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Plane oxygen vibrations and their temperature dependence in HgBa2Ca2Cu3O81d single crystals
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A polarized Raman-scattering investigation of HgBa2Ca2Cu3O81d single crystals has been performed. The
following Raman-active modes associated with oxygen vibrations in the CuO2 planes have been clearly
identified: theB1g mode at 245 cm21, corresponding to the out-of-phase vibration of the plane oxygens, and
theA1g mode at 265 cm21, corresponding to their in-phase vibration. Another defect-inducedA1g mode was
also detected at 400 cm21. Measurements of the temperature dependence of these Raman features demonstrate
that theA1g 265- and 400-cm21 modes show abrupt changes in frequency and linewidth acrossTc , accom-
panied by an appreciable intensity enhancement in the superconducting state. However, similar ‘‘anomalies’’
were not observed for the 245-cm21 phonon ofB1g symmetry.@S0163-1829~97!00518-3#
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I. INTRODUCTION

In superconductors, the opening of the superconduc
gap leads to a redistribution of electronic states near
Fermi surface which can in turn result in changes of phon
frequency, linewidth, as well as intensity of some phono
across the superconducting transition temperature (Tc). In
YBa2Cu3O72d ~Y-123!, e.g., Raman scattering revealed
considerable frequency softening and linewidth broaden
~or sharpening, depending on exact stoichiometry! of the
B1g-like mode at 340 cm

21, associated with the out-of-phas
c-axis vibrations of the plane oxygens, belowTc .

1,2 Inelastic
neutron-scattering measurements further demonstrated
the softening and linewidth broadening of phonons of
same branch show strong anisotropy for different directi
of the wave vectorsq.3 On the other hand, theA1g-like mode
at 440 cm21, associated with the in-phasec-axis vibrations
of the plane oxygens, hardens belowTc .

4 These
superconductivity-induced self-energy effects clearly sig
a coupling between these phonons and the electronic s
which can be used to probe the magnitude and even
symmetry of the superconducting order parameter.1,3

The HgBa2Ca2Cu3O81d superconductor~referred to as
Hg-1223 hereafter! has attracted much interest because of
record high critical temperature (Tc5136 K! at ambient
pressure5 and its remarkable additional enhancement un
high pressures.6 Raman scattering, with other techniques7,8

can act as a tool to probe the low-lying elementary exc
tions associated with the CuO2 planes, which are essential t
investigate the mechanism of high-Tc superconductivity.

9 So
far a number of Raman-scattering measurements have
performed on Hg-1223.10–16Most of these are micro-Rama
measurements and were performed for microcrystal
samples inzzpolarization for which the phonon features a
strong and mainly associated with vibrations of the api
and excess oxygens. However, only a few phonon feat
could be observed ina-b plane spectra and the plane oxyg
vibrations were not explicitly identified, even in a Hg-122
single crystal.14,16
550163-1829/97/55~18!/12770~6!/$10.00
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In this paper, we report an analysis of the complete po
ized Raman spectra of a HgBa2Ca2Cu3O81d single crystal.
In addition to reexamining the previous Raman results
zzandzx polarizations, we have clearly observed vibration
features from thea-b plane spectra which allow unambigu
ous identification of vibrations of the oxygens in the CuO2
planes. We have investigated the temperature dependen
these vibrational features and find that theA1g vibrations
show abrupt changes atTc when the sample enters from th
normal to the superconducting state. However, su
superconductivity-induced effects are not observed for
B1g mode.

II. EXPERIMENTAL

The Hg-1223 single crystal under measurement w
grown by a single-step synthesis method under nor
pressure.17 It has a tetragonal structure with theP4/mmm
space group: the equivalenta-b axes are along the Cu-O
direction, while thec axis is perpendicular to the CuO2
plane.18 This parallelepiped-shaped, as-grown sample ha
size of;0.630.630.2 mm3 with a smooth~001! surface
and its c axis is along the thinnest dimension. Within th
square~001! plane thea-b axes lie along the diagonal direc
tions. Magnetization measurements show that it has
Tc5130 K, as defined by the onset of the diamagnetis
with a transition width of;10 K.

