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Raman scattering ok, phonons in BjSr,CaCyOQsg, ; single crystalg6=0.13, T.=86 K) has been mea-
sured as a function of temperature. We report an anomalous softening in the frequency and a decrease in the
linewidth of theA,4 phonon at 290 cm* (O, , c-axis in-phase vibratiorbelow T, . We also confirm a smaller
anomalous softening in the frequency of thg phonon at 465 cmt (O c-axis vibration), but for this phonon
mode no linewidth anomaly has been found. We compare the anomalous softening and linewidth behavior in
the superconducting state with theoretical calculations for isotrspi@ve, planard-wave, andd,z_,2 gap
symmetries and as for a layered superconductor mg86163-18207)09837-9

[. INTRODUCTION The remainder of this paper is organized as follows. In
Sec. ll, the experimental techniques are described. In Sec.
The temperature dependence of phonon frequencies and, polarized Raman spectra for different temperature are
linewidths neafT continue to attract a considerable interestpresented for the 290 and 465 chwvibrational modes, and
in the high-temperature superconduct@TSC’s) because  results for the temperature dependence of the frequency and
phonon self-energy effects due to superconductivity can b@newidth are reported. Section IV discusses the interpreta-
studied. The dependence of the phonon self-energy on thgyn of the results based on the strong-coupling theory and

electronic states above and beldwhas been widely used to fina|ly the conclusions of this work are presented in Sec. V.
estimate the value of the superconducting energy gap in the

YBa,Cw,O;_ s (Y123),! YBa,CuOs (Y124)% and
Bi,Sr,CaCyOg, 5 (Bi2212) (Ref. 3 compounds. Experimen-
tally, these phonon anomalies in HTSC's were observed by
studying the Raman spectra of Y&arO,_;.* Irrefutable
proof that the anomalous temperature behavior of the The Bi,Sr,CaCuyOg, s single crystals were grown by a
phonons is connected with the superconducting properties @onventional self-flux method employing a double crucible.
the material was obtained by studying the Raman spectra @uantitative chemical analysis by means of wavelength-
Y123 in a magnetic field. _ dispersion spectroscopgVDS) showed the composition of
The _anomalous temperature be_haworTatwas also ob-  ihe crystals to be BiysSt odCa oeCly Ogs 5. The supercon-
served in the Raman spectra of Bi2212. The phonon softenycting transition temperature was determined by four-probe
Ing beIOWTC’ in Bi,Sr,CaCy0Og. ; single crystals, Vgas ob- resistance measurement yielding aof 86 K. Raman scat-
served in the7 465 crit Ay mode by Burnset al” and tering experiments were carried out in backscattering geom-
Boekholt et al.” However, no anomalous behavior in line- etry. The single-crystal platelets, oriented with & plane

width has been reported for this phonon. More recently’normal to the incident beam, were mounted with silver paint
Leach et al® have reported an anomalous decrease in the ' P

linewidth of theB,, phonon at 285 ciii nearT, . However, on the cold finger'of a closed-cycle Displex He refrigerator.
contrary to the 485 cm mode, no frequency anomaly has The t_emperat_ure in the sample chamber was controlled by
been found. A recent study of the oxygen isotope effect orfesistive heating of the cold finger. To measure and regulate

the vibrational modes of B8r,CaCyOs, , leads us to assign the temperature in the range from 10 to 300 K we used an
the A, phonon at 290 cmt as an Q, c-axis in-phase Vi- Artronix controller and an Au-Cr thermocouple. The laser

bration(CuO, planes.® It is known that, in the highF, com- light from an argon—ion laser operating at 514.5 nm was used
pounds, the superconductivity occurs in the copper plane$is the excitation source. The laser power incident on the
Therefore, it is expected that the phonon renormalization dugample was kept at 5SmW and the collection time for each run
to the superconducting state will be stronger for modes ifwas 60 min. The collected Raman signal was dispersed by a
which the ions of the Cu@planes participate. We report in Jobin-Yvon (T64000 spectrograph and detected with a

this paper a study of the temperature dependence ohthe charge-coupled devidCCD) camera. During each series of

phonon modes at 290 crhand 465 cm? in Bi2212 single measurements the grating position was kept fixed and cen-
crystals. tered at the phonon frequency under investigation. This pro-

Il. EXPERIMENTAL TECHNIQUES
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Raman Shift(cm'1) FIG. 2. Temperature dependence of the frequency of the

