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The results of group-theory analysis, lattice dynamical calculations, and experimental data on the vi-
brational spectra of perovskitelike superconductors have been considered together. The layer descrip-
tion of phonon subsystems in these materials has been shown to be valid. The quasi-two-dimensional na-
ture of the phonon subsystems has been established. The genesis of the bulk modes has been studied. It
has been shown that optical vibrations in these crystals can be divided into 3(N, —1) interlayer and
3(N4—N_) intralayer modes where N; and N, are the numbers of layers and atoms per primitive unit
cell, respectively. The interlayer bulk vibrations originate from acoustic layer modes whereas the in-
tralayer modes are induced by optical vibrations of isolated layers. A sandwich conception of the high-
T, superconductivity mechanism is discussed based on the different roles of different layers.

I. INTRODUCTION

At the present stage of investigation of high-T, super-
conductors, the most intriguing questions concern the
common features of all perovskitelike-superconductor
phonon spectra, and whether phonons are involved in the
pairing mechanism for electrons. In this paper, we try to
throw light on these problems.

The perovskitelike compounds have a pronounced lay-
ered structure. This gives rise to the quasi-two-
dimensional (2D) behavior of the electron subsystem in
these crystals. However, the question of the influence of
the layered structure on the vibrational spectra remains
open.

In Ref. 1, within the framework of the single-layer ap-
proach, a group-theory analysis of normal vibrations in
Bi-based superconductors was performed. The crystal
structure was artificially separated into individual layers
and the layer mode symmetry was analyzed. However,
unlike the case of the well-known layered crystals (As,S,,
GaSe, etc.), the validity of such a separation is not obvi-
ous. Moreover, the choice of the division of the structure
into individual layers is also ambiguous. In this paper,
we verify the validity of the single-layer approach to the
analysis of vibrational spectra of perovskitelike com-
pounds by comparing the results of group-theory analysis
with lattice dynamical calculations, and experimental
data.

The paper is organized as follows. In Sec. II, the pro-
nounced layered structure which is a general feature of
perovskitelike superconductors is studied. All these com-
pounds are built of a limited number of single layers. The
layers are the common elements of the different supercon-
ducting compounds (Y, Bi, Tl based). This is used in
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Secs. III-VII in analyzing the symmetry of phonons, the
vibrational spectra, and the role of phonons in the high-
T, superconductivity (HTSC) mechanism.

In the high-T, superconductors under consideration,
the number of atoms per primitive cell is relatively large.
Hence, their vibrational spectra contain many lines
whose assignment is rather complicated. However, the
pronounced layered structure of these materials makes it
possible to obtain additional information about lattice dy-
namics within the framework of symmetry considerations
only.l_4 Within such an approach, for La-, Y-, Bi-, and
Tl-based superconductors, the symmetry of normal
modes of isolated layers is analyzed; the layer vibrations
are classified into acoustic and optical modes; and the
bulk vibrations are classified into interlayer and in-
tralayer modes (Sec. III). As a result, the symmetry
correspondence between layer and bulk modes is estab-
lished.

The results of lattice dynamical calculations for
YBa,Cu;0, crystals are presented in Sec. IV. In these
calculations the general valence-force-field model is used.

In Sec. V, we analyze the data obtained by Raman
spectroscopy, which serves as a tool for obtaining infor-
mation about lattice vibrations. A reliable interpretation
of Raman-scattering spectra has been made for the
YBa,Cu;0,_; superconductors.””’ To interpret with
confidence the vibrational spectra of multi-component
Bi-based superconductors, we carried out in Ref. 1 a
comparative analysis of Raman spectra for a number of
compounds formed by consecutive addition of new lay-
ers. As a consequence, it was established that the fre-
quencies of Raman-active modes corresponding to the vi-
brations of atoms in certain layers varied insignificantly
in different Bi-based compounds. That is to say, these
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frequencies are the signatures of the layers. In this paper,
we extend this conclusion to most principal superconduc-
tor families.

The main results of the group-theory analysis, the lat-
tice dynamical calculations, and the analysis of general
characteristics of the Raman spectra are summarized in
Sec. VI. The conclusions of this section are used to ana-
lyze the “sandwich’ model of high-T,. superconductivity,
which is discussed in Sec. VII. Within this conception,
the different layers are assumed to have different roles:
the CuO, layers determine the electron-subsystem prop-
erties, and the separating layers induce high-frequency
A, phonons which determine T, ., within each of the
superconductor families.

II. LAYERED STRUCTURE OF HIGH-T,
SUPERCONDUCTORS

In this work, we analyze different high-T,. supercon-
ductors, namely those that are Y, Bi, and Tl based. To
simplify comparison of vibrational spectra of different
compounds, we propose an easy notation scheme (Fig. 1).
It is based on the general layered structure of these ma-
terials. Since, in perovskitelike cuprates, each oxygen
atom is in a certain metal-oxygen layer, this atom is la-
beled O, with a subscript denoting the metal atom in this
layer. For example, the oxygen atom in the BiO layer is
labeled Og; and that in the SrO layer is denoted as Og;.

The copper atoms belonging to double CuO, layers are
labeled as Cu whereas those in single CuO, layers are
denoted as Cul (Fig. 1). Similarly, the oxygen atoms in
CuO, layers of tetragonal compounds are labeled O,
whereas the nonequivalent oxygen atoms O, and Og, in
orthorhombic compounds are denoted by a prime. The
oxygen atoms in the single layers are denoted as Ogy;.
For further analysis it is essential that the double CuO,
layers are corrugated whereas the single CuO, layers are
flat.