Polarized Raman spectra were measured with a D
XY triple spectrometer equipped with a CCD detector in
near-backscattering geometry. The samples were kept
vacuum in a cryostat and measured at both room and
temperatures. We measured the Raman spectra on the
1223 single crystal with different laser lines generated b
mixed gas~Ar 1 and Kr1) laser and found that the red lin
~647.1-nm wavelength! is more favorable for identifying
weak phonon features.

III. RESULTS AND DISCUSSION

We have measured the Raman spectra of Hg-1223 si
crystal in various polarizations. For convenience, the po
12 770 © 1997 The American Physical Society
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55 12 771PLANE OXYGEN VIBRATIONS AND THEIR . . .
ization geometry is denoted byi j , with i and j representing
the polarization of the incident and scattered light, resp
tively. The coordinatesx, y, andz correspond to directions
along the two equivalenta axes and thec axis, respectively,
while x8 and y8 represent the two diagonal in-plane dire
tions.

Figure 1 shows a complete set of polarized Raman spe
of Hg-1223 measured with the 647.1-nm laser line at ro
temperature@Fig. 1~a!# and at 10 K@Fig. 1~b!#. Strong peaks
show up in thezzpolarization while the phonon features a
considerably weaker when the incident and scattered l
are polarized in thea-b plane. Nevertheless, such weak fe
tures are discernible in the spectra measured at room
perature@Fig. 1~a!# and become more prominent at low tem
peratures @Fig. 1~b!#. In addition, when comparing th
spectra measured at room temperature and at 10 K, we
serve an obvious spectral redistribution when the sample
ters the superconducting state which will be discus
elsewhere.19

The Raman spectra inzz andzx polarizations were mea
sured at several different positions on the edge of the sam
The purpose was to sort out possible weak features f

FIG. 1. Polarized Raman spectra of a Hg-1223 single cry
measured with 647.1-nm laser excitation at room temperature~a!
and at 10 K~b!, respectively.~b! the broad peaks inx8y8 polariza-
tion at 370 and 665 cm21 ~marked by *) are due to redistribution o
the electronic continuum in the superconducting state.
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artifacts caused by minor amount of impurity phases wh
may adhere to the sample. Inzz polarization prominent
peaks at 589, 580, 552, and 528 cm21 ~10 K! can be ob-
served. These features, and a few others in the 4502600
cm21 range, have been extensively investigated in polycr
talline samples and assigned to vibrations of the apical o
gens and the excess oxygens: they depend strongly on
excess oxygen contentd.15,16We noticed that the spectra i
this range showed a slight difference when measuring at
ferent positions, which probably reflects a slight inhomog
neity of the excess oxygen distribution on the edge of
sample. Comparing these spectra with that measured on
other optimally doped Hg-1223 single crystal withTc5136
K also allows us to determine that this Hg-1223 single cr
tal with Tc5130 K is slightly underdoped. The features
this range show little temperature dependence except for
528-cm21 peak which softens by nearly 5 cm21 when the
sample is cooled from room temperature to 10 K.

Besides the strong peaks described above, some a
tional weak peaks are observed inzz polarization at 700,
676, 623, 400, 345, 302, 264, 152, 131, and 106 cm21 sum-
merized for different positions~not all of them are visible in
Fig. 1!. Some of them, such as those at 400, 264, 152, 1
and 106 cm21, are reproducible at different positions. Ther
fore, we believe that they are intrinsic to the Hg-1223 stru
ture and haveA1g symmetry. The appearance of the rema
ing peaks depends on the position of the laser spot and
presence inzx polarization indicates that they do not obe
strict selection rules; they can thus be attributed to so
impurity phases. The three lowest frequency modes at 1
131, and 152 cm21, of A1g symmetry, apparently correspon
to ~possibly mixed! vibrations of the metal ions since Ca, B
and Cu each contributes one Raman-activeA1g mode in
Hg-1223.16