Z(YY)—Z A4 phonon at 465 cmt in Bi,SrL,CaCyOg, 5 With T,

FIG. 1. Raman spectra of;; phonons at 465 cit in =86 K taken for different sam.ples represented by triangles and
Bi,Sr,CaCyOg. , single crystals withs=0.13 andT,=86 K taken squares. In the §uperconductlng state the frequency shows an
at 10, 100, and 300 K. The temperature dependence of the frédnomalous softening of aboltw/w=~ —0.5%.
quency and linewidth of the main peak at 465 ¢rwas fitted using
a double Lorentzian, keeping constant the parameters for the lower Y(w, T)~a(1l+2n(w,/2,T)]+ay, Q)

intensity mode at 458 cit.
wheren is the Bose factora; anda, are constants, and,

cedure was necessary to avoid a possible error in the me#s the frequency of the mode. The best fit to the data was
sured Raman frequency due to slight movement of the

grating.
32 — T v r 1 1 1 1
A
Ill. RESULTS
Polarized Raman spectra for tgY Y) —Z (Ay4+B1g) 28 | . i
symmetry from thea-b plane of a single crystal of I a s
Bis 155h ol ol Og. s Were collected for single crystals
form different batch at temperatures in the range 10—300 K. 1
24} . -

In Fig. 1 we show the Raman spectra of thg, mode at
465 cm! at three different temperatures. This phonon has
been assigned to the-axis vibration of Q atoms in the
strontium layers:*° Two peaks at 458 and 465 cthare ob-
served in Fig. 1. In order to better isolate the temperature
dependence of the frequency and linewidth of the main peak
(465 cm'Y) we have used a double Lorentzian fitting, keep-
ing constant the parameters for the lower intensity mode I
(458 cmi'). Figures 2 and 3 show, respectively, the fre- L
quency and linewidth of the 465 crhA;4 mode as a func- S
tion of temperature for two different samples. Abdlg the 12+ y
frequency (Fig. 2 can be described by the normal ]
temperature-dependent anharmonic decay. However, in the 0 50 100 150 200 250 300
superconducting state the frequency shows an anomalous

softening of aboutA w/ w=~ —0.5%. No anomalous tempera- Temperature (K)
ture dependence in the linewidth of this phonon is observed. FiG. 3. Temperature dependence of the linewidth of Mg

The dashed line in the Fig. 3 is the predicted linewidth due tqhonon at 465 cmt in Bi,Sr,CaCuyOg. s With T,=86 K. The

the anharmonic decay into two phonons with oppogite&c-  dashed line is derived from a calculation of the anharmonic decay
tors, each having a frequency closed@/2, which is given of two phonons with oppositg vectors, each having a frequency
by11 close tow,/2 [Eq. (1)].
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290 cmi' phonon mode in three different samplgspresented by
FIG. 4. Typical Raman spectra of the 290*(:’mA1g Z(YY) squares, circles, and trianglef\bove T., the frequency can be
—Z mode in BpSrL,CaCyOg_ 5 for three different temperatures; 10, adequately described by the normal temperature-dependent anhar-
100, and 300 K. In the fitting procedure a Lorentzian profile wasmonic decay. BelowT. a softening in the frequency of about
used for the symmetric lineshape of the 327 ¢mode and a Fano Aw/w~—1.3% is observed.
line shape profile was used for the slightly asymmetric line shape of
the 290 cm! mode. The dashed line in this figure is the result of

this fitting procedure for the spectrum at 10 K, corresponding to thVheree =(o—,)/y, w, is the phonon frequency, is the
Fano mode withg= —5.81, w,=300.6 cni%, and y=11.91 cm* asymmetry parameter, arél is a linear extrapolated back-

ground [B=By+0.0012w—250)] between 250 and
330 cmi' L. The dashed line in Fig. 4 is the result of applying
this fitting procedure to the spectrum at 10 K. The fitting
parameters for the Fano mode arg=-5.81, o,
achieved with the fitting parameters;=9.02cm?,  =300.6 cm?, andy=11.91 cm?, and that for the Lorent-
a,=4.95cm’t, andw, =465 cni L. zian mode areo=329.0 cmi! and y=27.46 cm’. The|q|