As an example of materials with layered architecture,
let us consider Bi-based superconductors. The non-
superconducting compounds without copper,
Bi;, _,(Sr,_,Ca, )XOL5_X/2,1'8 could be chosen as parent
structures of Bi superconductors. The other compounds
of the Bi family can be built up by a consecutive insertion
(layer by layer) of additional layers into the parent

structure: (Bi,Ca)Os— (Bi,Sr)Os— Bi,Sr,CuOg
Y-1:2:3 TI-2:2:2:3 Bi-2:2:2:3
CulOg,; °eose  TIOy omome BiOg
BaOgq 00000 BaOg, 00000 SrQOsg,
CuOc, Gy, oeoeo Cu(Ogy)a  ceoceo Cu(Ocu)2
Y e e Ca o ® ® Ca
ceoceo Cu‘[(OCm)z ceceo CUT<OCUN\>2
00000 )
00000

omomo

FIG. 1. Layer composition of crystal structures of high-T,
superconductors. The notations of the atoms are given along-
side each layer.
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— Bi,Sr,CaCu,04— Bi,Sr,Ca,Cu;0,,— Bi,Sr,CaCu,0 .
The systems most investigated are the
Bi,Sr,Ca, ,Cu,0,, ., crystal family, including Bi-
2:2:0:1 (n =1), Bi-2:2:1:2 (n =2), and Bi-2:2:2:3 (n =3) su-
perconductors. Recently, Bi,Sr,CaCu;0;, (Bi-4:4:1:3)
crystals were synthesized’ and comprehensively studied.'
The Bi-4:4:1:3 primitive cell is formed from halves of the
Bi-2:2:0:1 and Bi-2:2:1:2 primitive cells.

The structures of Tl-based superconductors are also
well known. Note the essential difference of Tl-based su-
perconductors from the Bi-based ones: two Tl supercon-
ductor families with one or two TlO layers per unit cell
are known at present. The formulas of these families are
TIBa,Ca, _Cu,O,, ;3 and Tl,Ba,Ca, _,Cu,O,, ;4 The
representatives of the first family are structurally similar
to the 1:2:3 compounds, e.g.,, the YBa,Cu;O; and
CaBa,TICu,0, (n=2) crystals are isostructural. The
second family is analogous to the Bi,Sr,Ca, _,Cu,O,, .,
family, except that it is characterized by tetragonal sym-
metry with no evidence of the superstructure which is in-
herent in Bi-based superconductors.

The crystals of other HTSC families can be built up in
a similar way. According to the block-layer concept,!!
the structure of cuprate superconductors can be viewed
as a stack of conducting CuO, layers and different insu-
lating ones (the block layers).

III. GROUP SYMMETRY ANALYSIS

In this section, the phonon symmetry of isolated layers
is considered, the phonon symmetry of bulk crystals is
analyzed, and finally the relationship between layer and
bulk vibrational modes is established. For the complete
group-theoretical analysis of both layer and bulk phonon
symmetries, we use the method of induced band represen-
tations of space groups*!? which has proved to be much
more efficient than the factor-group method,!? especially
for crystals with a large number of atoms per primitive
cell and nonzero wave vectors k in the Brillouin zone
(BZ).

A. Layer phonon symmetry

The layers are systems with 2D translational and 3D
point symmetries. Therefore, the symmetry of a layer
can be described by one of the 80 diperiodic groups (DG)
in three dimensions. Each of these groups is a subgroup
of one of the 230 triperiodic space groups G.

In analyzing the crystal structures of perovskitelike
compounds, we have divided them into a set of single lay-
ers and established the corresponding symmetries of iso-
lated layers. The results are presented in Table I.

When determining the symmetry of isolated layers con-
stituting the HTSC compounds under consideration, we
take into account that the layer space group DG23 is a
subgroup of the corresponding triperiodic group
G=C},(Pmm2), DG37 is a subgroup of
G=D},(P2/m2/m2/m), DG55 is a subgroup of
G=Cl,(Pdmm), and DG61 is a subgroup of
G=D),(P4/mmm). Induced band representations of a
diperiodic group DG can be obtained from induced band
representations of a corresponding triperiodic space
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TABLE I. Layer composition of perovskitelike superconductors, space symmetry groups (DG) of isolated layers, layer mode symmetries ([, +T,,) and corresponding interlayer (', ,.,) and intralayer

(T;ptra) bulk mode symmetries.

Number of layers

Symmetry of

Bi, Tl

Ti
La,CuO, 1:2:3 1:2:0:1 1:2:1:2 1:2:2:3 2:2:0:1 2:2:1:2 2:2:2:3

isolated
layer

l-‘imm

I‘inter

I‘(‘Jp!

FSC

Layer

P2mm(DG23)
P4mm(DGS55)

CU(OC“ )2

A, +B,+B, 2A,+B,+By) A +By+Bs,+B, +B,, +B;, AA,+B,)+2By+By, )+ 2By +By,)

W)

(Ayg+ Ay, )+(Bg+By, )+ 2UAE +E,

A\ +E + Ay, +E,

A +B,+2E

A +E

P4/mmm

A,, +B,, +2E,

A,,tE,

A,,+B,, +2E,

A,,+E,

(DG61) 1

P2/m2/m2/m

Cul(Ogy,),
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Blu +BZu +BSu

By, +By, tB;,

Blu +B2u+B3u Blu +BZu +B3u

(DG37)
P2/m2/m2/m

CulOg,,

Blu +B2u +B3u

Blu +BZu +B3u

(DG37)
P4/mmm

Y

A,,tE,
Ay tByt By, +B,,+B,,+B;,

Ay, +E,
A,+B,+B,

(DG61)
P2mm(DG23)