In zx polarization geometry the measured spectra are
tremely weak. Only phonons withEg symmetry are allowed
in this polarization and sixEg modes are predicted by grou
theory for Hg-1223.14,16 The peaks observed inzx polariza-
tion summarized for different positions have the followin
frequencies: 700, 676, 580, 530, 345, 302, 260, 245, 1
174, and 118 cm21. Among them, the 700, 676, 345, an
302 cm21 peaks have been earlier attributed to impur
phases. The broad 580 and 530 cm21 peaks are likely to be
due to leakage of the strong features inzz polarization. The
260 and 245 cm21 peaks are also likely to arise from pola
ization leakage since they appear strongly inxx and x8x8
polarization. The remaining 195, 174, and 118 cm21 peaks
are not always reproducible at different laser spot positio
although some of them, like the 195 cm21 peak, may corre-
spond to theEg modes, as suggested previously.

16 However,
we did not observe the series of peaks reported earlier for
zx polarization.14

Of particular interest is the observation of Raman-act
modes when the electric fields of the incident and scatte
light are within thea-b plane. These modes have not be
reported before.14 Beside the low-frequency peaks corr
sponding to metal-ion vibrations, three additional peaks
be seen in the in-plane spectra at 245, 265, and 400 cm21

~Fig. 1!. In x8y8 polarization, only aB1g mode is allowed:
the 245 cm21 peak @Fig. 1~b!#, absent inx8x8 polarization
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12 772 55ZHOU, CARDONA, COLSON, AND VIALLET
and present inxx polarization, has definitelyB1g symmetry.
With three consecutive CuO2 planes within one unit cell,
this mode corresponds to the out-of-phase vibration of
oxygens within the highest and lowest CuO2 planes, while
the oxygens in the intermediate plane remain stationary.
theB1g mode the upper and lower CuO2 plane oxygens vi-
brate in opposite directions. The frequency of this mode
close to that of theB1g mode in the isomorphic Tl-1223
compound which has been observed at 238 cm21 ~Ref. 20!
and calculated to lie at 260 cm21.21 Compared with the fre-
quency of theB1g mode in bilayer compounds such as T
1212~measured at 278 cm21),22 the slightly lower frequen-
cies for these three plane compounds are likely to arise f
the larger distance between the vibrating CuO2 planes.

The other two peaks observed inxx and x8x8 polariza-
tions at 265 and 400 cm21clearly haveA1g symmetry. Given
that only two oxygen-relatedA1g modes are predicted fo
defectless Hg-1223,16 and one of them, the mode associat
with the apical oxygen, has a high frequency around 5
cm21, as expected for oxygen bond-stretching vibratio
one of these lower frequencyA1g modes may correspond t
a plane oxygen bond-bending mode. In Tl-1223, thisA1g
mode has a measured frequency of 260 cm21 ~Ref. 20! and
a calculated frequency of 293 cm21.21 Hence theA1g peak
seen at 265 cm21 in Hg-1223 should represent the same ty
of oxygen vibration, corresponding to in-phase vibrati
within the highest and lowest CuO2 planes, while the middle
plane remains stationary. The 400-cm21 mode has to be a
defect-induced mode which can be assigned as a mixed
bration involving excess oxygen and the oxygens in
CuO2 planes.

16

The plausible mode identification of the plane oxygen
brations in Hg-1223 makes it desirable to further exam
their temperature dependence, particularly in the vicinity
Tc . Typical spectra of theA1g 265- and 400-cm21 modes
measured inx8x8 polarization between 10 and 300 K a
shown in Fig. 2~a! and Fig. 4~a! while theB1g 245-cm

21

mode measured inx8y8 polarization is shown in Fig. 3~a!.
The 265- and 400-cm21 peaks display clearly asymmetr
line shapes which suggest interaction between these dis
~phonon! states and a broad~electronic! continuum.9 We
have fitted the measured spectra with a standard Fano f
tion:

I ~v!5C
~e1q!2

11e2
1 background, ~1!

in which e5(v2vp)/G, vp being the phonon frequency,q
is the Fano line-shape parameter,G is a linewidth contribu-
tion, andC is a scaling factor. The fitted values of the
parameters and the integrated intensities~5pCGq2) of the
265- and 400-cm21 peaks are plotted in Fig. 2~b! and 4~b!.
TheB1g 245-cm

21 peak is nearly symmetric and was ther
fore fitted with a simple Lorentzian: the fitting paramete
are shown in Fig. 3~b!.

