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Raman-active phonons in the high-temperature superconductors
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We report Raman results from single crystals of the 10-K superconductor Bi;SroCuQOs, which
has one Cu-O plane per primitive unit cell. All 44,, phonons are observed, and the spectrum is
very similar to that of the two Cu-O plane phase Bi2CaSr,Cu;Os. This similarity is correlated
with the structures of these two materials. A general comparison of the Raman-active modes in
all the high-T. cuprate superconductors is given. This comparison highlights the similarities of

the phonon spectra.

INTRODUCTION

The rare-earth copper oxide high-7, superconductors
have been intensely studied, but many features in these
materials remain unexplained. The discovery! of a new
family of cuprate superconductors with ideal formula
(Bi/T1),Ca,-(Sr/Ba);Cu,O4+2,, with n=1,2,3, and
perhaps larger values, allows new insights into these ma-
terials. This paper deals with the phonon characteristics
of these Cu-O plane-containing superconductors. We pre-
viously reported? single-crystal Raman data on the Bi
phase containing two adjacent copper layers, abbreviated
Bi(n=2), as indicated in Table I. We present single-
crystal data for the A, phonons in Bi;Sr,CuQg, that is
the Bi(n =1) material. In a separate section, Raman data
for all the high-T, cuprate superconductors are compared,
in order to gain further understanding of the general
features of these phonons.

All the compounds considered here contain copper lay-
ers perpendicular to the ¢ axis in tetragonal or slightly
orthorhombically distorted unit cells. They are abbreviat-
ed as indicated in Table I. The meaning should be fairly
clear. La-Sr-Cu-O has the K;NiF, structure. Where
used, n is the number of Cu-O planes in the primitive unit
cell. Tl 1:2:3 is a new material,? which is structurally very
close to Y 1:2:3. La-Sr-Cu-O has one Cu-O plane and
both Y 1:2:3 and T1 1:2:3 have two Cu-O planes. Figure 1
shows many of the structures.

TABLE 1. General information for the high-temperature su-
perconductors discussed here.

Raman

Symbol Formula T. (K) n? modes
La-Sr-Cu-O Laj—,SryCuO,4 36 1 241,
Bi(n=1) Bi2Sr2CuOs 10 1 44,,
Bi(n=2) Bi,CaSr,Cu,;0s 85 2 6A1,+Bi,
Ti(n=2) T12CaBa,Cu,0s 105 2 6A41,+Bi,
Ti(n=3) TI1,Ca;Ba;CusOio 125 3 TA 1g+Big
Y 1:2:3 YBa;Cu307 92 2 44 1g +Blg
Tl 1:2:3 TiCaBa;Cu,09 60 2  44,+By,
“Number of Cu-O planes per primitive unit cell.
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Throughout this paper we use the tetragonal notation to
classify the normal modes; thus, the irreducible represen-
tations of the point group 4/mmm-Dyg;, are used. This has
the important advantage that all the high-temperature su-
perconductors can be easily compared. For the materials
that are actually orthorhombic, the deviations from
tetragonal symmetry are small, and the splitting of the
phonon frequencies seems to be small or negligible. If re-
quired, the reduction of the irreducible representations
from tetragonal to orthorhombic point groups is trivial
with the use of correlation tables. .

Unlike infrared-active modes, only certain atoms parti-
cipate (vibrate) in the Raman-active modes, with only two
kinds of motion. For Raman-active modes that have 4,
and B, symmetry, the vibrating atoms can only move
along the c axis. For modes that have F, symmetry, the
atoms only move in the ab plane (perpendicular to the c
axis). These latter modes seem to be very weak, and very
few have been reported in these materials. Thus,
throughout the paper, only modes with A,z and B, sym-
metry will be mentioned and discussed.

EXPERIMENT

The Bi(n=1) superconductor first reported by Michel
etal.,* was largely neglected in recent physico-chemical
studies of cuprate superconductors. The reasons for this
are, (i) its low T, (ii) difficulties in the synthesis of the
superconducting phase in the Bi-Sr-Cu-O system. Super-
conductivity in the Bi(n=1) occurs only in a narrow
range of compositions.®> Single crystals of both supercon-
ducting and nonsuperconducting Bi(n =1), with a similar
structure, were grown by slow cooling from CuO-rich
melts>¢ at 900-1200°C. Crystals were characterized by
x-ray diffraction (precession camera) and analyzed by
electron microprobe.?