Ca

(A +By,)+(Byg +By,)+(By +By,)

A,+B,+B,

BaO
BaO, SrO,

2

P4mm(DGS55)

LaO
T10,Bi0 P4mm(DGS55)

(A1g+ Ay, ) H(E,+E,)
(A + Ay, )+(E,+E,)

Ay +E,+ Ay, +E,

A +E
A +E

A +E
A +E

A +E +4,,+E,

P4/mmm

A4,,tE,

A,,+E,

A,,+E,

A,,+E,

(DG61)

TIO

group G.*

In this paper, we discuss in detail the symmetry
analysis procedure for the YBa,Cu;O, compound,
whereas only final results are given for Bi- and Tl-based
superconductors. The results of the group-theory
analysis of phonon symmetry in the Y, BaOg,, CulOc,;,
and CuO¢,Og, layers constituting the YBa,Cu,0, com-
pound are given in Tables II and III for the symmetry
points of the primitive rectangular (2D) BZ.

Tables II and III have the following structure.
Columns 1-3 contain the atomic arrangements over the
Wyckoff positions (sites in direct space). Column 4 con-
tains the Mulliken symbols of those irreducible represen-
tations (irreps) of the site symmetry groups for these
Wyckoff positions, according to which the components of
the vectors of local atomic displacements (x,y,z) trans-
form. The remaining columns give the labels of induced
representations in the k basis, with the symbols of k
points (wave vectors) in the first row of the tables and the
indices of small irreps of little groups in subsequent rows;
these determine the symmetries of the normal modes.
The labels of the layer group irreps correspond with
those of the related triperiodic group G. In these tables
and in all the following ones, the labeling of the space-
group irreps is that of Ref. 15, the labeling of the point-
group irreps is that of Ref. 16, and the site points q are
indexed as Wyckoff positions from Ref. 17.

From Tables II and III, one can easily write down the
full vibrational representation at any symmetry point of
the BZ. For example, for the CulOc,, layer, we obtain

r=2r; +2ry +2r; ,

X=2X; +2X; +2X; ,

Y=Y; +Y; +Y, +Y} +Y+Y],

S=S; +S; +S;+S{ +8,5+87 . (1

The corresponding vibrational representations at the
BZ center for a complete set of layers for YBa,Cu;0, to-
gether with the results for Bi- and Tl-based compounds
are presented in Table I. The layer modes at the BZ

TABLE II. Phonon symmetry in the CulOg,, and Y layers.
Primitive translations and site symmetry group for the direct
lattice are a,(1,0), a,(0,1) (in units of ab) and D,,(mmm)—
a(0,0,0), ¢(0,1,0), f(%,%,O) (in units of a;); for the reciprocal
lattice, b,(1,0), b,(0, 1) (in units of 27a,27b) and D,,(mmm )—

'(0,0), X(1,0), Y(0,), S(3,7) (in units of b,).

CulO¢,; Y P2/m2/m2/m(DG37) r x Yy S
1 2 3 4 5 6 7 8
Cul la b,,(2) 2 27 27 27

by, (») 4~ 4 47 4

b, (x) 3= 37 37 3

OCul le b],,(z) 2- 2- 3+ 3+
by, (y) 4~ 4- 1* 1t

by, (x) 37 37 2t 2t

Y 1f by, (2) 27 4% 3t -

by, (y) 4~ 2% 1t 3~

b3, (x) 37 1t 2%v 4
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TABLE III. Phonon symmetry in the Cu(O,), and BaO lay-
ers. Primitive translations and site symmetry group for the
direct lattice are a,(1,0), a,(0,1) (in units of ab) and
Cy,(2mm)—a(0,0,2), b(0,1,2), ¢(1,0,2), d(1,1,0) (in units of
a;); and for the reciprocal lattice, b,(1,0), b,(0,1) (in units of
2w/a,2w/b) and C,,(2mm )—T(0,0), X(%,O), Y(O,%), S(4 %)

2
(in units of b;).
Cu(O¢,); BaO

r

1 2 3 4 5
Cu Og. la a(z) 1
bz(y) 3
bl(x) 4
al(z) 1
4

1

3

4

1

3

4

P2mm(DG23)

b](X)
a,(z)
bz(y)
b](x)
a(z)
bz(y)
bl(x)

=N A= R DWW R W= | M
DN = W P W N = WP W= ~
WANRLNANLWRRWRLO® | W

center presented in Table I may be divided into “acous-
tic”” and ““optical” normal vibrations. Here and in future,
we call the vibrations corresponding to a motion of a lay-
er as an entity acoustic, and the others optical. It should
be noted that monatomic layers (e.g., Y layers) give
acoustic modes only. A layer with N; > 1 nonequivalent
atoms additionally gives 3(N; —1) optical modes.

Tables II and III also allow us to establish which atoms
and local atomic displacements contribute to the modes
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with a given symmetry. This is especially important to
interpret first- and second-order vibrational spectra. For
example, one can see from Table II that at the .S point of
the BZ the mode with symmetry S, is induced by z dis-
placements of Cul atoms, whereas the mode with sym-
metry S| is induced by y displacements of O, atoms.

