5) 240 240550 €M
Wh|Ch yieIdSV390/V240~ 1.5.

respectively. A Kramers-Kronig relation allows us to calcu- 1he second possibility to obtain information abstfrom
late R(w) from p(w). Note thatp(w) is an odd function of experlzmental spectra makes use of the frequency shiff
o, this is a general property of retarded correlation functions= — V" R(wp). For this purpose we must know the unrenor-

and has to be kept in mind when performing the Kramersmalized energy which is, in principle, not an observable.
Kronig transformation. This problem can be overcome through the kindness of

In Eq. (4), it is implicitly assumed that the verticeg, , nature: in the material at hand the experimental data for the

T,, andV are all independent of energy and momentum and'©rmal state suggest thef and thus the phonon self-energy,

are real. These assumptions are justified by the small randé rather small. Nearly negligible electronic self-energy con-

of energies covered by the Raman spectra. We will also a ributions tol, in the normal state can be inferred from Figs.

sume that the verticeB, and T, do not change much when 3(P) and 4b). The increase i’ observed belowT, in spite

crossing the superconducting phase transitionT atT, of the decrease in the electronic continuum at frequencies
. — 71 . .

These Raman vertices include electronic transitions to inte?€/0w ~400 cm %, also confirms the fact thal in the su-

mediate stategwith k conservationwhich may have ener- perconducting state is m_uch larger tha}n in the norma] state.
gies close to those of laser photoag. The band structure W€ shall make use of this fact to obtain the real and imagi-
changes aT . only in a region of width approximately twice Nary parts of the self energy in the superconducting state by
the maximum gap &, around the Fermi energy. Therefore referring the corresponding frequencies and widths to those
and because of the fact thaAg is considerably less than the " the normal statéwhich are assumed to vanjsiThe rea-
typical lifetime broadening of interband transitions, the reso-S0" WhyV in the normal state differs from that in the super-
nance conditions should not change much upon crosking conducting state can be attributed to the different types of
Hence, the Raman vertdl, can be assumed to be the same@Verages of the electron-phonon matrix elemegtsvhich

in the normal as in the superconducting state. This assum@® relevant to the two cases. For the normal state we have
tion has received ample confirmation in the cases of Y-123 V2~ (g2) s (g2 ®)
(Ref. 30 and Y-124*3*The vertexT , involves first absorb- Gk/rs™ (GwFs:

ing a photon, then emitting a phonon and after that emittingvhere(- - - )5 represents an average over the four sheets of
the scattered photon. Also in this case, and for the samge Fermi surface angl,)2s corresponds to the electrostatic
reasons, it is unlikely thaf, would change when crossing screening required fok;, phonon modes? Note that ifgy is

Te. constant over the four Fermi surface she¥fsyanishes due
We conclude from Eq(4) that the broadening of the pho- to screening(this only happens for phonons with the full
non due to the coupling to the continuum of excitations issymmetry of the point group, i.ef\14 in the Dy, case, oth-

given by’ erwise(gy)rs vanishes whilgg2)gs does nok
In the superconducting state, E&) must be replaced by
r= WVZp(wp). (6) )
2 2 (GkMk(@))Es
Note that anharmonic broadenifig,, can be included by VE~(gi(@))rs— (@)es | ©

replacingmV?p(w) in Eq. (4) by 7V2p(w)+T . provided _ T _
the real part of the self energyw3™ given by anharmonic Whereéi(w) is the Tsuneto functioff**If A, is not con-
broadening does not vary much aroumﬁ. In this case Stantover the Fermi surface sheets, the averages in(&qs.

anh PR and (9) can be rather different, a fact which allows for the
dw, * can be absorbed as a frequency shift Imﬁ)[l'e" W& hear vanishing of Eq8) suggested by the experimental data.