In Fig. 4 we present a typical Raman spectrum withvalue is nearly constant<3) aboveT, but belowT, it
Z(YY)—Z polarization of the 290 cit A;, mode for three  increases, reaching a value|gf~6 at 10 K. Anomalies of
different temperatures. Besides the 290 émode, another the q parameters af . have been reported in Y134The
A4 mode at 327 cm?, corresponding to the-axis vibration frequencies of the ZQQ cm mode obtained at d|ffere_nt tem-
of the oxygen (Q.s) atoms in the Bi layef,is also ob- peratures for three different samples are plottec_i in Fig. 5.
served. The phonon near 290 chhas been identified as the AboveT;, and below 200 K, the frequenzcy behavior is simi-
c-axis in-phase vibration of the Q atoms in the Cu® lar t(]f th"?‘t fo_un(ﬁl] 'an124 by ery?)%i[ a/l., X\’h'lesboek?Wth)
layer® We notice that even the 285 cthB, is also active a softening in the frequency of abalit/w=~—1.3% is ob-

in YY polarization, and it is not detected in Fig. 4. This served.

) i . In Fig. 6 the linewidth of the 290 cit mode is plotted as
phonon is much weaker than the 290 ,éml \g, and it can o fnction of the temperature. The dashed line corresponds to
be seen with appreciable intensity XiY’ scattering geom-

, ; 5 the anharmonic decay fitted with Eql), using a;

etry [where X' = (1~/2) (1,1) andY'= (1V2)(1,—1)].° In =8.26cm?, a,=3.25cnY, and w,=290cm’ Once
order to account for any mutual interference between the 299gain, abovd ., the phonon linewidth is consistent with the
and 327 cm* modes we used a combined fitting procedureanharmonic decay profile, but beloW,, the phonon line-

to obtain the values of their frequencies and linewidths. Awidth shows a narrowing of about 6 cth The onset of the
Lorentzian profile was used to fit the symmetric line shape ofrequency softening and the linewidth decrease occurs about
the 327 cm* mode and a Fano line shape profile was used ta5 K above the value of, determined by dc magnetization

fit the slightly asymmetric line shape of the 290 chmode.  measurements. An even higher temperature difference was
Therefore, the Raman intensity is given'by found in the Y123 compound$.

and to the Lorentzian mode with=329.0 cm* and y=27.46 cm.

IV. DISCUSSION

(e+a)? : Group theoretical analysis of Bi2212 based on a tetrago-
+B+ , X
H(w)e 1+¢? B+ Lorentzian, @ nal cell (space group4/mmn) predicts 14 Raman-active
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Zeyher and Zwicknadf have shown that, if the electron-

24 o T phonon coupling is strong enough, the phonon should soften
. or harden belowl ., depending on whether the phonon fre-
2l o " quency is less than or greater than twice the superconducting
’ gap energy. The superconductivity-induced change in the
frequency of thev phonon is given b¥?
20+ 8
Ny
P Aw,/w,=\,R&S,)/2N, ©)
‘c 181 v .
O
£ I . .
B 6l v | where\ , is the electron-phonon coupling constant for the
q;, ______________ oy phonon,N is the normal density of states per spin at the
-5 I 1 Fermi energyEg, and2 , is the com.plex _seIf-energy for the
13t 4 v phonon. Moreover, the phonon linewidth should decrease
or increase belowl., depending on whether the phonon
v ] energy is less than or greater than twice the superconducting
12 & 1 gap, respectively. The phonon linewidth changé&', is
" given b
10o ‘ 5'0 '160.150'260'250'3(‘)0
AT, /w,=—\,Im(Z,)/2N. 4

Temperature(K)

FIG. 6. Temperature dependence of the linewidth of Mg . .
290 cn! mode. AboveT,, the phonon linewidth follows the an- 1 ne curves for the real and imaginary parts of the phonon

harmonic decay curve fitted by E@) (dashed ling BelowT,, the ~ Self-energy and the changes of phonon frequency and line-
phonon linewidth shows a narrowing of about 6¢m width for different temperatures and impurity scattering rates

