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Raman-active phonons in BjSr,Ca;_,Y,Cu,Og, 4 (X=0-1): Effects of hole filling and internal
pressure induced by Y doping for Ca, and implications for phonon assignments
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The phonon Raman spectra of Bir,Ca; _,Y ,Cu,0g, 4 (x=0—1) have been investigated in a number of
well-defined single-crystal and polycrystalline samples. From the polarization and Y-doping dependence, and
from a comparison with previous reports on Bi-based cuprates, we identify thg{6B,;) symmetry
modes that are Raman allowed within the ideal body-centered-tetragonal unit cell. A large number of extra
“ disorder-inducetl phonon bands are observed in thb-plane polarized spectra. In contrast to most previous
reports, we argue that theaxis polarized phonon band around 629 Chis due to the @), Ay, vibration,
while the exclusivelyab-plane polarized band around 463 this induced by the (B)g; A4 Vibration. With
increasing Y doping we find that the vibrational modes involving atoms in the, Quliéhes rapidly increase in
intensity as a result of the reduced metallic screening in the hole-depleted Y-doped samples. We also find that
Y substitution gives rise to a substantial hardening of th&) € A4 andB,4 phonons by~ 40 cm !, whereas
the O2)s; A14 phonon is found to soften by 20 cm™ !, whenx increases from 0 to 1. The phonon frequency
changes can be explained by thiatérnal pressurginduced by the decrease in the average Ca/Y ion size and
an additional ‘tharge-transféet induced by the change in the Cu and Bi valences with Y doping.

[. INTRODUCTION ion. This interpretation is mainly based on detailed oxygen
stoichiometric analysé$'°which show that the amount of
Aliovalent cation substitutions in cuprates have providedoxygen uptake is insufficient to balance the extra charge in-
valuable insight into the mechanisms that give rise to hightroduced by Y.
T. superconductivity. Most important is the possibility of  One way to obtain further understanding of the doping
substantially altering the effective copper valence and thgrocess in B}Sr,Ca; _,Y ,Cu,0g,4 would be to investi-
carrier concentration, which have been shown to be intigate the change in the optical-phonon spectrum with Y con-
mately linked withT.. The prototypic example is the Sr- tent. Phonon Raman scattering has provided valuable infor-
substituted La_,Sr,CuO, systent A striking feature here mation on the effects of, e.g., oxygen deficien-
is the existence of a plateau with nearly constant criticaty,'*™*® Pr substitution for Y:* and substitutions on
temperature, in which the carrier concentration is optimizedhe two Cu site®™" in the YBa,Cuz0,_4 superconduc-
for the occurrence of superconductivity. A similar phase diator. Although a variety of spectroscopic studies on
gram has also been found when Y is substituted for Ca in th&i,Sr,Ca; .Y ,Cu,Og,4 have been reported in the
Bi,Sr,Ca;_,Y ,Cu,0g.4 (Bi2212) compound™ A rela- literaturd'*®2* there are a limited number of Raman-
tively sharp metal-insulator transition takes place betweerscattering studie® 2 Sugai and Saf3?® reported addi-
x=0.45 and 0.55, giving rise to the antiferromagnetic ordertional phonons as well as broad two-magnon peaks induced
similarly found in the LaCuO, (Ref. 5 and YBaCusOg by Y doping, while Boekholt and co-workérs®reported an
(Ref. © insulators. The normal-state resistivity systemati-intensity resonance for certain phonons at an incident laser
cally increases with increasing Y concentration, implying aenergy of 2.60.1 eV in single crystals witkk=0-0.85.
decreased number of charge carriers consistent with reported In order to use Raman scattering as a tool for investiga-
Hall-effect measuremenf$. The depression of . and the tions of the highT, compounds, it is important to be able to
decreasing carrier concentration have been interpreted ascarrectly assign the experimentally observed phonon modes
result of hole filling due to the additional electrons contrib-to vibrational eigenmodes of the lattice. This has turned out
uted by the trivalent ¥ ion relative to the divalent Ca to be quite difficult in Bi2212, and a number of discrepancies
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exist among previous repor$.** Difficulties arise both
from the orthorhombic distortion, the incommensurate super-
structural modulatiot?* as well as from complicated local
atomic distortions away from the ideal symmetry sfte®
These effects induce many more phonon modes than is ex-
pected from the symmetry of the idealized body-centered-
tetragonal unit cell. One example of the ambiguities involved
in phonon assignments comes from the single-crystal Raman
works on Bi,Sr,Ca;_,Y ,Cu,0g. 4 cited above” 28 one
groug’ %30 assigned the intense 463- and 629-¢m
phonons to the in-phase QA4 mode and the @ A, mode, x<0.2 ﬂ “ A
respectively, while the other groti?®32*%assigned the low-
frequency phonon to the § A, mode and the high- x00 mm
frequency phonon to the © A4 nglode. In these works no ,{A 0 20 320 40%
c-axis-polarized spectra were reported, even though this 20 (de
: . AR . gree)

scattering configuration is expected to be the most informa-
tive for vibrations along thec axis. Except for a few
examples®334* this is also the case for unsubstituted FIG. 1. X-ray powder-diffraction patterns, using ®ur radia-
Bi2212. tion, Bi,Sr,Ca; _,Y ,Cu,0g. 4 polycrystalline samples prepared by