The Raman measurements of Bi(n=1) were carried
out in backscattering from large ab-face crystals. Then,
the four 4, (44,;) allowed phonons should be observ-
able. In terms of polarizations and directions, this can be
written as z(xx)z to denote z as the direction of the laser
and signal, and x as the direction of polarization of the
light in both cases, which yields modes that have 4, and
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Bi(n=1)
Bi,Sr,CuO,

Bi(n=2)
BizCﬁszCUzOS

Y123
Y832CU307

FIG. 1. The structures of some of the high-temperature superconductors, with the conventional crystallographic unit-cell outlined.
Labeled atoms are those that can vibrate in phonon modes transforming as the A4, and B, irreducible representations of the

4/mmm -Dg4y, point group. (See the text.)

B, symmetries. [However, remember that for Bi(n =1),
only 4, modes are allowed.]

RESULTS FOR Bi(n=1)

The upper part of Fig. 2 shows the experimental Raman
data from superconducting single crystals of Bi(n=1).
Four lines are observed, in agreement with the number ex-
pected from group theory? (Table I), and the frequencies
are given in the figure. The feature labeled P is a plasma
line.

These spectra can be compared to two published results
on ceramics’ and “highly oriented polycrystals.”® The
ceramic data show some intense sharp lines’ but are in
poor agreement with the results shown here and in Ref. 8.
The highly oriented polycrystals® show broad, weak, and
unlabeled features. However, some of these features are
in reasonable agreement with the lines reported here.

We have measured Bi(n =1) samples that are not su-
perconducting as well as those that have 7. =10 K, and
find essentially the same Raman results so that the fre-
quencies in the figure seem appropriate to the Bi(n=1)
phase in general and are listed in Table II.

In the  lower part of Fig. 2, our Raman results for
Bi(n=2) single crystals (T.=85 K) are shown.? The

similarity to the Bi(n =1) spectrum is striking, in spite of
the structural difference established by single-crystal x-
ray diffraction. The reason for the similarity will be dis-
cussed in the next section.

RESULTS FOR OTHER HIGH
HIGH-T. SUPERCONDUCTORS

Many Raman measurements have been reported for Y
1:2:3, but for other cuprate superconductors less data are
available. For each of the high-temperature supercon-
ducting materials listed in Tables I and II, the data that
we use are briefly discussed, and the quoted papers should
be consulted for complete references. Only results from
single crystals will be considered, because some impurity
modes have been found in ceramic samples. Also, only
A and B, phonons are discussed. We follow the order
of Table II (from left to right).

La-Sr-Cu-0. The results from single crystals seem
fairly conclusive.’ The frequencies at 226 and 430 cm ~!
(Table II) are reasonably independent of the amount of
substituted Sr, and of the orthorhombic distortion.

The lattice dynamics of materials with the K,NiF,
structure have been studied extensively by Geick and co-
workers, '° and extended to La-Sr-Cu-O by Prade et al. !
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FIG. 2. The room-temperature polarized Raman data from
single-crystal Bi;Sr,CuQg, Bi(n=1) (top), and Bi»CaSr,Cu,Os,
Bi(n =2) (bottom).

The high-frequency 4, Raman-active mode involves the
motion of mostly the light O, atoms moving against each
other along the c axis. The lower-frequency 4, mode in-
volves the same sort of motion, but mostly of the heavy La
atoms.

Bi(n=1). The Raman spectrum is described above
(Fig. 2). The frequencies measured in single crystals are
listed in Table II.

Bi(n=2). Frequencies from single crystals® (Fig. 2)
are listed in Table II.

This material has two Cu-O planes per primitive unit
cell, so Raman vibrations due to motion of the atoms in
these planes become allowed.? With 45° crossed polariza-
tion Raman measurements, Cardona et al. ® have detected
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the B, plane mode at 282 cm ~! which is also listed in

Table II. Two A, modes have not as yet been detected.

TI(n=2). McCarty et al. '? have obtained Raman spec-
tra from this material and the frequencies are listed in
Table II. Using the micro-Raman technique, they were
able to separate domains with different n values in the
same “single” crystal.

The group theory for Tl(n=2) and Bi(n=2) is the
same if we assume tetragonal symmetry. If sharper Ra-
man or infrared lines can be observed in Tl and Bi com-
pounds, it will be interesting to look for indications of the
lowering of the symmetry, but for now we neglect this
effect.

