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Plane oxygen vibrations and their temperature dependence in HgB&a,Cu;0g, 5 single crystals
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A polarized Raman-scattering investigation of HgBa,Cu;Og, s single crystals has been performed. The
following Raman-active modes associated with oxygen vibrations in the,Cal@nes have been clearly
identified: theB,4 mode at 245 cm?, corresponding to the out-of-phase vibration of the plane oxygens, and
the A;4 mode at 265 cm?, corresponding to their in-phase vibration. Another defect-indécgdmode was
also detected at 400 crl. Measurements of the temperature dependence of these Raman features demonstrate
that theA,4 265- and 400-cri! modes show abrupt changes in frequency and linewidth adrossccom-
panied by an appreciable intensity enhancement in the superconducting state. However, similar “anomalies”
were not observed for the 245-crh phonon 0fB,4 symmetry.[S0163-18297)00518-3

[. INTRODUCTION In this paper, we report an analysis of the complete polar-
ized Raman spectra of a HgB@a,Cu3;0g, 5 single crystal.

In superconductors, the opening of the superconductingn addition to reexamining the previous Raman results in
gap leads to a redistribution of electronic states near th&zandzx polarizations, we have clearly observed vibrational
Fermi surface which can in turn result in changes of phonor€eatures from the-b plane spectra which allow unambigu-
frequency, linewidth, as well as intensity of some phonong?Us identification of vibrations of the oxygens in the GuO
across the superconducting transition temperatdig.(In  Planes. We have investigated the temperature dependence of
YBa,Cus0,_s (Y-123), e.g., Raman scattering revealed athese vibrational features and find that theg, vibrations
considerable frequency softening and linewidth broadeninihOW abrupt changes &t when the sample enters from the
(or sharpening, depending on exact stoichiometf the ~1‘ormal tg the g,ugercznd#ctmg state. I;owev%r,f S“ﬁh
B,4-like mode at 340 cm?, associated with the out-of-phase Euperc%n uctivity-induced effects are not observed for the
c-axis vibrations of the plane oxygens, beldw.»? Inelastic 1g Mode.
neutron-sc_attering measurements fu_rther demonstrated that Il. EXPERIMENTAL
the softening and linewidth broadening of phonons of the
same branch show strong anisotropy for different directions The Hg-1223 single crystal under measurement was
of the wave vectors.? On the other hand, th&, ,-like mode ~ grown by a single-step synthesis method under normal
at 440 cni %, associated with the in-phaseaxis vibrations ~Pressuré! It has a tetragonal structure with tt4/mmm
of the plane oxygens, hardens beIch.“ These SPace group: the equwaleat—b axes are along the Cu-O
superconductivity-induced self-energy effects clearly signafirection, while thec axis is perpendicular to the CyO

18 ; H
a coupling between these phonons and the electronic statBi@n€:" This parallelepiped-shaped, as-grown sample has a

which can be used to probe the magnitude and even the2€ ©f ~0.6x0.6x0.2 mm? with a smooth(00) surface

. d itsc axis is along the thinnest dimension. Within the
symmetry of the superconducting order paraméfer. an . ; .
The HgBaCa,CusOs. s superconductofreferred to as square(001) plane thea-b axes lie along the diagonal direc-

Hg-1223 hereaftgrhas attracted much interest because of its'fli_or_'sl' 3 C')\Aignae;iz(j:if?:e dmt?;StE;ergr?sns osm‘h'[cr)1vc\al (;ihaar:]ai;ngzzma
c— 1 )

record high critical temperatureT{=136 K) at ambient C . .