The aim of the present study is twofold: on the one handfhe polyme_rized complex teghnique. Numbers showq are indices
we try to partly resolve some previous ambiguities regardin orresponding tol{,k,) reflectl_ons from the orthorhombic unit cell
the phonon assignments in Bi2212, and on the other hand wg"nd the pseudotetragonal unit cell for0.4).
try to interpret the change in the phonon Raman spectrum
with Y doping. We present results for single crystals as well

Intensity (arb. units)
1
>
I
a’

Single crystals of BjSr,Ca;_,Y ,Cu,0g, 4 With x val-

for hiah lit | tall | ith ing d ues close to 0, 0.4, 0.6, and 0.8 were grown from the sto-
as for high-quality polycrystalliin€ samples With varying de-;q i, metric melt composition, as described in a separate

gree of Y dopingx, particularly focusing on the two most lication®  Tvpical | : .
prominent oxygen vibrational modes at 463 and 629 ém Euzl);c;i%n.l mmgyplca crystals  dimensions  were

In order to clarify the assignments of the 463 and 629-
cm™ ! phonons, we have studied Raman spectra ofour:singlﬁps for the Raman-scattering measurements of
crystals under the(z2)x scattering configuration as well as g; ,Sr,Ca, Y Cu,0g. 4. In the first setup, consisting of a

the z(xx)z or z(yy)z scattering configuration. On the basis Jobin~ Yvon/Atago Bussan T64000 triple spectrometer
of the phonon assignments proposed here, we interpret t uipped with microscope optics, we performed room-
pbservgd changes in phonon frequencies anq intensities W“ﬁ mperature Raman measurement,s using either the micro-
Increasing Y content in terms of a comblnat!on of aNprobe (mostly for small single crystalor a standard macro
“ mternal-pressgré effect, induced by the change_m the av- configuration (mostly for polycrystalline samplgs Low-
erage Can radius, anq at_:harge-transfér ;?IfeCt' induced temperature measurements were performed with small pieces
by the aliovalent substitution of ¥ for Ca®". of polycrystalline samples mounted on the cold finger of a
liquid-helium cryostat, using a Raman microprobe coupled
Il. EXPERIMENTS to a Spex 1877 spectrometer. A backscattering configuration
i . was used in both the experimental setups. All Raman spectra
_The polycrystalline BjSr,Ca; Y Cu,Og.q Samples \yere excited with the 5145-A line of an Ar laser, and the
with Y content in the range €x<1 were synthesized by a scattered light was detected with liquid-nitrogen-cooled
polymerized complex technique described in detallccp cameras. The power of the incident laser beam was
elsewheré’* This method is known to give very pure and maintained below roughly 100 W/ctrin order to minimize
homogeneous cuprate superconduc?d?s. _ possible thermal damage. The spectral resolution was 3—4
_ The samples were characterized by x-ray powder diffraczm~1 Throughout this paper the scattering configuration is
tion (XRPD) using a standard powder x-ray diffractometer gefined by notations such a€z2)x, which means that the
(Model MXP®™", Cu Ka, 40 kVv-40 mA, MAC Science, incident light polarized along theaxis propagates along the
Japan. The scan rate was 0.5°/min. The lattice parameters of axis, and the scattered light polarized along thexis
some selected samples<@=1) were determined by least- propagates along the oppositeaxis (i.e., X). The coordi-

squares fits of the positions of the reflection peaks with S| 5tes &,y,2) are chosen to coincide with the crystallo-
powder(99.999% for the angular calibration. graphic ,ax’esd b.c).

The superconducting transitions of the polycrystalline
samples were investigated by measuring the complex mag-
netic susceptibility,y=x’'—ix", as a function of tempera-
ture. A Hartshorn bridge was used to measyfeand y” Figure 1 shows typical x-ray powder-diffractigfRPD)
simultaneously in an ac magnetic fieh(t) =hsin(2xft) patterns of the polycrystalline Br,Ca; Y ,Cu,0g, 4 Mma-
with =132 Hz andh®=100 mOe. The onset of the super- terial. These patterns show that the samples are pure and of
conducting transition can be precisely determined by thisingle phase within the experimental accurasyl(~2 %. In
technique, as it corresponds to the off-balance temperature phrticular we find no traces of Bsr,CuO,, Ca,CuO,,
the carefully zero-balanced bridgfr details see Ref. 50 CuO, Y,Cu,05 or CaO, which are the most frequently

We used two different experimental set-

Ill. SAMPLE CHARACTERIZATION
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gall ... ... ) Bi,Sr,CaggY 0. 0CU,0g,1. The amplitude of the applied field is
0 0.5 1 100 mOe. The onset temperature is 91.6ridicated by an arroyw
x (Y content) The x' is almost completely saturated at a temperature lower than