0 an 0 0
repllfacewpt: 5‘"'; itc‘:jp) tby (T’P;nbE?ftt(.A')]' mental dat We note, however, that values of the Fano paranpter
with VI\EIe ?G;ET/vpe :re ?a?:rent;lr\]/vith); : rlcr)]gleer)r(]pevr\llr;\]s:t? ina 6;0 the order of one are found for the two phonons in the normal
A P : YING 10 giate. Correspondingly, sigmoid-type spectra can be seen for

calcutlatle\f/ frotm the I'ne\lN'dt:" we nee? to kf‘or‘]’.v the lele::tron these phonons in Fig. 2 in spite of their meager strength. The
spectral functionp(w). In the case of vanishing electron- expression fox is [see Eqs(1) and (4)]

phonon couplingV, Eq. (4) gives |(w)~nT2p(w). Al-
though T, is unknown it can _be tal_<en as a scaling factor VTp/Te+V2R(w)

when we represent the data in arbitrary units. On the other aq= V2p(o) . (10
hand, from the theory of electronic Raman scattering in the

superconducting state, we know that for tetragonal superconfhe weak phonon spectra observed in the normal state allow
ductors with a gap function dff—kf, symmetry 8,4 inthe  us to setT,~0. The values ofj~1 found experimentally
D, point group the functionp(w) is linear in w in the  thus imply thatR~p.

low-frequency regimed@=<A,) (Refs. 13,1% Under this as- We consider next the large frequency shifis, and the
sumption and using Eq6), we can calculate the ratio of the increase in the phonon intensity observed when lowefing
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le
| ,=————7T2R(wy) dwy,. (13
P 77'Tep(wp) ¢ ( P P

The quotient on the right side of this relation is one, and the
2k factor 7T5R(w,) is the Kramers-Kronig transform of the
electronic Raman intensity at=w,. In suitable units we
H, write | ,= 7H "y and 7 T2R(w,,) = 7HI'e/ 8 and get for the
ratio of the phonon height to the height of the electronic peak

0 ‘L—SQ o the relation

FIG. 5. Definition of quantities used in the text for the electronic H, T dwy
and phonon spectra of Hg-1234. 0T 35 (14)
e

below T.. In view of the many uncertainties involved in
detailed microscopic theorigshich are not meant to apply

to the case of four CuQayers anyhowwe propose a simple . _ )
treatment which is physically transparent and yields resultdeM to the experimentally determined phonon heigtfs

in reasonable agreement with the observations. The calculd? Table I. For the 487 and 575 cm phonons we use Eq.

tions are based on the schematic representation of the eled® 0 calculate the line shift which is experimentally not

tronic scattering spectra shown in Fig. 5. Instead of perform@ccessible. ) .
ing the Kramers-Kronig integrations required for the The agreement of the “theoretical” values for the phonon

calculation oféw,, we replace the electronic spectrum of Fig. I|nesh|ftséwg‘e°and phonon he'gh“gtheoagd Its experimen-
5 by a6 function at its maximum. This yields tally determined counterparw;™® andHZ™, respectively,
is quite satisfactory, especially when one considers the sim-
R(wp) plicity of the theory.

) (11 For the purpose of extracting the coupling constsant

from the experimental spectra, the Raman vefighas to be

Because of the fact th&®(w) and p(w) are related by a known. Although it could be determined from experiméht,
Kramers-Kronig transform, we can express the quotient ojye will use here another approach to characterize the
the right side of Eq(11) as —Hel'e/(h,5), where the pa- electron-phonon coupling strength. We define the number of
rameters are defined in Fig. 5. Then, the line shift can beilectronic statesN, involved in the electronic peak around
written as 0= w0 by p(0)=N.8(w— w,). Then, Eq.(11) reads

_He Pe(Tp=Tgny)
hp é

For the phonons at 240 and 390 chwe use this relation to and can be used to determine the values of the combination

calculate “theoretical” line shiftséwtpheo and compare these N.V? from the experimentsee Table)l

to the experimentally determined line shifie5®. The re- It is of interest to express the electron-phonon coupling

sults are given in Table I. In the case of the 487 and 575trength by means of McMillan's electron-phonon interac-
cm* phonons, the line shift cannot be meaningfully deter-tion parameteh which in Eliashberg’s theory plays the role
mined from the experiment. of the combination N(0)V” in the BCS theory and also