pressurg and its remarkable additional enhancement unde}"”’[h a transition width of~10 K. . .
high pressure$.Raman scattering, with other techniqués, Polarized Raman specira were measured with a Dilor
can act as a tool to probe the low-lying elementary excitaX Y triple spectrometer equipped with a CCD detector In a
tions associated with the Cuy(lanes, which are essential to near-backscatterlng geometry. The samples were kept in a
investigate the mechanism of high-superconductivity.So vacuum in a cryostat and measured at both room and low
far a number of Raman-scattering measurements have be peratures. We me_asu_red the Rama_n spectra on the Hg-
performed on Hg-1228-1®Most of these are micro-Raman 23 single cr+ystal W|tr+1 different laser lines generated .by a
measurements and were performed for microcrystallinéT"XEEOI gas(Ar ™ and Kr.) laser and found that ?he redlllne
samples irzz polarization for which the phonon features are (647.1-nm wavelenghis more favorable for identifying
strong and mainly associated with vibrations of the apicaf’veak phonon features.

and excess oxygens. However, only a few phonon features
could be observed ia-b plane spectra and the plane oxygen
vibrations were not explicitly identified, even in a Hg-1223  We have measured the Raman spectra of Hg-1223 single
single crystaf*16 crystal in various polarizations. For convenience, the polar-

Ill. RESULTS AND DISCUSSION
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artifacts caused by minor amount of impurity phases which
may adhere to the sample. oz polarization prominent
peaks at 589, 580, 552, and 528 th(10 K) can be ob-
served. These features, and a few others in the—88D
cm™ ! range, have been extensively investigated in polycrys-
talline samples and assigned to vibrations of the apical oxy-
gens and the excess oxygens: they depend strongly on the
excess oxygen contedt'>%We noticed that the spectra in
this range showed a slight difference when measuring at dif-
ferent positions, which probably reflects a slight inhomoge-
neity of the excess oxygen distribution on the edge of the
sample. Comparing these spectra with that measured on an-
other optimally doped Hg-1223 single crystal with=136

K also allows us to determine that this Hg-1223 single crys-
tal with T,=130 K is slightly underdoped. The features in
this range show little temperature dependence except for the
528-cm ! peak which softens by nearly 5 ¢mh when the
sample is cooled from room temperature to 10 K.

Besides the strong peaks described above, some addi-
tional weak peaks are observed 2z polarization at 700,
676, 623, 400, 345, 302, 264, 152, 131, and 106 érsum-
zX merized for different positiongnot all of them are visible in
(X10) Fig. ). Some of them, such as those at 400, 264, 152, 131,
and 106 cm 1, are reproducible at different positions. There-
fore, we believe that they are intrinsic to the Hg-1223 struc-
ture and haveé\,;; symmetry. The appearance of the remain-
ing peaks depends on the position of the laser spot and their
presence irex polarization indicates that they do not obey
L strict selection rules; they can thus be attributed to some

0 100 200 300 400 500 60Q 700 800 impurity phases. The three lowest frequency modes at 106,
Raman shift (cm ) 131, and 152 cm?, of A14 Symmetry, apparently correspond
to (possibly mixed vibrations of the metal ions since Ca, Ba,

FIG. 1. Polarized Raman spectra of a Hg-1223 single crystaRnd Cu each contributes one Raman-actiyg mode in
measured with 647.1-nm laser excitation at room temperatre Hg-1223°

Raman intensity (arb. units)

265

Raman intensity (arb. units)

and at 10 K(b), respectively(b) the broad peaks ir'y’ polariza- In zx polarization geometry the measured spectra are ex-
tion at 370 and 665 cm' (marked by *) are due to redistribution of tremely weak. Only phonons with, symmetry are allowed
the electronic continuum in the superconducting state. in this polarization and si¥y modes are predicted by group

theory for Hg-122341® The peaks observed irx polariza-

ization geometry is denoted by, with i andj representing tion summarized for different positions have the following
the polarization of the incident and scattered light, respecfrequencies: 700, 676, 580, 530, 345, 302, 260, 245, 195,
tively. The coordinates;, y, andz correspond to directions 174, and 118 cm'. Among them, the 700, 676, 345, and
along the two equivalerd axes and the axis, respectively, 302 cm ! peaks have been earlier attributed to impurity
while x' andy’ represent the two diagonal in-plane direc- phases. The broad 580 and 530 cthpeaks are likely to be
tions. due to leakage of the strong featureszinpolarization. The