TI(n=3). McCarty et al. '? have reported Raman spec-
tra for this material and the frequencies are listed in Table
II.

By use of the group-theoretical results already ob-
tained? for Bi(n =2), it is straightforward to determine
under which irreducible representations the phonons in
this material transform.'> The Raman modes of interest
are listed in Table I.

Y 1:2:3. The frequencies listed in Table II are from
previous single-crystal studies,'* 16 and these papers
should be consulted for further references. Also available
are several lattice-dynamic calculations'”!® on Y 1:2:3,
which are helpful for the analysis.

TI 1:2:3. McCarty et al.'® have reported Raman data
in this material, and the frequencies are listed in Table II.
This material is essentially isotstructural with Y 1:2:3,
with TI replacing the chain Cu atoms, Ca replacing the Y
atoms, and a rearrangement of the chain O atoms which
causes the T1 atoms to become octahedrally coordinated.

DISCUSSION OF THE RAMAN-ACTIVE MODES

Fortunately, the frequencies of all the allowed modes
for the relatively simple La-Sr-Cu-O and Bi(n =1) struc-
tures are known. This allows us to progress from the sim-
plest to the more complex materials, discussing the
Raman-active modes and their frequencies (from left to
right in Fig. 1 and Table II). Assignments for some of the
modes that are discussed here have already been suggest-
ed by many workers,” "!? and we do not claim extensive
originality. Our aim here is to present a rather complete
and unified picture of these phonons in all the cuprate su-
perconductors.

TABLE II. The frequencies (in cm ~') of the measured Az and B, Raman modes active in the vari-

ous materials. See text for the labeling of these modes.

La-Sr-Cu-O Bi(n=1) Bi(n=2) TI(n=2) Ti(n=3) Y 1:2:3 TI 1:2:3
92
196 Bi 164 Bi 134 TI 129 Tl 108 Ba 120 Ba
[157 Cu(pD] 152 Cu(pl) 148 Cu(pl)
226 La
(284 Sr) 309 Sr 292 Sr
282 By, 340 By, 278 B,
409 O(pl) 440 O(p))
430 O, 455 O, 464 O, 493 O, 498 O, 504 O, 525 O,
625 Oocta 625 Oocta 599 Oocta 599 Oocta
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La-Sr-Cu-0O. This material has only 2A4,, allowed
modes and they only involve motion of La and O, atoms,
as has been discussed. From the mass ratios and lattice-
dynamic calculations, it is clear that the lower-frequency
mode involves mostly the heavy La atoms, and is listed as
226 La in Table II. Similarly, the higher-frequency mode
is listed as 430 O, in Table II. The assignment in this ma-
terial is particularly simple because there are only two
atoms involved in two modes.

Note the positions of the La and O, atoms. For the 4,
motion, O, vibrates along the ¢ axis with a heavy metal
atom above it and a Cu-O plane below it; the bonding of
O, to the Cu-O plane atoms is probably weak, as indicat-
ed by the large distance to the Cu-O plane. The La atom
vibrates with an O, atom below it and a “vacancy” in the
Cu-O plane above it.

The other materials considered here contain Sr atoms in
a similar environment as the La atoms in La-Sr-Cu-O.
The corresponding frequency is 226 cm ~! multiplied by
the square root of the La/Sr atom mass ratio, which yields
284 cm ! (listed in Table II as 284 Sr). This is approxi-
mately the expected frequency of this mode in La-Sr-Cu-
O if Sr atoms replace the La atoms without significantly
changing the force constants.

Bi(n=1). The structure of this material is shown in
Fig. 1. Like La-Sr-Cu-O, it has only one Cu-O plane per
primitive unit cell, but it contains more atoms, and this
leads to 44, Raman-allowed modes.

There are two important structural units in this materi-
al, from a Raman vibration point of view: (i) the Cu-O
plane, (ii) the ordered sequence of atoms along the ¢ axis
O, -Bi-Oy,-Sr (see Fig. 1). In fact, with only small
modifications, this ordered sequence is common to all cu-
prate superconductors that have a body-centered struc-
ture.