In Fig. 2~b! we include two data sets deduced separa
from the spectra measured with the 647.1- and 568.2
laser lines. Although there is considerable scattering in
experimental points because of the weak nature of
265-cm21 peak, especially at temperatures above 200 K,
overall frequency softening, a linewidth narrowing, an
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crease of2q, and an enhancement of the integrated intens
can be clearly seen aroundTc when going from the normal to
the superconducting state. The frequency shifts downw
by 3–4 cm21 in the temperature range between 80 and 1
K, corresponding to a relative softeningDv/v51.1 to 1.5%.
The accompanying linewidth narrowing in the same te
perature range is nearly 6 cm21, corresponding toD~2G)/
v52.3%. The absolute linewidth parameter~2q) increases
with decreasing temperature from nearly 2.5 aboveTc to 6 at
10 K. The integrated intensity keeps increasing fromTc
down to 10 K by about a factor of 3.

The temperature dependence of theB1g phonon observed
at 245 cm21 is shown in Fig. 3. This peak was too wea
when measured with the 568.2-nm laser line to extract r
able parameters and therefore only the data measured
647.1-nm laser excitation are presented. In contrast to
A1g 265-cm21 peak, the corresponding phonon frequen
shows a monotonic increase from 242 to 246 cm21 from
room temperature to 10 K. In the same temperature rang
linewidth ~full width at half maximum, FWHM! displays a
considerable narrowing from 14 to 4 cm21 with decreasing
temperature. This corresponds to the standard behavio
many solids. It can be described by a temperature-depen
anharmonic decay of the Raman-active phonon with f
quencyv and zero wave vectorq into two phonons with
opposite wave vectors and frequencies close tov/2. The cor-
responding temperature dependence of the linewidth is g
by23

FIG. 2. Representative Raman spectra of the 265 cm21 A1g

mode measured inx8x8 polarization with the 647.1-nm laser line a
different temperatures and the corresponding fitted Fano pro
~a!. The fitted frequency, linewidth~2G), line-shape paramete
(q), and the integrated intensity~normalized to the intensity at 130
K! are plotted in~b! as solid circles (d). Also included are param-
eters as empty squares (h) obtained by fitting the spectra measure
with 568.2-nm laser excitation. The solid lines are guides to the e



t

t

,
r

r

n

te
o

n

n

k-

g
-

-
v

it

o

-

ed
e

55 12 773PLANE OXYGEN VIBRATIONS AND THEIR . . .
G~T!5G~0!S 11
2

e\v/2kBT21D . ~2!

The dotted line in Fig. 3~b! represents the fit with Eq.~2! for
G~0!54.9 cm21 takingv5 245 cm21. This fit is in rather
good agreement with the measured data. The integrated
tensity of the 245 cm21 peak also remains nearly constan
between room temperature andTc . The peak position, line-
width, and intensity vary smoothly aroundTc . No anomalies
of the type observed for the 265 cm21 mode can be identi-
fied.

The 400-cm21 A1g mode, however, shows again abrup
changes acrossTc ~Fig. 4!. Above Tc , this peak is very
broad and weak, far broader than the other two phonons
fact which may further substantiate its defect-induced natu
Upon entering the superconducting state, the peak decrea
its frequency by 10 cm21 from Tc down to 70 K (Dv/
v52.5%!. It also shows a considerable sharpening (;40
cm21) from room temperature to 10 K. The data aboveTc
and well below Tc can also be fitted by Eq.~2! with
G~0!524 cm21 ~dotted line in Fig. 4!. By subtracting this
contribution of anharmonic decay into two phonons, we a
left with an increase of 16 cm21 below Tc @D~2G)/
v54.0%# which can be attributed to superconductivity. I
the superconducting state the absolute Fano line-shape
rameter shows an increase from 1.6 to 4.0, while the in
grated intensity increases by a factor of 2.5. Note that bel
Tc , a peak in the integrated intensity appears near 70 K.