B. Bulk phonon symmetry

In a similar manner, we have obtained the phonon
symmetry of the bulk YBa,Cu;0; crystals. The results
are presented in Table IV. (The phonon symmetry over
the entire BZ for Bi- and Tl-based crystals can be found
elsewhere. !+ 18720)

From Table IV, one can easily write down the full vi-
brational representations at the symmetry points of the
BZ. For example, at the ', Z, and Y points we have

['=5r} 450 +50; +8r; +8I'; +8I';

Y=7Y{ +4Y; +7Y] +3Y] +2Y; +6Y;
+4Y; +6Y, ,

Z=7Z}+7Z§ +7Z} +6Z; +6Z; +6Z; ()

where, at the I' point, the correspondence between two
traditionally used sets of notations is the following:
=4, I'{f=B,, I'f=B,,;=B,, =8B, and
r,=8,,.

C. The correspondence between layer and bulk modes

We now establish the correspondence between layer
and bulk modes. Since, for the YBa,Cu;0, lattice, the

TABLE IV. Phonon symmetry in YBa,Cu;0, compounds. Primitive translations and site symmetry
groups for the direct lattice are a,(1,0,0), a,(0,1,0), a;(0,0,1) (in units of abc) and D,,(mmm )—
¢(0,0,3), f(5,%,0), g(0,%,1); Cy,(2mm)—q(0,0,2), r(0,1,2), s(1,0,2), t(3,1,2) (in units of a,); and

'2072

for the reciprocal lattice, b,(1,0,0), b,(0,1,0), b3(0,0,1) (in units of b;) and D,,(mmm)—TI(0,0,0),

X(4,0,0), Y(0,4,0), Z(0,0,1), S(4,1,0), T(0,1,1), U(%,0,1), R(4,+,1) (in units of b).
D}, (Pmmm) r X Y z S T U R
Cul lc  by,(2) 2” 2” 2” 1t 2- 1t 1" 1"
by (y) 4 4~ 4 3t 4~ 37t 3t 3t
b3, (x) 3" 3 3 4+ 3 4t 4+ 4+
Y 1If  by,l(2) 2- 4+ 3t 2” 1~ 3* 4+ 1-
by, (y) 4~ 2" 1" 4~ 3 1" 27" 3
by, (x) 3 1t 27 3 4~ 27t 1t 4~
OCul lg blu(z) 2- 2- 3+ 1+ 3+ 4~ 1+ 4~
by, (y) 4~ 4~ 1" 3t 1" 2- 3t 2”
by, (x) 3 3 2 4+ 27" 1~ 4+ 1-
Op. 29 a2) 1,27 1,27 1t20 120 1t2t 1t 1%,2° 1%,2”
Cu b,(x) 37,47 37,4%  37,4% 3747 3747 3747 37,4% 37,4"
by(y) 3%,47 3t 47 3t 4" 3t 4T 3T 47 3t 47 3t 47 3t,4”
Oce 2r  ay(z2) 1,27 1%,20 3t4- 127 3t4T 3t 47 1,27 3,47
by(x) 37,47 37,47 172t 374% 17,27 17,2t 374% 1-,2%
by(y) 3%,47 3t4~ 1t 20 3t4° 1t20 1t20  3t4T 17,2~
Oce 25 ay(2) 17,27 37,47 1t27  1t,27  37,4% 1t27 37,47 37,4%
bi(x) 37,47 1,27 37,4Y 37,4%Y 1727 3747 1%,2° 1*,27
by(y) 3%,47 17,2% 3t4° 3t 4 172% 3t 4° 17,27 17,27
Ba 2t ay(2) 17,27 37,47 3t4° 1727 17,2t 3t 47 37,47 17,2%
bi(x) 37,4% 1t27 17,2% 374%v 3t 4- 17,27 17,27 3%.4°
by(y) 3%,47 172 1t 27 3t 47 37.4% 1% 2” 17,2% 37,47
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layer groups DG23 and DG37 are subgroups of the space
group of the bulk crystal (D},), the mode correspondence
can be obtained by the direct induction procedure.*

For the Y layer, the layer modes transform into the fol-
lowing bulk modes

Iy »T;+2Z;; Ty »>Ty+Z;; Ti—Ti+Z;,
(3)

whereas those of the CulOc,, layer transform into

Iy ->I;+Z}; T7>T;+Zf; T, >, +Z5 .
4)

The layer vibrations of Cu(O¢,), and BaO layers trans-
form into the following bulk modes

-+, +zH+25 ;
-+, +zr+z; ;
,—ri+ry+z+z; . 5

Taking into account that the perovskitelike crystals
have pronounced layered structures and supposing that
intralayer interactions are stronger than interlayer ones,
it is natural to assume that the normal-mode spectra con-

r,=T,+T,,=(A4,+B,+B,)+(24,+2B,+2B,)

opt
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sist of intralayer and interlayer vibrations. The latter are
superpositions of displacements of different layers relative
to each other.

Since acoustic layer modes at the BZ center correspond
to the translations of a layer as a whole, they transform
into interlayer bulk modes. The optical layer modes
transform into intralayer bulk modes.

Thus, for the Y layer, the general relationship between
layer (I"; ) and bulk crystals (I'c) modes is the following

r,=r,+r,,=(8,,+B,,+B;,)+(0)
—T=T

opt

+T,

inter intra

=(B,,+B,, +B;,)+(0), 6)

whereas for the CulOc,, layer we have

I‘L =Fac+ropt
=(B,, +B,, +B;,)+(B,, +B,, +B;,)

—Te=T+T;

inter intra

=(B,, +B,,+B;,)+(B,,+B,,+B3,) . (7

Similarly, for the Cu(Og,), layer, the mode relationship is

—Cc=Tipter t Tintra={(A4, + B, + By, + B3, + B3, +B,,)+2(4,+B,, + By, +B3, +B;, +B,,), (8)

whereas that for the BaOg, layer is

[, =Ty +Co=(4,+B+B,)+(A4,+B,+B,)

—TCc=Tipert Tinra=(4, +By, +B,; + B3, + B3, +B,,)+(4,+B,, + By, + B3, +B;,+B,,) . 9

Summing the contributions of the layers, we obtain the result that, for the YBa,Cu;0; crystal, the full vibrational
representation at the I" point of the BZ can be divided into acoustic, interlayer, and intralayer optical modes as follows:

Tc=T,+Tinert Tinera=(By, + By, + B3, )+ (24, +3B,,+2B,, +3B;, +2B;, +3B,,)
+(34,+4B,,+3B,,+4B,, +3B;,+4B,,) . (10)

(Similar results for a complete set of layers in La-, Bi-,
and TI- based compounds are listed in Table I.)