As in La-Sr-Cu-O, only atomic motion along the ¢ axis
(perpendicular to the Cu-O plane) gives rise to the 44,
Raman-active modes. The four atoms involved in the
Raman-active modes are precisely the atoms in the or-
dered sequence O,-Bi-Oq,-Sr. However, the local envi-
ronment of two of these atoms is the same as in La-Sr-
Cu-O (Fig. 1). For this reason, and because of the prox-
imity of the frequency to the 430 O, mode in La-Sr-Cu-
O, the 455-cm ~! mode in Bi(n =1) can be assigned to vi-
brations involving mostly O, atoms (455 O, in Table II).

The same reasoning allows us to assign the 309-cm ~
mode in Bi(n=1) to a phonon involving mostly Sr atom
vibration, and this is listed as 309 Sr in Table II. For
Bi(n=1) this leaves the 193- and 625-cm ~! phonons to
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be assigned. The light Oy, atom, which has six metal
atom neighbors (5Bi+Sr), should be more strongly bond-
ed than O,, and thus vibrate at a higher frequency. So the
625-cm ~! vibration is assigned to this oxygen atom (625
Oqcta in Table II). The lowest-frequency mode at 196
cm ! should be assigned to atomic motion of the heavy
atoms, namely Bi, and is listed accordingly in Table II.
The validity of these assignments can be tested by com-
parison to the other superconductors.

Bi (n=2). The Bi superconductor with two Cu-O
planes has mode frequencies very similar to those found
for Bi(n=1). This may seem surprising since there are
three more Raman-active modes expected in Bi(n=2)
than in Bi(n=1), as noted in Table 1. By polarization
measurements, one of these modes, the B, mode, is found
at 282 cm ~! and listed in Table II. However, there are
still 24, modes to be accounted for.

These new 24, modes in Bi(n=2) are due to the
motion of the Cu and O atoms in the Cu-O planes. Their
symmetry-adapted vectors are shown in Fig. 3, along with
the normal mode of the other (B;) Raman-active mode
from the Cu-O plane. These 24, modes have been ob-
served in other materials (see below), but are often weak.
This may explain why they have not been observed as yet
in Bi(n=2).

The four observed modes in Bi(n=2) can be under-
stood by our taking into account the ordered sequence
O;-Bi-Oqa-Sr, which occurs with the same surroundings
in the Bi(n=2) as in Bi(n=1) (Fig. 1). Thus, similar
frequencies and eigenvectors can be expected for phonons
involving the motion of these atoms. This is indeed ob-
served and the modes for Bi(n =2) are labeled according-
ly in Table II. The correspondence of the frequencies be-
tween Bi(n=1) and Bi(n=2) for this ordered sequence
of atoms is remarkable.

Ti(h=2). The lowest-frequency mode and the two
highest-frequency modes in the spectrum are intense.
Since the structure is essentially the same as that of
Bi(n =2), similar frequency modes should be expected.
The two highest-frequency modes are very close to those
observed in Bi(n=2) and are thus assigned similarly.
The 134-cm ~! mode undoubtedly involves mostly the
heavy Tl-atom motion, and is so labeled. It appears that
the mode that primarily involves the motion of the heavy
alkaline-earth atoms is not observed. This compound in-
cludes two particular modes at 157 and 409 cm ~!, which
have no obvious correspondence in the compounds previ-
ously discussed.

Structures with two or more Cu-O planes have

FIG. 3. The 24g+ B1; Raman-active modes with displacements along the ¢ axis from materials with two Cu-O planes per primi-
tive unit cell. (The normal mode for the B, phonon, rather than the symmetry adapted vector, is drawn.)
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2A4,,+ B, modes due to atoms in these planes, as shown
in Fig. 3. This is also the case in Y 1:2:3 where these
modes were identified (see below). Considering the simi-
larity of the frequencies between T1(n =2) and Y 1:2:3,
and the lack of correspondence to any other modes ob-
served in Bi(n=1) and Bi(n=2), we assign the weak
409-cm ! mode in Tl(n =2) to the high-frequency Cu-O
plane mode (Fig. 3), and it is labeled 409 O(pl) to note
that it involves mostly motion of oxygen atoms in the Cu-
O plane. The other Cu-O plane 4, mode, which involves
mostly motion of the heavier Cu atoms (Fig. 3), must be
at a lower frequency, and is assigned, and labeled as 157
Cu(pl) in Table II. It is shown in parentheses because it
is a weak shoulder in the measured spectrum'? and not
noted as a mode by the authors of Ref. 12.