T. (onsej by approximately 10 K; the transition wid{t10—90 %
of the full diamagnetism being about 3.5 K. A single loss peak with
FIG. 2. Variation of thea(b) and c lattice parameters of a maximum at about 87 K is observed in the component.
Bi,Sr,Ca; Y ,Cu,0g,4 as a function of Y contentx. The pa-

rameters up tx=0.4 can be indexed on the basis of a pseudotetfyr the x=0-0.4 samples. It is evident that the critical tem-
ragonal unit cell, and fox>0.4 they can be indexed on th(ttezbagis of perature reaches a maximum of about 92 K betweeid.1

an orthorhombic unit cell, as is evident by the splitting of tB®, . .

and(0,2,0 reflections(26=33°) in the XRPD patternésee Fig. 1 %nudng.36\,'\:/?56121ﬁl_eTvr\:léh;gt?oQobzzssgfgiléc;“@(]r\:\(ljas
formed as by-products in the synthesis of the Bi2212 phaseh.ere IS S|m|Ia_r4t7(39What has been reported earlier by several
This result is confirmed by the Raman-scatterin measurecher groups.™
y g

ments, which are sensitive to traces of semiconducting or

insulating impuritie$® IV. RESULTS

For high Y contentx>0.4, the XRPD patterns were in- '
dexed on the basis of an orthorhombic unit cell; the ortho- A body-centered-tetragonal structurel{mmm with the
rhombic distortion being evident through the splitting of the primitive cell shown in Fig. 5 has been most frequently used
(2,0,0 and(0,2,0 reflections (=233°). For low Y content, in the interpretation of the Raman spectra of Bi2212 as a first
x=<0.4, the XRPD patterns exhibited broader{g,0 and approximation for the real structure. The group-theoretical
(0,2,0 reflections, indicating a small orthorhombic distortion analysis based on this idealized structéreredicts 14
with b slightly larger thara, but no clear splitting. In those Raman-active modes £6,+ 1B,4+7Ey), where theA;,
cases the diffraction patterns were indexed by a pseudotetrodes are symmetric-axis vibrations of Bi, Sr, Cu,
ragonal cell witha=b.

Figure 2 shows the change in the lattice parameters of the
Bi,Sr,Ca; _,Y ,Cu,0g,.4 Samples as a function of. As jooF .
the Y content increases from=0 to 1, thec parameter | 9%e o
decreases monotonically by 2.26%, while thea (and a, . °
b for x>0.4) parameter increases byl1%. The values
shown in Fig. 2 are in good agreement with previous
reports*’

As an example of a typical complex magnetic susceptibil-
ity measurement, we show in Fig. 3 the tempera-
ture dependence of’ and x"” for the polycrystalline A ]
Bi,Sr,Cag gY g Cu,0g5 1 SampleT, (onsej atT=91.6 K is oF oo o o
followed by a sharp transition corresponding to the weak- 0 0.5 1
link coupling between the bulk superconducting grains. The
diamagnetic signal is almost completely saturated at about x (Y content)
10 K belowT, (onse}; the transition widthH10-90 % being
about 3.5 K. A single loss peak with a maximum at about 87 F|G. 4. The variation of the superconducting transition onset
K is observed in the” part of the magnetic susceptibility, temperature T.) of Bi,Sr,Ca;_,Y ,Cu,0g. 4 as a function of Y
indicating a monophase superconductor within the resolutiogontent,x. The T, (onse}'s were determined in a way similar to
of the susceptibility measurement. Figure 4 shdwsonsej  that described in Fig. 3.

7. (K)

501
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FIG. 6. Polarized micro-Raman spectra of a
FIG. 5. Idealized crystal structure of the body-centered-Bi2Sr,CaCu,0g.q4 single crystal from five main scattering con-
tetragonal (4/mmn) Bi,Sr,CaCu,0g. O(1), O(2), and 43) rep- figurations. The short lines denote the zero-intensity level for the
resent oxygens in the Cu, Sr, and Bi layers, respectively. spectrum immediately above. The scattering factors are also shown.
Note the different scattering factors. Many additional lines observed
below 150 cm !, most notably in(b)—(e), are originated from the
O(1) ¢y, O, and A3)g;, the B;g mode is an out-of-  pure rotational lines of Bland O, in ambient air. As the position of
phase vibration of the @) ¢, atoms along the axis, and the  these rotational lines are precisely known, they can be discriminated
Ey4 modes are vibrations within thab plane. However, the from the true Raman lines from Bi2212.
fact that the number of observed modes largely exceeds that
expected from thé4/mmmtetragonal structure requires that yroposed assignment. A part of our data is also compared
the phonon Raman spectrum of Bi2212 should be interpretedith, results of previously published  single-crystal
within a crystal structure of lower symmetry. Possible 0”'investigation§.5'3o'32’33'4°