are presented in Figs. 3—6 of Ref. 13. The most drastic ef-

fects should occur whem~2A, whereA is the supercon-

ducting gap. The physical reason why the phonon linewidth
modes (&\4+ Bngr7Eg).9 Prior to this work, the tempera- changes in the superconducting state is that superconductiv-
ture dependence of the frequency and linewidth had beeity reduces the number of possible electronic decay channels
studied in 3 of these 14 Raman-active modes, i.e., 650'cm for phonons with energy less than twice the gap, resulting in
(Ref. 7 (A4, Oy15 a-axis vibration, BiO layers 465 cm®  a decrease of phonon linewidth, while phonons with energy
(Ref. 7 (A4, O c-axis vibration, SrO layejs and the greater than twice the gap experience an increase in the qua-
285 cm ! (Ref. § (B1g4, Oy, c-axis out-of-phase vibration, siparticle scattering, resulting in a increase of phonon line-
CuO layers. For theA;y mode at 650 cm' no anomalies in  width. Similarly, since energy levels of interacting excita-
the temperature dependence of the frequency and linewidtfions tend to repel phonons with energies greater than the
were found. For theA;; mode at 465 cmt a softening of gap we expected to harden, while phonons with energies less
about 1 cm?! with onset close tdT, was found and con- than the gap we expected to soften beldw These effects
firmed by the present experimefsee Fig. 3. However, the would be expected in the clean limit. However, in the dirty
temperature dependence of the linewidth was found to follimit, with 1/(2A7)=3, wherer is the scattering time, the
low the normal anharmonic decay curigee Fig. 4, without  hardening for phonons with energy above the gap may turn
any detectable anomaly &t . Recently? an anomalous line- into a slight softening and the expected broadening will de-
width behavior was found for th8,, mode at 285 cmt, crease by approximately 80%. This shows that in the strong-
But in contrast to the 465 cnt mode, the frequency of the coupling limit the effects of softening and broadening will
285cm! mode did not show any anomalous behaviordepends orl/T. and also on the impurity scattering rate
within the experimental uncertainty. This last result led thel/(2A 7).
authors to conclude that the superconducting energy gap is Nicol et al™* have calculated the frequency shift and the
larger than 285 cmt. The experimental result reported here change in linewidth, in the clean limit, due to superconduc-
is the temperature dependence of the frequency and the lingvity in the high-T, superconductors assumingdawave
width of the phonon mode with symmetay,, at 290 cm?. pairing interaction. They have also presented a more general
We observe a softening and a narrowing of this mode belownodel of a superconductor with nodes in the gap function
T.. We note the presence of an anomalous temperature dend related it both to thd-wave model and to a model for
pendence of the linewidth of A;4 phonon in Bi2212. layered superconductors. In the layered superconductor

In order to account for the phonon anomalieS at Zey- model the anisotropic gap function is given by

her and Zwicknagt® Nicol et al,}* and DevereauX have A,=A[1+b cosk,c)], whereb is the anisotropy parameter.
calculated the shift of the phonon frequency and the changé&herefore, folb=0 the standard-wave result is recovered.
in the linewidth due to superconductivity wits-wave, = However, forb#0, in contrast to the usual isotropsewave
d-wave, andd,2_y2 pairing interactions fog=0 Raman-  picture, there are three regions of behaviofi) Phonons
active phonons. Their main results are summarized belowyith energy less than twice the minimum gap value will

|14
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soften with no change in linewidthji) phonons between layered superconductor model, whereas for the planar
twice the minimum and the maximum gaps will soften andd-wave model broadening of the 290 chphonon is pre-
broaden, and finally(iii) phonons with energy greater than dicted. The agreement of these models with our experimental
twice the maximum gap will broaden and harden. The broadresult for the 290 cm' mode is good for the frequency shift
ening in the intermediate region is explained because in susut not for the linewidth, since none of them predicted the
perconductors with nodes in the gap function, particle-holeobserved narrowing of the linewidth beldli,. The phonon
pairs can be created at arbitrarily low enef@y the nodes at 465cm?! is above twice the maximum gap
and contribute to scattering. Therefore, experimental result§2A ,(1+b)=427 cm 1], and so according to Fig. 7 of Ref.
with broadening and softening could be a signature of a gap4 we should expect beloW, a hardening and broadening,
parameter that exhibits nodes. which is inconsistent with the softening without apparently

DevereauX’ has studied the temperature dependence bezhange in the linewidth that was reported in Refs. 6 and 7
low T, of the line shapes of optical phonons of differentand confirmed by the present experimental result.
symmetry. He found that phonons wit; andB,4 symme- DevereauX has discussed the experimental results for the
try couple differently to the electrons. As a consequence, thénewidth in Bi2212 and Y123, assumingdgz_,2 gap sym-
real and imaginary parts of the phonon self-energy peak ahetry. He concluded that the behavior of the linewidtiT at
w/2A~1 for B;; symmetry andn/2A~0.5 for A;; symme-  of both phonons could be explained by his approach; i.e., the
try. He shows that in the case df2_,2 pairing symmetry, 285 cmt (B1g) narrows and the 465 cm (A1g) does not
phonons ofB;, symmetry (285 cm?) with energy below show any appreciable change. He based his analyses on the
the peak in the imaginary part of the self-energy could havaelifferent low-temperature dependence of the imaginary part
a substantial narrowing below.. On the other hand, of the self-energy for thé\,y (linear dependengeand By,
phonons withA;; symmetry (465 cm') which lie above the (T3 dependendechannels. However, the linewidth narrow-
peak in the imaginary part of the self-energy should noting that we found for the 290 cri Aqg4 could not be ex-
show any linewidth anomaly. plained by the Devereaux analysis.