Figure 1 shows a complete set of polarized Raman specti260 and 245 cm* peaks are also likely to arise from polar-
of Hg-1223 measured with the 647.1-nm laser line at roonization leakage since they appear stronglyxix and x'x’
temperaturéFig. 1(a)] and at 10 K[Fig. 1(b)]. Strong peaks polarization. The remaining 195, 174, and 118 cthpeaks
show up in thezz polarization while the phonon features are are not always reproducible at different laser spot positions,
considerably weaker when the incident and scattered lighalthough some of them, like the 195 crhpeak, may corre-
are polarized in the-b plane. Nevertheless, such weak fea-spond to thee; modes, as suggested previouSiHowever,
tures are discernible in the spectra measured at room temve did not observe the series of peaks reported earlier for the
peraturg Fig. 1(a)] and become more prominent at low tem- zX polarization
peratures[Fig. 1(b)]. In addition, when comparing the Of particular interest is the observation of Raman-active
spectra measured at room temperature and at 10 K, we obodes when the electric fields of the incident and scattered
serve an obvious spectral redistribution when the sample edight are within thea-b plane. These modes have not been
ters the superconducting state which will be discussedeported beforé? Beside the low-frequency peaks corre-
elsewherg?® sponding to metal-ion vibrations, three additional peaks can

The Raman spectra inz andzx polarizations were mea- be seen in the in-plane spectra at 245, 265, and 400'cm
sured at several different positions on the edge of the sampléFig. 1). In X"y’ polarization, only aB;4 mode is allowed:
The purpose was to sort out possible weak features frorthe 245 cm' peak[Fig. 1(b)], absent inx’x’ polarization
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and present inxx polarization, has definitel3,, symmetry.
With three consecutive CuOplanes within one unit cell,
this mode corresponds to the out-of-phase vibration of the
oxygens within the highest and lowest Cu@lanes, while
the oxygens in the intermediate plane remain stationary. For
the B, mode the upper and lower Cy(lane oxygens vi-
brate in opposite directions. The frequency of this mode is
close to that of theB;y; mode in the isomorphic TI-1223
compound which has been observed at 238 ¢rtRef. 20

and calculated to lie at 260 cnt.?! Compared with the fre-
quency of theB;4 mode in bilayer compounds such as TI-
1212 (measured at 278 cit),? the slightly lower frequen-
cies for these three plane compounds are likely to arise from
the larger distance between the vibrating Guidanes.

The other two peaks observed xx and x’'x’ polariza-
tions at 265 and 400 cmiclearly haveA;y symmetry. Given
that only two oxygen-related;; modes are predicted for
defectless Hg-122% and one of them, the mode associated
with the apical oxygen, has a high frequency around 590
cm™1, as expected for oxygen bond-stretching vibrations, B SREYTRRET——
one of these lower frequena_ylg modes may correspor]d to Raman shift (cm")
a plane oxygen bond-bending mode. In TI-1223, thig,
mode has a measured frequency of 260 ¢niRef. 20 and
a calculated frequency of 293 cm.?* Hence theA;, peak FIG. 2. Representative Raman spectra of the 265 trg
seen at 265 cmt in Hg-1223 should represent the same typemode measured iR'X’ polarization with the 6'47.1.-nm laser line a.t
of oxygen vibration, corresponding to in-phase vibrationdifferent temperatures and the corresponding fitted Fano profiles
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within the highest and lowest Culanes, while the middle
plane remains stationary. The 400-Ctnmode has to be a

defect-induced mode which can be assigned as a mixed vi

bration involving excess oxygen and the oxygens in th

(@. The fitted frequency, linewidth2I'), line-shape parameter
(9), and the integrated intensitpormalized to the intensity at 130
K) are plotted in(b) as solid circles @). Also included are param-

eters as empty squaresl] obtained by fitting the spectra measured

%Ni'[h 568.2-nm laser excitation. The solid lines are guides to the eye.
CuO, planest® g y