If the modes involving primarily Ba motion (expected in
the 240-cm ™' range) and the Bj, mode are observed, it
will be interesting to compare their frequencies to the oth-
er modes listed in Table II.

TI(n=3). The insertion of an extra Cu-O plane and an
extra Ca atom in T1(n=2) to form Tl(»=3) adds only
one extra Raman mode (Table I and Ref. 13). The reason
for this is that the central plane is at a mirror plane, and
thus yields no Raman-active modes. The new mode comes
from mostly Ca-Ca vibration. Thus, Raman modes in
T1(n =3) and T1(n =2) should be very similar, except for
this additional Ca-Ca mode.

As yet, only a few modes have been reported in
TI(n=3) as indicated in Table II. Note that the two
highest modes have very similar frequencies to those
found in Bi(n =1), Bi(n =2), and T1(n =2). This is con-
sistent with the presence of the similar ordered sequence
of atoms O,-Bi/T1-Og,-Sr/Ba in all these compounds,
and these frequencies can be assigned accordingly. The
assignment of the 92-cm ~! mode is not made and more
experimental results should lead to a better understand-
ing.

Y 1:2:3. The structure of Y 1:2:3 is fundamentally
different from that of the materials discussed above. It
contains Cu-O planes, but no O,-heavy-atom-
Oocta—alkaline-earth ordered sequence. The Cu-O planes
lead to three phonons, 24, + B, (Fig. 3), which we ex-
pect to occur at similar frequencies as in the Bi and T1 cu-
prates. These are the 152- and 440-cm ~! modes, which
are the 24, phonons, and the 340-cm ~! B, mode.

Of the two other 4, modes in Y 1:2:3, the highest-
frequency one of 504 cm ~! is clearly associated with the
light O, atoms. Note that in Y 1:2:3, the O, atom is
bonded on one side to a Cu-O plane, and on the other side
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to a Cu atom that is part of a Cu-O chain, instead of a
heavy Bi or Tl atom in the previously discussed materials.
Yet this results in a fairly close frequency correspondence.

The 108-cm ~! mode found in Y 1:2:3 must be associat-
ed with the heavy Ba atoms which can vibrate in an 4,
mode (labeled 108 Ba in Table II). The atomic environ-
ment of Ba in Y 1:2:3 is different from that found in the
materials discussed previously, and in that sense it should
not be directly compared to the previously discussed heavy
atom vibrations.

TI 1:2:3. This material has a structure very similar to
that of Y 1:2:3. Four of the five allowed phonon frequen-
cies have been reported (Table II). Since the structures
are so similar, the labeling of the various phonons by anal-
ogy with Y 1:2:3 is straightforward.

It is interesting to note that the largest phonon frequen-
cy differences between this material and Y 1:2:3 should
come about when the chain Cu atom is replaced by a
heavy Tl atom, and the Y atom is replaced by a lighter Ca
atom. However, at these sites, Tl or Ca atom motion is
not allowed in any Raman-active mode. Nevertheless,
some large frequency changes should be expected in, for
example, infrared-active modes.

In summary, we have shown the similarities and
differences in the Raman spectra of the Cu-O plane con-
taining superconductors. All of the phonon modes can be
assigned, in a consistent manner, on the basis of a compar-
ison of the structures and group theory, with the exception
of the 92-cm ~! mode in T1(n =3). The similarity of the
Raman spectra of superconducting and nonsuperconduct-
ing Bi(n =1) shows that the occurrence or absence of su-
perconductivity in this compound is probably not due to
structural changes.

Finally, a recent lattice-dynamics calculation?' for
Bi(n=2) presents the k =0 results (including the Raman-
and infrared-active modes). The ordering of the calculat-
ed A, mode frequencies is in good agreement with our re-
sults. The two highest-frequency modes (calculated
values 493 and 517 cm ~!) involve primarily oxygen atom
motion, as discussed in this paper. The two midfrequency
modes (calculated values 182 and 387 cm ~!) arise from
the Cu-O plane and are mostly due to Cu(pl) and O(pl)
motion, respectively. The lowest-frequency modes (calcu-
lated values 87 and 167 ¢cm ~!) are basically similar to
those discussed here, but have slightly more complicated
eigenvectors. This type of lattice-dynamic calculation is
helpful in the understanding of these complicated materi-
als, and hopefully will be extended to other materials with
a different number of Cu-O planes.
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