So, the main results of the group-theory analysis are as
follows.

(i) In YBa,Cu;0,, the bulk modes can be classified into
three acoustic modes, 15 interlayer modes (originating
from layer acoustic vibrations), and 21 intralayer modes
(originating from layer optical vibrations). It is easy to
obtain the general case that the number of interlayer
modes is equal to 3(N, —1), where N, is the number of
layers per unit cell in the layered compounds under con-
sideration. The number of intralayer modes is equal to
3(N 4—N_) with N 4 being the total number of atoms per
unit cell.

Thus, the vibrational representation at the " point of
the BZ can be written in any one of the layered crystals
as follows,

[
=30 +3(Ny =Dl +3(N 4 =N ) - (0D

(ii) It follows from Eq. (5) that, for a weak interlayer in-
teraction, there is a small frequency splitting of intralayer
modes. In this case, the frequencies of the intralayer bulk
phonons with symmetries T';" (4,) and T'; (B,,) as well
as Ty (By,) and Ty (B,,) or Ty (B,,) and T; (B3,)
modes should be close. Since the space group of
Cu(Oc¢,), and BaOyg, layers does not contain an inversion,
the layer modes I'; (4,), T'; (B,), and T, (B,) are both ir
and Raman active. At the same time, the space group of
the bulk crystal contains an inversion. Therefore, in the
corresponding Davydov doublets originating from the
layer optical modes, the even components I'}" (4,), ri
(B3,), and r (B,,) are Raman active whereas the odd
components I';” (B,,), I'y (B,,) and I'; (B;,) are in-
frared active. It should be stressed that the magnitudes
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of the splittings are determined by the interlayer interac-
tion. Thus, the intralayer modes of noncentrosymmetri-
cal layers induce Davydov doublets in centrosymmetrical
bulk crystals. In YBa,Cu;0;, there are three (4,,B,,),
three (B3,,B,,), and three (B,,, B3,) doublets.

(iii) One can also see from Egs. (4), (5) that the fre-
quencies of the corresponding intralayer bulk modes at
the I' and Z points should be close. In other words, the
intralayer modes are almost dispersionless along the I'-Z
symmetry line. This correlates with the results of
theory?! and has been proved to be correct by neutron-
scattering experiments. It will be discussed below.

IV. DYNAMICAL CALCULATIONS

To comprehend better the properties of phonon subsys-
tems of high-T, superconductors, we have performed a
lattice dynamical treatment of the YBa,Cu;0, lattice
within a unified description of its potential function. The
results of similar computations of YBa,Cu;04 and
GdBa,Cu;0, will be presented in detail elsewhere.?

We used the general valence-force-field model (GVFF),
program code CRYME,? and the structural data deter-
mined at ambient conditions in Ref. 24. The force-
constant magnitudes have been derived from a fitting
procedure using the experimentally measured frequencies
of ir- and Raman-active modes,”~ 7% and the linear
compressibilities given in Ref. 26. The set of GVFF pa-
rameters adopted (see Table V) consists of diagonal
stretching constants S, -S,, diagonal bending constants
B, -B;, and two off-diagonal constants H |, H, describing
stretch-stretch interactions. The H, constant has been
found to be of extreme importance in reproducing some

TABLE V. Force constants for YBa,Cu;0;.

Atoms Distance (A)
involved or angle (deg) Value®
S Cul-Og, 1.837 1.8
s, Cu-Oc, 1.931 1.35
S, Cul-O¢,, 1.943 1.3
S, Cu-0p, 1.961 1.25
Ss Cu-Og, 2.315 0.7
S, Y-Op, 2.384 0.55
Y-Oq, 2.400 0.55
S, Ba-Oj, 2.743 0.27
Se Ba-Oc,, 2.880 0.23
S, Ba-Op, 2.960 0.2
Ba-Og, 2.996 0.2
So 0c,-Oc, 2.817 0.2
OL,-O%, 2.854 0.2
Su Ba-Cul 3.474 0.2
S Y-Cu 3.207 0.1
B, Oc,-Cu-Of, 88.87 0.45
B, OBS-CUI'OCM 90.00 0.45
B, Og,-Cu-Ol, 97.74 0.15
Og,-Cu-Oc, 98.42 0.15
H, Og,-Cul, Cul-Op, -0.2
H, Oc,-Y, Y-Oc, 0.13

2Force Cconstant units are: S;, mdyn/A; B;, mdyn A; and H;,
mdyn/A.
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of the principal peculiarities of the properties con-
sidered.?

The above force constants lead to the set of optical fre-
quencies given in Table VI for the BZ center I'(0,0,0)
and for the symmetry points Z(0,0,7/c) and
Y(0,7/b,0). The calculated displacement patterns cor-
responding to each of these modes in the BZ center are
also presented in Table VI. When analyzing this table,
one can come to some important conclusions, which we
discuss below.