The plausible mode identification of the plane oxygen vi- _ . .
brations in Hg-1223 makes it desirable to further examinecrease of-g, and an enhancement of the integrated intensity

their temperature dependence, particularly in the vicinity ofcan be clearly seen aroufig when going from the normal to

T.. Typical spectra of thé\;4 265- and 400-crm! modes
measured inx’x’ polarization between 10 and 300 K are
shown in Fig. 2a) and Fig. 4a) while the By4 245-cm !
mode measured ir'y’ polarization is shown in Fig. (3).
The 265- and 400-cm! peaks display clearly asymmetric

the superconducting state. The frequency shifts downward
by 3—4 cm ! in the temperature range between 80 and 130
K, corresponding to a relative softenidgv/w=1.1 to 1.5%.
The accompanying linewidth narrowing in the same tem-
perature range is nearly 6 ¢m, corresponding ta\(2I')/

line shapes which suggest interaction between these discrefe=2 39%. The absolute linewidth parameterq) increases

(phonon states and a broacelectronig continuum® We

with decreasing temperature from nearly 2.5 abdy¢o 6 at

have fitted the measured spectra with a standard Fano fungg k. The integrated intensity keeps increasing fram

tion:

(e+0)?
1+ €2

l(w)=C + background, (D)

in which e=(w—w,)/T", 0, being the phonon frequency,

is the Fano line-shape parametErjs a linewidth contribu-
tion, andC is a scaling factor. The fitted values of these
parameters and the integrated intensitiesrCI'g?) of the
265- and 400-cm? peaks are plotted in Fig.(8) and 4b).
TheB4 245-cm ! peak is nearly symmetric and was there-

down to 10 K by about a factor of 3.

The temperature dependence of Byg phonon observed
at 245 cmi'! is shown in Fig. 3. This peak was too weak
when measured with the 568.2-nm laser line to extract reli-
able parameters and therefore only the data measured with
647.1-nm laser excitation are presented. In contrast to the
Ay 265-cm ! peak, the corresponding phonon frequency
shows a monotonic increase from 242 to 246 Crfrom
room temperature to 10 K. In the same temperature range its
linewidth (full width at half maximum, FWHM displays a

fore fitted with a simple Lorentzian: the fitting parametersconsiderable narrowing from 14 to 4 crh with decreasing

are shown in Fig. ®).

temperature. This corresponds to the standard behavior in

In Fig. 2(b) we include two data sets deduced separatelynany solids. It can be described by a temperature-dependent
from the spectra measured with the 647.1- and 568.2-nranharmonic decay of the Raman-active phonon with fre-
laser lines. Although there is considerable scattering in thguencyw and zero wave vectoq into two phonons with
experimental points because of the weak nature of thepposite wave vectors and frequencies close/@ The cor-
265-cm ! peak, especially at temperatures above 200 K, amesponding temperature dependence of the linewidth is given

overall frequency softening, a linewidth narrowing, an in-

by**
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FIG. 3. Spectral variation of the 245-crh B,4 phonon mea- FIG. 4. Representative Raman spectra covering the 400tcm

sured inx"y’ polarization with 647.1-nm laser excitation at differ- A;; mode measured ir'x’ polarization with the 647.1-nm laser
ent temperatures and the corresponding Lorentzian fitting curveline at different temperatures and the corresponding fits with Fano
(). The fitted frequencies, linewidttEWHM) and normalized in-  profiles(a). The fitted frequencies, linewidth&T"), line-shape pa-
tegrated intensities are displayed ). The solid lines are guides to rameters ¢), and the normalized integrated intensities are repre-
the eye. The dotted line in the linewidth panel represents a fit wittsented in(b) by solid circles @). Also included as empty squares
I(T)=T(0)[1+2/e"“?sT—1], taking w=245 cm !, which  (0O) is another data set which corresponds to the spectra measured
yieldsT(0)=4.9 cm™*. with 568.2-nm laser excitation. The solid lines are guides to the eye
while the dotted line in the linewidth panel represents the fit with
[(T)=T(0)[1+2/e"*?sT—1], taking »=400 cm !, which

[(T)=T(0) yieldsT'(0)=24 cm™ 1.