FIG. 3. Spectral variation of the 245-cm21 B1g phonon mea-
sured inx8y8 polarization with 647.1-nm laser excitation at differ
ent temperatures and the corresponding Lorentzian fitting cur
~a!. The fitted frequencies, linewidths~FWHM! and normalized in-
tegrated intensities are displayed in~b!. The solid lines are guides to
the eye. The dotted line in the linewidth panel represents a fit w
G(T)5G(0)@112/e\v/2kBT21#, taking v5245 cm21, which
yieldsG~0!54.9 cm21.
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It is interesting to contrast the plane oxygen vibrations in
Hg-1223 with those in Y-123.9 In the latter, theB1g-like
mode at 340 cm21 shows an asymmetric line shape, which
has been analyzed in terms of a charge-transfer fluctuatio
between the in-plane oxygens and the apical oxygen24 or
between the in-plane oxygens themselves,25 whereas the
A1g-like mode at 440 cm21 is nearly symmetric. In Hg-
1223, however, theB1g mode is nearly symmetric whereas
the A1g modes at 265 and 400 cm21 show an asymmetric
line shape. Moreover, theB1g-like mode in Y-123 shows an
anomalous frequency softening, belowTc , accompanied by
strong changes in linewidth and an intensity enhancement. I
Hg-1223, however, such changes appear for the twoA1g
modes, while none can be detected for theB1g mode.

The anomalous self-energy effects atTc are known to be
directly proportional to the electron-phonon coupling
constant.26 The coupling between the phonons and the in-
plane electrons has been proposed to be related to the buc
ling of the CuO2 planes: the coupling constant is very small
for flat CuO2 planes.

4 The lack ofTc anomalies observed for
theB1g 245-cm

21 phonon seems to support this conjecture
since in Hg-1223 the CuO2 planes are nearly flat.27 How-
ever, the sizable self-energy effects observed for theA1g
265-cm21 phonon are hard to explain on this basis. One
alternative mechanism may be the electron-phonon couplin
resulting from crystal-field effects due to the asymmetric en

es

h

FIG. 4. Representative Raman spectra covering the 400-cm21

A1g mode measured inx8x8 polarization with the 647.1-nm laser
line at different temperatures and the corresponding fits with Fan
profiles ~a!. The fitted frequencies, linewidths~2G), line-shape pa-
rameters (q), and the normalized integrated intensities are repre
sented in~b! by solid circles (d). Also included as empty squares
(h) is another data set which corresponds to the spectra measur
with 568.2-nm laser excitation. The solid lines are guides to the ey
while the dotted line in the linewidth panel represents the fit with
G(T)5G(0)@112/e\v/2kBT21#, taking v5400 cm21, which
yieldsG~0!524 cm21.
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12 774 55ZHOU, CARDONA, COLSON, AND VIALLET
vironment surrounding the CuO2 planes, but for phonons
with A1g symmetry, the predicted coupling remains vanis
ingly small.25 Therefore, the microscopic origin of th
electron-phonon coupling for theseA1g phonons remains un
clear.

The abrupt changes in the frequency and linewidth of
245- and 400-cm21 phonons acrossTc can be attributed to
changes in the real and imaginary parts of the phonon s
energies,DS5Dv2 iDg induced by the superconductin
transition.26,28,29 The real part of the self-energy chang
(Dv) renormalizes the peak position, while the change
the imaginary part (2Dg) should effect the phonon line
width. Within the framework of strong-coupling Eliasbe
theory, a characteristic dependence of the self-energy ch
on the ratio of the phonon frequencyv ~at Tc) to the gap
2D has been predicted.26,29 Qualitatively speaking, phonon
below the gap should exhibit some softening which d
creases with increasing separation from the gap 2D. Phonons
above the gap, on the other hand, should harden slightl
the clean case although this effect may turn into a sm
softening if impurity scattering is taken into account.26 For a
given phonon the self-energy effects are expected to
strongest when the phonon energy is close to resonance
the gap.