A. Interlayer modes

Let us scrutinize the low-frequency vibrations. These
modes are usually attributed to the heavy-metal-atom vi-
brations, each of the vibrations being connected with
atoms of a certain kind. However, according to our com-
putations, another approach is more correct. It can be
seen from Table VI that most of the low-frequency modes
are formed by displacements of certain layers relative to
each other. What is more, for different atoms in one lay-
er, displacement amplitudes are close in some cases. So,
the displacement patterns resemble translations of layers
as a whole. These modes can be regarded as interlayer vi-
brations.

In particular, low-frequency vibrations of B,, and B;,
symmetries appear to be in-phase (with frequencies 78
and 79 cm™!') and out-of-phase (103 and 104 cm ™) dis-
placements of the BaOg, and CuO¢,Oc, layers relative to
immobile CulO¢,; and Y layers. By the way, Y, Cul,
and Og,, atoms do not participate in even vibrations at
all.

Unlike B,; and B;, modes, the interlayer character of
low-frequency 4, modes does not manifest itself so
strongly. The amplitudes of z displacements of Ba (110
cm ') and Cu (151 cm ') atoms are larger than those of
oxygen atoms.

In the case of odd vibrations of low frequency, all four
layers are displaced. For instance, the out-of-phase shift
of the Y and CuO,Og, layers relative to the BaOg, and
CulOg,, layers corresponds to the 64-cm ™' vibration of
the B3, symmetry.

Thus, the number of modes which could be attributed
to interlayer ones according to lattice dynamical calcula-
tions is 15. These are low-frequency modes
(24,+3B,, +2B,, +3B;, +2B;,+3B,,)—see  Table
VI. Hence, the results obtained by lattice dynamical cal-
culations agree with those of the group-theory analysis.

B. Intralayer modes

Quite different is the case of higher-frequency vibra-
tions. It is seen from Table VI that each of these modes
is formed by the displacements of oxygen atoms belong-
ing to one layer. The other atoms are displaced an order
of magnitude less. Therefore, these modes can be attri-
buted to intralayer vibrations, with each mode being in-
duced by an optical vibration of an isolated layer. From
Table VI, it follows that there are 21 high-frequency in-
tralayer vibrations, namely (34,+4B,,+3B,, +4B;,
+3B;, +4B,,), which coincides with the results of sym-
metry analysis.
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Let us consider three high-frequency A, modes. The
335-cm™! vibration originates from out-of-phase dis-
placements along the z axis of atoms O, and Og,; the
439-cm ™! vibration is formed on the whole by in-phase z
displacements of the same atoms; the 502-cm ~! vibration
is determined by z displacements of the Og, atoms.

C. The splitting of layer vibrations

The above symmetry analysis predicts that every layer
mode should split into two vibrations when passing from
an isolated layer without an inversion center (CuO, and

BaO in YBa,Cu;0,) to the bulk centrisymmetrical crys-
tal. One of the vibrations should be Raman active and
its counterpart ir active. For layers with an inversion
center, each layer mode transforms into one bulk mode.
The model computations confirm this. It is seen from
Table VI that every high-frequency (intralayer) even vi-
bration of atoms belonging to Cu(Oc,), and BaOg, layers
has as a counterpart a corresponding odd vibration with
similar displacements of atoms. At the same time, the vi-
brations of atoms located in CulOg,, and Y layers do not
give such doublets. Note, the frequencies of components
differ slightly both within the three doublets (B,,,B;,)

TABLE VI. Calculated frequencies at the I', Z, and Y symmetry points and displacements of atoms
at the I point in YBa,Cu;0;. The amplitudes of atomic displacements are given within an accuracy of
0.5 a.u.; the atomic displacements with amplitudes less than 0.5 a.u. are not presented. The displace-
ments of atoms of the upper half of the primitive unit cell are given. The corresponding atoms of the
lower part move in phase for odd modes and out of phase for even modes.