2
1+ Wks-r—_l) . (2)

It is interesting to contrast the plane oxygen vibrations in

The dotted line in Fig. @) represents the fit with Eq2) for ~ Hg-1223 with those in Y-128.In the latter, theB,4-like
I'(0)=4.9 cm ™ taking w= 245 cm™*. This fit is in rather mode at 340 cr® shows an asymmetric line shape, which
good agreement with the measured data. The integrated ittas been analyzed in terms of a charge-transfer fluctuation
tensity of the 245 cm! peak also remains nearly constant between the in-plane oxygens and the apical oxfhen
between room temperature afid. The peak position, line- between the in-plane oxygens themseRresyhereas the
width, and intensity vary smoothly aroufid. No anomalies  A;4-like mode at 440 cm® is nearly symmetric. In Hg-
of the type observed for the 265 ¢m mode can be identi- 1223, however, th@,, mode is nearly symmetric whereas
fied. the A;y modes at 265 and 400 cm show an asymmetric

The 400-cm't A;4 mode, however, shows again abrupt line shape. Moreover, th,4-like mode in Y-123 shows an
changes acros$, (Fig. 4. Above T, this peak is very anomalous frequency softening, beldw, accompanied by
broad and weak, far broader than the other two phonons, gtrong changes in linewidth and an intensity enhancement. In
fact which may further substantiate its defect-induced naturedg-1223, however, such changes appear for the Ayp
Upon entering the superconducting state, the peak decrease®des, while none can be detected for Byjg mode.
its frequency by 10 cm?! from T, down to 70 K Aw/ The anomalous self-energy effectsTatare known to be
w=2.5%). It also shows a considerable sharpening4Q directly proportional to the electron-phonon coupling
cm~1) from room temperature to 10 K. The data abdye constant® The coupling between the phonons and the in-
and well below T, can also be fitted by Eq(2) with  plane electrons has been proposed to be related to the buck-
I'(0)=24 cm ! (dotted line in Fig. 4 By subtracting this ling of the CuQ, planes: the coupling constant is very small
contribution of anharmonic decay into two phonons, we ardor flat CuO, planes! The lack of T, anomalies observed for
left with an increase of 16 cm' below T, [A(2[)/  the Big 245-cm™ ! phonon seems to support this conjecture
w=4.0%] which can be attributed to superconductivity. In since in Hg-1223 the Cu@planes are nearly fl&f. How-
the superconducting state the absolute Fano line-shape pever, the sizable self-energy effects observed for Ahg
rameter shows an increase from 1.6 to 4.0, while the inte265-cm™ ! phonon are hard to explain on this basis. One
grated intensity increases by a factor of 2.5. Note that belovalternative mechanism may be the electron-phonon coupling
T., a peak in the integrated intensity appears near 70 K. resulting from crystal-field effects due to the asymmetric en-
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vironment surrounding the CuQplanes, but for phonons relaxation of thek conservation so as to have Landau
with A;4 symmetry, the predicted coupling remains vanish-damping at the frequencies under consideration, even for
ingly small?® Therefore, the microscopic origin of the k = 0.
electron-phonon coupling for thegg, phonons remains un- We note in Figs. 2 and 4 that, for the 265- and
clear. 400-cm ! modes, anomalies in the phonon self-energies
The abrupt changes in the frequency and linewidth of theat T, are also accompanied by an incredaefactor of 3
245- and 400-cm?® phonons acros$, can be attributed to in the integrated intensity belowW.. A careful inspection
changes in the real and imaginary parts of the phonon selimay further reveal two intensity anomalies at 130 and
energies, A3 =Aw—iAvy induced by the superconducting 70—-80 K, which correspond to the appearance of the two
transition?®282° The real part of the self-energy change superconducting gaps identified in the electronic Raman
(Aw) renormalizes the peak position, while the change ofscattering® Therefore, like in the case of the phonon
the imaginary part £ Ay) should effect the phonon line- self-energy effects, the scattering intensity enhancement
width. Within the framework of strong-coupling Eliasberg below T. appears to originate also from large electron-
theory, a characteristic dependence of the self-energy changdonon interaction around the Fermi surface. Since
on the ratio of the phonon frequenay (at T.) to the gap vibrational Raman scattering is mediated by electronic
2A has been predicted:?® Qualitatively speaking, phonons excitations and the scattering intensity determined by
below the gap should exhibit some softening which de-electron-phonon interaction and electron-radiation interac-
creases with increasing separation from the gapPhonons tion for different electron bands summed over all possible
above the gap, on the other hand, should harden slightly imtermediate stategchannely some of these channels
the clean case although this effect may turn into a smalimay approach resonant Raman scattering, thus increasing
softening if impurity scattering is taken into accodhfor a  the scattering efficiency. Therefore, the superconductivity-
given phonon the self-energy effects are expected to bwduced intensity enhancement may reflect resonant
strongest when the phonon energy is close to resonance witkaman effects resulting from the shift and other modifica-
the gap. tions of the excitations around the Fermi surface produced
We have seen that betwe@pand 10 K, the peaks at 245, by the opening of the gap. Such effects are expected
265, and 400 crm?* show superconductivity-induced relative to be particularly strong if the vibrational states being con-
frequency softenings of 0, 1.1, and 2.5%, respectivelysidered interact strongly with the electrons around the
The more pronounced effects observed for thg, Fermi surface, as is the case for the 265- and 400%m
400-cm ! mode suggests that its energy is close so We  modes.
have observed multicomponent gap features in the electronic
Raman scattering oB;y symmetry, with peaks at 370