gins of this symmetry reduction invol\@ the orthorhombic The most prominent result is that the two phonons at 60
distortion, (i) the incommensurate superstructural modula-gnq 629/657 criit are stronglyc-axis polarized, as is evi-
tion along theb axis, and(iii) large atomic displacements gant in thex(z2)x spectrum{Fig. 6@]. Their intensities are
and substantial disorder, all of which can yield additio”alapproximately 25 times higher than those observed under
Raman modes. We refer to these modes assorder-  poth thez(xx)z and thez(yy)z scattering configurations. We
induced modes, and do not _speC|fy their origin. We note assign the 629/657 cit phonon pair toA,4-Symmetry vi-
that several groups have applied factor-group analysgs basgttions of the bridging oxygen @) ¢, along thec-axis (see

on the orthorhombic space groupmbandAmaa[which  hejow)  From simple mass considerations, the intense pho-
yields 1A,+7By, (Refs. 25 and 40and 1A;+8Biy  nop at 60 cmit can be assigned to thie, -symmetry vibra-
(Refs. 30, 32, and 3%-axis modes, respectivgljn orderto o of the heavy Bi atom. The extremely large intensities of

interpret the complicatedab-plane-polarized spectra of he Bj and @2), Ay, modes indicate that the polarizability
Bi2212. Since itis not clear which orthorhombic space groupys ihe Bi-O(2) ¢, bond is unusually high.

best describes the complicated atomic distortions in Bi2212, 1ha mode at 463 cmt. which is completely absent in the

we will only use the ideal tetragonal notation. x(z2)x spectrun{Fig. 6@}, is usually assigned to the bridg-
ing O(2) 5, vibration along thec axis. As discussed below,
) the 463-cmi' ! phonon should instead be assigned to the

A. Phonon Raman spectra of undoped BiSr,CaCu,0Og, 4 0Q3)g Asg mode of the BiO layers.

Typical Raman spectra at room temperature of a From theB;,-symmetry selection rules the peak at 287
Bi,Sr,CaCu,0g. 4 Single crystal under the five main scat- cm~2, which occurs only in the(xy)z spectruniFig. 6(d)],
tering configurations are shown in Fig. 6 in the 17-745can be assigned to the(D, B4 phonorf>?*?%3%3%harac-
cm~ ! range. The symmetrid; 4, modes can be detected un- terized by out-of-phase motion of the oxygen atoms in the
der thex(z2)x, z(xx)z, and z(yy)z scattering configura- CuO, plane. This mode exhibits a pronounced asymmetry
tions. Under crossed polarizatior(xy)z the A;; modes induced by a Fano interference between the phonon and an
should disappear, instead of whiBh; modes can be inves- electronic scattering background.
tigated. Thex(zy)x spectrum of Fig. 6 exhibits a few broad ~ The assignments of Sr and Quy modes are made by
and weakE, symmetry phonons aroung 250, ~470, and  comparison with other higfi superconductors>> The
~570 cm™ . The frequencies of the observédy and B, peak at 117 cm? is probably related té\,4 vibrations of Sr.
symmetry phonons are tabulated in Table I, together with oum the real structure this mode involves a significant contri-



MASATO KAKIHANA et al.

11 800

gloop§ 9oeds 21qWOYIOYL0 dY} U0 paseq sjuswubisse uouoyd,
winarg aoeds 2iquoYIoyHo dy} Uo paseq sjuswubisse uouoyd,
w uauyniS [euofena) [eapl ue uo paseq suawubisse uouoyd;
UOTIOISIP 2IGWIOYIOYLIO 8yl Aq psonpul SSpow I8BPoW UappIgJo) feuobenay,
"(69pOoW RaJNPUI-IaPIOSIP SPPOW USpPIgIO} _mcommbm.E
"'® ul apow pap|o} 10 *P° 4
"9pOW WO 8Z JO SPOW J9PIO-PUOISS,
‘uole|npow [einjonusiadns ayl Aq paonpul spow ayl,
‘uoneNpow [einonasIadns ayi Ag padnpul 8pow 8y} 10 UOIIOISIP diqWoyioyno ayl Ag paanpul apow Ig;,
‘uoie|npow [ednjonJsiadns ayl Aq pasnpul spow 8y} 40 8pow d1ISN0JY,
"(°v* Py) x(zz)suoneinbyuod Buueness,
“(°rg) z(Ax)zpue ‘(Py' PTy) z(AK)z 10 z(xx)BUONRINBUOD BuleledS,

GG9 GG9 o) 059 059 o) €99 8 659 6 099 6 299 959 4o
€9 ¥€9 S0 629 S0 2€9 %0 T€9 o) 0€9 Y0 629 129 by 'So
09% o) €9v "o 69t S0 697 S0 Sov S0 €9t b1y 90

60 60¥ b1y "™

00¥ 0 v6€ 0 T6€ "0 00V o) G6E y (50'¥0)
65€ Gse "0 €se y (50'"¥0)

oze "® €Te €1e § 12€ "0 €Te Gee eee y (50"0)
00€ "0 062 pued 18g €62 S0 962 Pusa 180 662 , ‘50 762 y (S0'¥0)