Atomic displacements

r zZ Y at the I" point of the BZ
A8
110 74 123 6ZBa+(12Cu+ 1720, + 170¢,)
151 164 164 320g,+(9%Cu+ 120, + 120¢,)
335 335 343 1320, — 12%0¢,
439 439 496 1220¢, + 1320, — 1%2Cu—1%0g,
502 502 501 17205,— 1%Cu
Bzg
78 90 116 (5*Ba+5%0g,) +(4*Cu+4%0(, +2%0,)
103 99 117 (3*Ba+2%0g,) — (7XCu+ 70, + 370¢,)
261 261 248 17¥05,—2*Ba— 170,
357 357 352 17%0¢, — 1*Cu—2*0g,
596 596 596 16¥0¢, —4*Cu+ 1%0g,
B,
79 89 95 (5Ba+4"0g,)+(3’Cu+20¢, + 3ygo’cl,)
104 101 113 (2’Ba+ 1’0g,) — (7"Cu+3’0¢, + 770¢,)
310 310 290 17°0g,— I’Ba— 1’0,
361 361 382 17°0¢,— ’Cu+ 1’05, — 2705,
575 575 512 16’0, —#Cu+ 1’0,
Blu
121 124 120 6%Y —(47Ba—1204,) — 220, + (4?Cu+2%20, +220,,)
139 129 237 7%Y +(1%Ba—5%0g, )+ (5%2Cul 4220, ) + (5%Cu— 320, — 3%0¢,)
227 228 239 2%Y —(1%Ba— 6%0pg,) +(8%Cul +7%0¢,;) — (5%Cu+220, + 120¢,)
264 264 265 13%20¢,— 12%0¢,
295 294 270 1120, + 1120, —4%Y — 1%Ba+ 12Cul —2%Cu+ 1205,
336 336 372 2420, — 1ZBa—3%Cul + 1%Cu—3%05,
620 620 619 15205, —72Cul — 1%2Cu+1%0¢,;
B3u
64 38 114 5%Y —(3*Ba+3%0g,) — (4*Cul +3%0,) + (5*Cu+5*0, + 4*0L, )
126 126 117 (2*Ba+3%*0g,) — (11*Cul —4%0,;) — (1*Cu+1%0c,)
153 153 125 8%Y — (5%Cu+5%0¢, —2%0,) — 1*Ba
212 212 215 24%0,; —1*Ba—4%0y,
262 262 248 16X05, —2*Ba— 1%0¢, +4%0,,
371 371 367 17%0¢, — 3*Y — 1*Cu—2%0,
596 596 596 16%0, —4*Cu+ 170,
BZu
65 40 104 5"Y —(3’Ba+3’0p,) — (4°Cul + 40, )+ (5’Cu+ 40, + 5'0%,)
153 154 270 4Y +(3’Ba—1’0p,) —(8’Cul + 80, ) — (3’Cu—2"O, + 3¥0%,)
156 155 283 7Y —2’Ba+(5’Cul + 6O, ) — (4Cu—2'O¢, +4°0¢,)
315 315 331 17705, — 1"Ba—2"Cul — 1’0, — 3'Ocy
375 375 348 1770, —3Y + 1’Cu— 270,
575 575 512 16’0, —4Cu+ 1’0,
593 593 525 220, —6’Cul + 1O,
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and within the three doublets (B;,,B,,). At the same
time, the splitting magnitude is rather large for the three
doublets (4,,B,,). This gives evidence in favor of a
different influence of interlayer interactions on modes
with different symmetries.

When comparing the above theory with experiments,
we emphasize the following results. The anomalous tem-
perature behaviors at T' < T, of the vibrations at 335 and
435 cm ™! in Raman spectra®”?® as well as the vibrations
at 275 and 315 cm™! in ir spectra of YBa,Cu;0,_;
(6—0)% confirm that all these modes are induced by vi-
brations of the same oxygen atoms, namely of the O,
and Og, atoms [corresponding frequencies calculated are
335 and 439 cm™' (4,), 264 and 295 cm ™! (B},)]. So,
these even and odd vibrations do form the doublets.

D. The dispersion of vibrational branches

Within the framework of the dynamical model used,
the dispersion curves of vibrational branches have also
been calculated along symmetry lines in the BZ. Those
for directions (0,0,£) and (0,£,0) are given in Fig. 2. The
vibration symmetries at the I', Z, and Y points of the BZ
were obtained in Sec. III.

It follows from Fig. 2 and from Table VI that all high-
frequency branches corresponding to intralayer vibra-
tions appear to be practically flat for the (0,0, £) direction.
This agrees with the predictions of the group-theory
analysis above. At the same time, most of these phonon
branches are essentially curved for the (0,£,0) direction.
Most vibrations from the low-frequency region (interlayer
modes) manifest significant wave-vector dependence for
all directions.

Note, the described behavior of the dispersion curves is
an inherent property of the different perovskitelike com-
pounds. It has been observed in inelastic neutron-
scattering experiments for YBa,Cu;0,,%* La,Cu0,,*! and
Nd,Cu0,.*? Thus, when classifying normal modes into
intralayer and interlayer modes, one should take into ac-

f\
(2] <'
32,

500

400

300

200

100

FIG. 2. Calculated dispersion curves corresponding at the
BZ center to even (solid lines) and odd (dashed lines) modes in
YBa,Cu;0, along the (0,£,0), and (0,0, &) symmetry lines.
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count the following criteria: the character of mode dis-
placement patterns, the dispersion of phonon branches,
and the splitting of some normal modes.

V. RAMAN SPECTRA OF HTSC-COMPOUNDS

In this paper, we bring together the data on Raman
spectra of Y-, Bi-, and Tl-based compounds. According
to the interpretation of polarized Raman spectra of vari-
ous perovskitelike superconductors, the most intense
lines are induced by the phonons with 4,, (4,) or By,
symmetries. These modes are formed by displacements
of atoms in the z direction. Table VII and Fig. 3 show
the experimental frequency values of these vibrations in
Y-, Tl-, and Bi-based superconductors.1""‘8’10'33“39

Raman-active E; modes (tetragonal structures) as well
as the B,, and B3, modes (orthorhombic structures) are
formed by displacements of atoms in the x and y direc-
tions. The corresponding lines in the Raman spectra are
weak. For example, in 1:2:3- compounds these lines are
100 times weaker than the 4, lines.** In the TI- and
some Bi-based compounds, these modes have not been
observed.

One can see that it is possible to divide the Raman
spectra into low- and high-frequency regions. The lines
from the low-frequency region (v<200 cm!) can be at-
tributed to interlayer vibrations participated in by both
the heavy atoms (Bi, Tl, Cu, Ba, Sr) and the O atoms.