Previous results from electronic Raman scattéfing
(ERS measured above and belol in Bi,SrL,CaCyOg, s
single crystals with6=0.13 (T,=86 K) provide evidence
that the gap is anisotropic and that its energy for g V. CONCLUSIONS
symmetry is close to =385 cmi 1. Assuming that this is

the true gap value in this symmetry for the slightly doped We have measured the superconductivity-induced

samples of Bi2212, this means that the phonon modes at 2é‘c§“?‘”ges in the frequency and “an\.’v'dth of mﬁ? Raman-
and 465 cm?! studied in this work are below and above active phonons at 290 and 465 cfrin several single crys-

) . . Is of BLSr,CaCyOg, s. We found that in the supercon-
twice the gap energy, respectively. Therefore, the normalized™ .. 2 8+4 -
optical phgon%n fre%{;enc;/) is givgn by/2A~0.77 and 1.2 ucting state thé,4 phonon mode at 290 E{ﬁ softened apd
for the 290 and 465 cit A, phonons, respectively. narrowed, whereas th&;; mode at 465 cm™ softened with

Analyzing our experimental results based in the Zeyher’sno detectable change in its linewidth. We compare the

: ) anomalous softening and linewidth behavior observed in the
model for the isotropics wave we would expect that below superconducting state with the theoretical predictions for iso-
T. and in the clean limit, the 290 cm mode will exhibit P 9 P

softening and narrowing, whereas the 465 ¢mode will tropic s-wave, planard-wave, a layered superconductor

exhibit hardening and broadening. The prediction of soften—mOdeI’ andd,e_y2 gap symmetries. We found that none of

ing and narrowing of the 290 ¢ mode belowT, is con- those theoretical predictions could account for our results

. . _1
sistent with our experimental results. However, the predic—regardlng the narrowing of tha 4 290 cm = phonon mode,

. . ) L ; However, many experimental results have shown that the
tion of hardening and broadening beldWw is inconsistent . ; : i .
; ) . . . d,2_,2 state is a viable candidate for the pairing state of this
with the softening and no change in the linewidth found for X "¥ . : .
) . . . . high-T. superconductor. Since our experiment was carried
the 465 cm~ mode. However, if the impurity scattering rate . : o
. : o . out with a close optimally doped samp{é=0.13 andT,
plays an important role, with 1/(27) =3, the hardening of =86 K), more Raman measurements with overdoped and un-
the phonons aboveX2can become a small softeninigee (;erdo éd samples could contribute to unders?andin the
Fig. 5 from Ref. 13, and the expected broadening will de- s mm?etr of thef)su erconductor gap. We would like to goint
crease by a factor of 4 compared to the clean limit, o)l/Jt that t¥1e Ramanps ectrosco gn?éasurements are nrt))t sen-
Another possibility is that the pairing interaction has P Py

d-wave enerav-gab symmetry as proposed by Nieodl 1 sitive to the phase_oyc thg order parameter and, therefore,
In Fig. 7 of ??ye? 54 ?/s pIottgd a Eorrr:parisonybetween thethpfre IS no way to distinguish betwedge 2 and a strongly
experimental data and the theoretical curves for three moof’}n'SOtrOp'CS'WaVe gap symmetry.

els: isotropics-wave, planard-wave, and a layered aniso-
tropic superconductor model with A2;,=2A,(1—b) and
2A = 2Ag(1+b) where Ag=A(T=0) and assuming for
the anisotropy parameten=0.125 and 2,=380cm ..
Note that the phonon mode at 290 chis below twice the We are indebted to D. Pines for helpful discussions. This
minimum gap,[2A,(1—b)=332 cm!], and so according work was supported by FAPESP, Sao Paulo, Brazil, Grant
to Fig. 7 of Ref. 14, in the clean limit softening is predicted No. 95/4721-4. A.A.M. acknowledges financial support from
by each of the three models presented. However, the lind=APESP (95/5002-). K.C.H. acknowledges the financial
width should not change in either the isotropigvave or the  support of NSERC of Canada.
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