0sz  “'"a"™o siz  "la™o 682 brg "0 z8z brg "0 a8z brg ™o 182 b1g "0

672 , 00'S) G6T y Usng)

00z no 06T no /8T np 781 no 08T IS €1 ST yno

ST no G9T no A no 96T S 08T AS ovT ST oy no

zeT /S €ET 19 62T no 62T y Usng)

0zt zet 1S 0zt S 121 s zet 1q 6TT 1q ITT oty s
60T no S0T y Us/1g)

69 G9 19 €9 1q €9 i 29 g 09 65 oy 1g
€9 1q Ly 4 8t p

62 8z 8z 44 9

sixe 9 aueld qe yubissy sixe 9 aueld qe yubissy aue|d ge uBissy aue|d ge yubissy augidge | ubissy 4Sixed auedqe [ubissy

€< "19Y) "[e 19A0SIUaQg

0¢ "Jod) "[e 191j0yxe09g

Gz "Jou0res pue refng

€g "1ay) "[e 13euopied

Or J9d) Te 1

3Jom Juasald

P8 peptissopow uewey uouoyd ay) Jo syuawubisse pue salouanbail uouoyd | 319v.L



53 RAMAN-ACTIVE PHONONS IN Bi,Sr,Ca, _,Y,Clp,Og_ 4 . . . 11801

bution from Bi because of its large anisotropic behavior seen .
in the (xx)z and z(yy)z_spectra%f Figs. @) and 6c). The Bi.Sr:Car..Y,Cu.0ss T=298K (a)
weak peak at 145 cmt involvesA;4 motions mostly of Cu.
One of bases of this assignment has come from the fact that
the peak at 145 cm! gains intensities considerably when
the material becomes an insulator by substituting Y for Ca in
a way similar to oxygen-depleted YB&u;O,_4
(Y123).1*"13This will be discussed later.

Most phonons observed below 400 chin the z(xx)z
and z(yy)z spectra of Fig. 6 can be associated with
“ disorder-induced scattering. For instance, the weak peaks
at 105, 129, and 195 cit most likely involve displace-
ments of Bi and Sr, since these atoms should be more sensi-
tive to the deviation from the tetragonal symmetry than the
Cu atoms. Likewise, the broad features betwee200 and
~400 cm ~! should be dominated by @) and Q2)s,
vibrations. The two low-frequency peaks at 24 and 48
cm~! have been interpreted as folded acoustic modes or
amplitude modes, induced by the superstructural
modulation?®#! Although both of these modes are highly 5
(yy) polarized, i.e., in the direction of the modulation, we
note that the 24-cm! mode also has a significarz®) com-
ponent[see Fig. 6a)].>°

I

o

LT
B

T

0 300 400 500 600 700
Raman shift (cm™)

[=3

Bierzca1.,Y,Cu208.d T=-20K (b)

B. Phonon Raman spectra of BjSr,Ca;_,Y,Cu,0g.4
In Fig. 7 we show Raman spectra of polycrystalline -
Bi,Sr,Ca;_,Y 4Cu,0g.4 samples for different degrees of
Y doping at room temperature afid=20 K. Figures 8-10
exhibit room-temperature Raman spectra of several single B x:08
crystals samples in various scattering configurations. The
following important observations should be pointed out: 3 w\\ 106

(i) When the Y content increases, tBgyg O(1) ¢, phonon
rapidly increases in intensityFigs. 7@ and 9 and in fre-
quency, as shown in Fig. 1d. The B;4 O(1) ¢, mode also
becomes more and more symmetric with increasings can
be seen in thez(xy)z spectra of Fig. 9. A weak feature x=0.2
around ~409 cm !, which is most evident in the 20 K | . , | | x=00
spectra of Fig. ), also increases in frequency by about 40 100 200 300 400 500 600 700
cm™ ! [see Fig. 1(b)] and becomes much more intense when
the Y content is increased. The similarity to thd1).,
B,y mode in this respect suggests that thd09-cm™ ! fea-
ture is in fact the QL) g, A;y mode, i.e., the in-phase vibra- _ FIG. 7. Raman spectra of B5r,Ca; Y Cu;Og..4 polycrys-
tion of the Q1) ¢, atom along thec axis. Similarly, modes talline samples for different Y contents at room temperatarend
connected with Cu motions at 145 and 177 chprogres- |~ 20 K (b). The spectra can be presumed to be made up by the
sively gain intensities with increasing Y contgfffig. 8). superposition of tha(xx)z and z(yy)z spectra with more contri-