We have seen that betweenTc and 10 K, the peaks at 245
265, and 400 cm21 show superconductivity-induced relativ
frequency softenings of 0, 1.1, and 2.5%, respective
The more pronounced effects observed for theA1g

400-cm21 mode suggests that its energy is close to 2D. We
have observed multicomponent gap features in the electr
Raman scattering ofB1g symmetry, with peaks at 370
and 665 cm21 ~Ref. 19! @see also Fig. 1~b!#. The
370-cm21 peak appears below 80 K, while the 665 cm21

peak becomes prominent just belowTc5130 K. TheA1g

spectrum@see x8x8 configuration in Fig. 1~b!# exhibits a
broad electronic band with a maximum slightly above 4
cm21. The latter would explain the self-energy effects o
served for the 400-cm21 vibrational structure, a fact which
suggests that 2D > 400 cm21. This would lead to a value o
2D/Tc. 4.6, higher than the standard BCS value but in
lower range of gaps observed for other high-Tc supercon-
ductors.

The large broadening of the 400-cm21 vibrational struc-
ture immediately belowTc @D~2G)/v;4.0%, see Fig. 4#
also implies that the superconducting gap 2D is slightly
above 400 cm21. Below Tc 2D becomes equal to 40
cm21 and provides an additional decay channel leading to
increase of phonon linewidth.26,29At the lowest temperature
the phonon is well in the gap, a fact which results in
sharpening as decay channels are being removed.
mechanism must be modified in order to account
the sharpening of the 265 cm21 structure which we have
assumed to correspond to a phonon with a well-defi
q vector. In this case no self-energy broadening wo
be present in the normal state and, correspondin
no sharpening should occur. However, sharpenings h
also been observed for some low-frequency phonons
Y-123 ~Refs. 2 and 30! and YBa2Cu4O8.

31 In order to
account for these sharpenings we must assume conside
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relaxation of thek conservation so as to have Landa
damping at the frequencies under consideration, even
k . 0.

We note in Figs. 2 and 4 that, for the 265- an
400-cm21 modes, anomalies in the phonon self-energ
at Tc are also accompanied by an increase~a factor of 3!
in the integrated intensity belowTc . A careful inspection
may further reveal two intensity anomalies at 130 a
70–80 K, which correspond to the appearance of the
superconducting gaps identified in the electronic Ram
scattering.19 Therefore, like in the case of the phono
self-energy effects, the scattering intensity enhancem
below Tc appears to originate also from large electro
phonon interaction around the Fermi surface. Sin
vibrational Raman scattering is mediated by electro
excitations and the scattering intensity determined
electron-phonon interaction and electron-radiation inter
tion for different electron bands summed over all possi
intermediate states~channels!, some of these channel
may approach resonant Raman scattering, thus increa
the scattering efficiency. Therefore, the superconductiv
induced intensity enhancement may reflect reson
Raman effects resulting from the shift and other modific
tions of the excitations around the Fermi surface produ
by the opening of the gap.31 Such effects are expecte
to be particularly strong if the vibrational states being co
sidered interact strongly with the electrons around
Fermi surface, as is the case for the 265- and 400-cm21

modes.

IV. CONCLUSIONS

We have carried out Raman-scattering measurement
HgBa2Ca2Cu3O81d single crystals at different temperature
and for all polarization configurations. The phonon mod
associated with the plane oxygen vibrations have been
plicitly identified in thea-b plane spectra: the only possib
B1g mode, observed at 245 cm21, is associated with the
out-of-phase vibration of the oxygens in the CuO2 planes,
while theA1g mode at 265 cm

21 corresponds to the in-phas
vibration. An additional defect-induced vibrational mode
A1g symmetry is also observed at 400 cm

21. Measurements
of the temperature dependence of these modes indicate
the two A1g vibrations show clearly frequency softenin
linewidth narrowing~broadening for the 400-cm21 mode!,
and intensity enhancement when the sample enters from
normal into the superconducting state. Such abrupt chan
are not observed for theB1g mode at 245 cm

21, a fact which
seems to be related to the lack of buckling in the Cu2
planes.
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