and 665 cm?! (Ref. 19 [see also Fig. (b)]. The IV. CONCLUSIONS
370-cm ! peak appears below 80 K, while the 665 th
peak becomes prominent just beldlg=130 K. The A;q We have carried out Raman-scattering measurements on

spectrum[see x'x’ configuration in Fig. tb)] exhibits a HgBa,Ca,Cu;0g, ssingle crystals at different temperatures
broad electronic band with a maximum slightly above 400and for all polarization configurations. The phonon modes
cm~ L. The latter would explain the self-energy effects ob-associated with the plane oxygen vibrations have been ex-
served for the 400-cm! vibrational structure, a fact which plicitly identified in thea-b plane spectra: the only possible
suggests that®2 = 400 cm . This would lead to a value of B,y mode, observed at 245 cm, is associated with the
2A[T.= 4.6, higher than the standard BCS value but in theout-of-phase vibration of the oxygens in the Cuplanes,
lower range of gaps observed for other highsupercon- while theA;y mode at 265 cm? corresponds to the in-phase
ductors. vibration. An additional defect-induced vibrational mode of

The large broadening of the 400-cth vibrational struc-  A1g Symmetry is also observed at 400 ¢ Measurements
ture immediately belowT, [A(2I')/w~4.0%, see Fig. §  Of the temperature dependence of these modes indicate that

also implies that the superconducting gap & slightly the two A4 vibrations show clearly frequency softening,
above 400 cml. Below T, 2A becomes equal to 400 linewidth narrowing(broadening for the 400-cm' mode,

cm~! and provides an additional decay channel leading to ag"d intensity enhancement when the sample enters from the
increase of phonon linewidff:2 At the lowest temperatures Normal into the superconducting state. Syfh abrupt changes
the phonon is well in the gap, a fact which results in ar€ notobserved for th#,; mode at 245 cm*, a fact which

sharpening as decay channels are being removed. Thi¢ems to be related to the lack of buckling in the GuO

mechanism must be modified in order to account forPlanes.

the sharpening of the 265 cm structure which we have

assumed to correspond to a phonon with a well-defined

g vector. In this case no self-energy broadening would ACKNOWLEDGMENTS

be present in the normal state and, correspondingly,
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