(i) The Q3)g; c-axis phonon band contains one intensebut|on from the former_. The _short lines denote the zero-intensity
mode at 468 cm® (463 cm L at 290 K as well as a promi- level for the spectrum immediately above.
nent shoulder at 458 cit in the 20 K spectrum, where the

phonon thermal broadening is smflig. 7(b)]. Their rela- about 463 and 629 cit. The single-cryst_al_spectra of Fig: 6
tive intensities, | 454/l 465, Systematically increase with in- have revealed that these two bands exhibit completely differ-

creasing Y doping. ent polarization dependencies; the 463-cmband is only
(iii ) The 629/657 cmi* phonon pair softens strongly with S€en when the incident and scattered polarization vectors lie

content in Fig. 14c). modulate different metal-oxygen bonds, i.e., the degree of

mode mixing is small. We first note that the assignment of
V. DISCUSSION the 463-cm * phonon to a Cu@-plane vibratiof® cannot be
correct, since this phonofas well as the 629-cm' mode
also appears in Raman spectra of BiZ®F$-*8where the
We first address the controversial assignments of the tw@uO, planes have inversion symmetry and therefore do not
prominent high-frequency oxygef;, symmetry modes at contribute any Raman-allowed modes. We assign the 629-

x=0.4

Intensity (arb. units)

Raman shift (cm™)

A. What is the origin of the 463- and 629-cnT* phonons?
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< = ¢
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FIG. 8. Polarized micro-Raman spectra at #hg, symmetry
[under thez(xx)z (a) and z(yy)z (b) scattering configurations
taken on theab plane of B,LSr,Ca; .Y ,Cu,0g., 4 Single crystals
with x=0, 0.4, 0.6, and 0.8. The short lines denote the zero-
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cm™ ! phonon to symmetrid\,4 vibrations of d2), along
the ¢ axis, while the 463-cm? band is assigned to Q) g;
Ay4 c-axis vibrations(in agreement with Denisoet al®).
There are several reasons why this is a more likely alterna-
tive than the reversed assignment made in several previous

reports.

First, a predominantlyZ2)-polarized apex oxygen vibra-
tion is characteristic for most high; superconductors:>*
which indicate that the exclusively(z2)x-polarized 629-
cm™ ! phonon in Bi2212 is due to the(@) g, vibration. The
fact® that the ¢2)-polarized spectrum of BiSCaCu,0,
(Bi1212), with no Raman-active modes in the BiO layers,

Bi:Sr.Car..Y.Cu:0s4  Z(xy)Z

x=0.6
e %200

100 200 300 400 500 600 700
Raman shift (cm™)

intensity (arb. units)

FIG. 9. Polarized micro-Raman spectra of tBg, symmetry
[under thez(xy)z scattering configuratigrtaken on theab plane of
Bi,Sr,Ca; Y ,Cu,0g, 4 Single crystals wittkx=0, 0.4, 0.6, and
0.8. The short lines denote the zero-intensity level for the spectrum
immediately above.

629-cm™ ! mode shifts to higher energy when Sr is replaced
by Ca, whereas the mode at about 463 ¢nremains un-
changed upon the substitution, as can be expected from the
assignments suggested here. We also note that the 463-
cm™ ! band has been found to soften at a significantly faster
rate than the 629-cm* band when'®0 is exchanged for

BizSr2Cai«YxCu20s.q4 X(ZZ))-(

x=0.8
2
o=
=
g
s

= x=0.6
‘B
c
[
=

x=0.4

x=0.0

7 100 200 300 400 500 600 700
Raman shift (cm™")

FIG. 10. Polarized micro-Raman spectra of thg, symmetry

shows a very strong mode at 627 Cﬂnalsg Supports our  [under thex(z2)x scattering configuratidrtaken on thédc plane of
interpretation of the 629-0n11 phonon in B|2212. The. re- Bi,Sr,Ca;_,Y,Cu,Og.4 Single crystals withx=0, 0.4, 0.6, and
cent Raman work on Bi2212 samples with the Sr site ho9.8. The short lines denote the zero-intensity level for the spectrum

movalently substituted by CéRef. 60 has shown that the

immediately above.
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— may support this idea. Another possibility is that the side-
660 - © bands are induced by extra oxygen atoms in the BiO layers.
The substitution of Y for Ca indeed increases the amount of
oxygens>*® which can considerably alter the local structure
of the BiO layer®? This could then explain the drastic in-
crease in the 453/l 46¢ ratio with increasing Y doping.

630 |- 8

B. Effects of hole filling and internal pressure on some
620 [ : of phonons in Bi,Sr,Ca;_,Y ,Cu,0g, 4

Two interesting aspects of the phonon Raman spectra of
Bi,Sr,Ca; _,Y ,Cu,0g.4 are discussed below in conjunc-
600 D tion with the metal-insulator transition induced by the Y dop-

ing. We pay attention to the behaviors of the bridging-
oxygen 2)s, mode and of modes involving atoms in the