A similar expression can be derived for the height of therepresents the mass enhancement of electroms\jidue to
phonon peald,. We start with Eq(2) and usegl’y= dw,, their coupling to the phonon system. This parameter is de-
as well asq=R(wp)/[ 7p(wp)]. This yields fined by*

We use this relation to calculate “theoretical” phonon
heightng1eo of the 240 and 390 cm' phonons and compare

Swp=—V?2R(wp)=—(T,—T2p

mp(w

(12 NeV2=Sw,- & (15)

5wp

TABLE I. The per-phonon quantities at=0 used in the text. The electronic peak is characterized by its
position we=620 cm 2, its linewidth",=250 cni'!, and its peak intensitid.=80 a.u. Here, a.u. denotes
the arbitrary units for the intensities taken from Fig. 1. The line shifﬂ‘e" and the phonon heigh'flg‘eo are
calculated using Eq$12) and(14), respectively, for the 240 and 390 chphonons. The line shifzb‘wg‘eoof
the 487 and 574 cm' phonons is as predicted by Ed4). The coupling strengthl V2 and electron-phonon

coupling parametex , have been determined using Ef5) and Eq.(19), respectively, for all four phonons.

p r, TS sy swlhe su@P e HO® N2 M
em? em?! em! em?! &Y% em?! em! au cm?! au cm! cm?
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 %103

574 30 45 2.2 32 99 810°*
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(16 the magnitude of these electron-phonon coupling constants
we note that if all phonons had the same value pfs that
where the spectral function®F(w) determines the transi- determined for the 390 cit phonon (0.1), the total\
tion temperaturel . in Eliashberg’'s theory. Using the elec- would be 0. 60=6, a large value indeed which would lead
tronic density of states at the Fermi le}=23,5(e,) in  to a very highT, if taken literally in the BCS theory.
the normal stateg®F () is given by the expressioh

\ Zde @’F(w) 487, and 575 cm' respectively. In order to get a feeling for
- o—"
0

V. CONCLUSIONS

aPF(0)=Ngt X |[Vykokro|28(0— 0, 1) We have observed superconductivity-induced phonon
v.kok'o’! self-energy effects for thé,; phonons in Hg-1234 which
X 8(€) 8 €cr), (17) show a strength exceeding that found in any other cuprate

superconductors studied so far. The dramatic softening of the
whereV, ., o is the electron-phonon matrix element for 240 and 390 cm® phonons belowT is similar to that re-
phonon branctw, , is the frequency of the phonon of quired to interpret the change in vibrational amplitude which
branchy with momentunk, and the sum over includes all  has been observed in nearly optimally doped YB&0,_ 5
optical phonons. Because of the fact that Raman scatteringt T, in ion channelling experiments(see also the results
only gives information about phonons at the center of the BArom resonant neutron absorption spectroscopy in
(' poiny, we approximate the optical phonons by disper-Bi,Sr,CaCa0Og, Ref. 34. The phonon self-energy effects, in
sionless phonons with the frequency given by that of thecombination with a clear development of the
corresponding’-point phonon, i.e.w, 4= ®, g-0=wp , and  superconductivity-induced electronic Raman peaks, offers a
also takeV, \, ko =V, 0, . Replacing Eq.(17) into Eq.  unique opportunity for a detailed theoretical modeling of

(16) yields electron-phonon coupling processes in superconducting cu-
N prates. In spite of the large values ofassociated with the

)\ZNoz v (18) large _electron—phonqn coupling (_affects discussed here, the

v W, question of a possible connection between the observed

strong electron-phonon coupling and the remarkably fAigh

The \ represented by Eq18) is to be regarded as the con- of the Hg-based superconducting cuprates must remain open.

tribution to A which one would have if all phonons of a
given branch would couple as much as that atthpoint. ACKNOWLEDGMENTS
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