650 |-

640 -

610 |

450 T T T T T T

_ CuO, planes.
‘" a0 | i As shown in Fig. 1(c), the frequencies of the 629/657
2 cm~ 1 O(2) s, phonon pair decrease almost already linearly
E 430 - ] by about~20 cm™! when the Y content increases from
2 a0 L | x=0 tox=1. The situation appears to be similar to what has
g been reported for th&k123 systen?>®* where the corre-
E 410} . sponding Q, A, mode softens when the size of tReion
& (b) decrease$from 514 cmi * for R=Nd (ryg+=1.109 A) to
400 T—————— 501 cm * for R=Tm (ryy3+=0.994 A)]. This softening
can be explained by the expansion of the Gi¢Og, bond
340 — 1 length (from ~2.249 A in Nd123 to~2.290 A in Tm123
in response to the contraction around tke ion (the
330 - N CUghaiOgs bond length is~1.860 A for allR).% Since the
320 | ] Ca site in BLSr,CaCuw,0g, 4 has a local structure crystallo-
graphically similar to th&R site inRBa,Cu3;0,_4, the same
310 - 8 structural arguments caat least partly explain the behavior
300 | ] of the O2) ¢, phonons in Y-doped Bi2212; i.e., the replace-
ment of the large Ca ion by the small Y ion should result in
290 | 4 an elongation of the Cu{Q) s, bond length, which in turn
(@) explains the decrease in thé€2Ds, phonon frequencies. Un-
280 — fortunately, there seems to be no reliable reports on inter-
9 02040608 1 atomic bond lengths in Y-doped Bi2212, that can substanti-
x (Y content) ate this hypothesis. It is also possible thelharge-transfer”

effects, associated with the change in?Ca 3" average
valence withx, contribute to the @) 5, phonon softening, in
FIG. 11. Variation of frequencies for th&,, 287 cm- a fashion similar to what has been observed for thg, O

O(1)cy (8), theArg 409 cm™* O(1)¢, (b) and Ay 629/657 cm*  mode in oxygen-depleted Y12@Refs. 11-18 and in Co-
O@)s (c) modes in BpSr,Cay Y ,CuOgsq polycrystaline  goped Y1237 The origin of the softening in both the
samplegobserved in Fig. ®@]. Solid lines are only a guide for the y123 systems is thought to be due to changes in the distri-
eye. bution of charge between CuO chains and the guO

planest>®® This type of charge redistribution occurs in the
180 in Bi,Sr,Cag gY 0,CU>0g. 4.3 In view of the fact that  Y-doped Bi2212. In fact coulometric titration experimetits
loss and uptake of oxygen take place in the BiO lajéf§, have shown that the valences of both Bi and Cu decrease
this indicates that the 463-cid phonon is connected with for increasing x (from Bi*33Cu*28 for x=0 to
the more labile oxygen atoms in the BiO layer, in agreemenBi *3%Cu?% for x=1), which should then weaken the Cu-
with our assignments. 0(2) 5-Bi bond. The rate of @,; phonon softening is in-

On the other hand, the origin of the splitting of the two deed faster in Bi2212~« —3.2% per 0.1 A decrease in Ca/Y

high-frequency phonons, i.e., the appearance of the sideverage ion si2ethan inR123 (~ —2.3% per 0.1 A decrease
bands at~458 cm ! [see Fig. )] and 657 cm! (see, in R ion siz8, which may indicate that both ititernal-
e.g., Fig. 10, remains unsettled. One possibility is that the pressurg& and “ charge-transfet effects are important in
splitting reflects a distribution of @) 5-Bi-O(3) g; force con-  the former system.
stants induced by the incommensurate superstruc- The CuOs-plane phonons are of particular interest, as
tural modulation. The fact that the 657-Crh phonon they concern atoms directly involved in the superconductiv-
disappears in the Raman spectra of modulation-freéty. We have identified four Cu@plane phonongat 145,
Bi,_,Pb,Sr,CaCw0g.4 (Refs. 29, 36, and 42and 177, 409, and 287 cm'). All these modes are weak in su-
Bi, ,Pb,Sr,Ca; Y yCu208+d,61 where the Bi-@2)s,  perconducting metallic samples<£0.4), while their inten-
bonds should be vertically aligned in a more ordered waysities increase dramatically with decreasing metallicity

1
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350 | the average Ca/Y radius analogousRb23 (or R124). The
- g i‘ similarity between the Bi2212 system and R&23/124 sys-
£ 340 | g tems in this respect thus suggests that additional factors, such
< L ¥ i i 3+
P _ A as the increase in average €aY 3" valence and the de-
3 330 [ off 5 crease in the hole concentration with Y doping, only have a
E i $ small influence on thé;, O(1) ¢, phonon frequency. The
oo 320 | P ] structural arguments discussed above also explain the hard-
o ¥ \ v ] ening of the @1) ¢, A;q mode at 409 cm? [see Fig. 1(b)]
o 310 | ] by ~40 cm™! from x=0 tox=1.
S r AX 8 ]
> L i
e 300 | ]
° I —e— (CarY)-Bi2212 v
o + A R123 (Cardona [ref. 63]) ]
2 290 :— v R123 (Rosen [ref 64]) ,,,,,,, Nroocesnesmcmmsms e _7
w N O  R124 (Trodahl [ref. 67)) ] VI. CONCLUSION
280 | l | ) The phonon Raman spectra of
0.95 1 1.05 1.1 1.15

Bi,Sr,Ca; ,Y,Cu,Og.4 single crystals and polycrystal-
line samples have been investigated over the full composi-
tional rangex=0-1. Single-crystal room-temperature mea-
surements were performed in the five main polarization
geometries, including the “difficult’c-axis-polarized geom-
circles. For a comparison, the correspondiBig, O, frequency etry. Additional measurements of polycrystalline samples
for RBa,CusO, 4 [open triangles(Refs. 63 and 64 and have been performed at room temperature and=ag0 K.
RBa,Cu,0g [open squaretRef. 67] are also plotted in the same FOr X<<0.5 the samples were found to be superconducting,
figure. The solid line is on|y a guide for the eye. with a maXimUmTC of =92 K for 0.1<x<0.3. From the
dependence on polarization directions and Y doping, and
from a comparison with other Bi-based cuprates, we identify

(x=0.6) as can be seen in, e.g., Figs. 7-9. Bg 287
cm~! phonon becomes more and more symmetric with in-th_e (6A19+_1Blg) symmery modes that are Ra_man allowed
ithin the ideal body-centered-tetragonal unit cédpace

creasing Y doping. These effects are most probably direct/ - :
manifestations of the decrease in the number of charge caflfouP I'4/mmn). A number OT additional ﬁ|sor<jer—
riers induced by Y doping. The smaller number of holes ini"duced” phonon bands occur in theb-plane-polarized
the Y-substituted samples both leads to a reduced metalligPectra- For increasing degree of ¥ doping we find that the
screening within and between adjacent Gu@yers, leading u_Allg mode at 145 cm®, the Ql)c, 81_91 '.””Ode at 287

to larger CuG bond polarizabilities and phonon intensities, M " angl t_he (Dl?cu Ag moqle at 409 cm* increase dra-
and to a weaker electronic Raman background resulting in g1at|ce_1lly in intensity. We attribute this effect to the reduced
less prominent Fano asymmetry. Similar effects have alsg'€t@llic screening in the Cufplanes, that can be expected

been observed for the corresponding vibrations related to thd the hole-depleted Y-doped samples. The decreasing carrier
CuO, planes in YBaCu;0 when oxygen is removed concentration also manifests itself in the disappearance of the
fromzthe structurd-13 $-7-d Fano asymmetry of the @), B;4; mode. The @), and
; : 0O(2) ¢, phonons exhibit substantial frequency changes with
Figure 11a) shows that the )¢, B;4 phonon hardens Sr. -
dramatically by~40 cm~! when the Y content increases Y doping. While the two @L)c, modes harden by-40

1 _1
from x=0 to x=1. Figure 12 shows the variation of the ™ - the (IZ)SL Aig moie at 629 cm* softens ~20
phonon frequency with the average CdY 3* ionic radius ¢M  betweenx=0 andx=1. These frequency changes,

for the different compositions. We also compare with what which_are similar _to what has been reported for the corre-
has been reported for the corresponding,®,, mode in sponding modes in th&Ba,Cu30;_q superconductor for

RBa,C0, 4 (R123; R=rare-earth elemen&®* and decreasing rare-earth ion size, are mainly of a structural ori-

RBa,Cu,0g (R124) % The similarity between the Bi2212 g?n. F_or increasing, the decre_ase in the average Ca/Y ra-
andR123/124 systems is striking. For the latter systems th%ulS is expected dto cauTe anr_l‘t‘ernafl phresscuré onbthtz
change in the @, B14 phonon frequency can be explained (@) cy atqms and an elongation of the Cud, bon

by the change in size of the3* ions, since the electronic length which results in the observed phonon frequency

; - : changes. In the case of thg2Dg, A;4 mode it is also pos-
?Vz?tﬂetrr?ssefégprggrzeogzlesg_1'2?5? g;r;?li?lgoig:gerg;ﬁt ﬁna sible that additional but non-negligiblgcharge—transfér
contraction of the @,Cu and QR bonds, larger force effects contribute to the phonon softening.
constants and a higher phonon frequency. Moreover, since
the frequency of thé8;y O, mode increases by only5
cm~! on going from the superconducting YB@u;0; to
the nonsuperconducting YB&u;Og, the change in Cu va-
lence does not largely affect the energy of Byg O¢, pho-
non in theR123 system. From this view point, the hardening  The authors would like to thank Dr. M. Kaw&rhe In-
of the B4 O(1) ¢, mode in B, Sr,CaCw,0g. 4 With Y sub-  stitute of Physical and Chemical Researahd Dr. R. Sekine
stitution can be primarily explained in terms of the change in(Tokyo Institute of Technologyfor fruitful discussions. M.

Average ionic radius (A)

FIG. 12. Variation with the(averagg ionic radius of the fre-
quency of theB, 4 O(1) ¢, mode of BLSr,Cay _Y ,Cu,04. 4 (solid
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