The intralayer vibrations are observed in the high-
frequency region. The latter region may also be subdivid-
ed into a set of spectral subregions. The vibrations of
O, atoms lie in the intermediate subregion (250-450

cm~!). The out-of-phase B,, (4,) vibrations have a

lower frequency and the in-phase A4,, (A4,) vibrations
v
cm! - ;
sauL— T —— OTPOB|
soof | — ——— | DBa'USr
400~ — - s OCu(Alg/Ag)
300! . _ o OCu(Blg/Ag)
200
w- T T T T
o~ T N ® b : @ :’_
obg § §3§ §38¢
-~ — N NN N N N
Y Ti Bi

FIG. 3. Frequencies of 4,, (4,) and B,, (4,) modes in

YBa,Cu;0; (Ref. 33), T1-1:2:1:2 (Refs. 34,35), T1-2:2:0:1 (Ref.
36), T1-2:2:1:2 (Ref. 39), T1-2:2:2:3 (Ref. 37), Bi-2:2:0:1 (Ref. 20),
Bi-2:2:1:2 (Ref. 38), Bi-2:2:2:3 (Ref. 1), Bi-4:4:1:3 (Ref. 10).
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TABLE VII. Raman line frequencies and their assignments.

Frequencies (cm™!), assignment, symmetry

Bi Tl Ba,Sr Cu OCu OCu OBa,Sr OTI,Bi

Compound Ref. A,,4, A, A, A, Ay, A, By, A4, Ay, A, Ay, A, Ay, 4,
Y-1:2:3 6 117 148 335 438 502

Y-1:2:3 7 119 145 336 435 499

Y-1:2:3 33 118 145 335 440 500

Ti-1:2:1:2 34 116 146 403 520

Ti-1:2:1:2 35 120 148 278 525

T1-2:2:0:1 36 167 122 495 612
T1-2:2:1:2 39 130 108 158 316 407 494 599
T1-2:2:1:2 34 132 109 158 410 495 602
T1-2:2:2:3 37 129 92 275 405 498 599
Bi-2:1:0:0 8 83 651
Bi-2:2:0:1 20 80 118 461 629
Bi-2:2:1:2 38 62 118 148 296 395 456 626
Bi-2:2:2:3 1 115 290 406 460 633
Bi-4:4:1:3 10 63 120 295 461 627

have a higher frequency.

In the higher-frequency subregion of the Raman spec-
tra (450-520 cm™ "), there are A, (A4,) vibrations of Og,
atoms in Y- and Tl-based superconductors, and of Og,
atoms in Bi-based compounds. These are so-called bridge
oxygen atoms connecting two Cu atoms, or Cu and TI, or
Cu and Bi in the corresponding systems. Finally, the
highest-frequency 4,, (4,) modes (600-650 cm™)) in-
volve the vibrations of O and Og; atoms.

It is clearly seen that the frequencies of the intralayer
vibrations of oxygen atoms belonging to a particular lay-
er vary insignificantly for crystals not only within the Bi-
based superconductor family' but also within the entire
group of compounds under consideration (i.e., for Y-, Tl-,
and Bi-based families). Therefore, these frequencies can
be considered to be the signatures of each layer.

VI. QUASI-2D BEHAVIOR OF THE PHONON
SUBSYSTEMS OF PEROVSKITELIKE
SUPERCONDUCTORS

Now, let us summarize the main characteristics of the
phonon subsystems of perovskitelike superconductors,
following from the layered structure of these materials.
To perform a group-theory analysis of normal vibrations
(Sec. III), we considered isolated layers, determined the
symmetry of acoustic and optical layer modes, and estab-
lished a correspondence between layer and bulk vibra-
tions. As a result, two important conclusions have been
made. First, some intralayer modes split into Raman-
active and ir-active components and, second, the in-
tralayer modes are nearly dispersionless along the I'-Z
symmetry line in the BZ.

On the other hand, the lattice dynamical model of
YBa,Cu;0, was chosen without an a priori assumption of
a layered character of the structure. Nevertheless, the re-
sults of lattice dynamical calculations (Sec. IV) complete-
ly confirmed the group-theory predictions. What is more
important, both the conclusions of the group-theory

analysis and the results of lattice dynamical calculations
are confirmed by experiments on inelastic neutron
scattering as well as by optical measurements. Thus, the
validity of both the layer approach and the chosen sepa-
ration of perovskitelike crystal lattices into single layers
has been justified.

Another significant result is the small variation of in-
tralayer phonon frequencies when passing from one com-
pound to another within the Y-, Tl-, and Bi-based com-
pounds considered (Sec. V).

Summing up, the conclusion can be made that the lay-
ered structure of the perovskitelike compounds is respon-
sible for the principal characteristics of their phonon sub-
systems, and that the phonon subsystems manifest quasi-
2D behavior.

VII. SANDWICH CONCEPTION
OF HIGH-TEMPERATURE SUPERCONDUCTIVITY

The strong anisotropy of the high-T, superconductors
manifests itself in their transport, elastic, and optical
properties. To comprehend better the special features of
these compounds, one should consider the idea of
perovskitelike superconductors as compounds with
quasi-2D properties. The structure of cuprate supercon-
ductors can be considered as a set of conducting CuO,
layers “sandwiched” by block layers.'!

The above analysis shows the phonon subsystem to
have quasi-2D character. Weak coupling between the
conducting CuO, layers leads to quasi-2D behavior of the
electron subsystem too. This manifests itself particularly
in the 2D character of the electron bands found by band
numerical calculations (see, e.g., Refs. 19,41).

Since the thickness of the blocking-layer stacks
separating the adjacent CuO, layers does not exceed
10-20 A, the sandwich conception of Ref. 42 is applica-
ble. This conception has been widely discussed with
respect to layered superconductors.** It supposes the
conducting layers to be separated by insulating regions.
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In this case, phonons and electron excitations in the
blocking-layer stack may play the role of coupling bo-
sons.

The correlation**** between the critical temperature
T, and frequencies of intense Raman lines in perovskite-
like superconductors seems to be a pronounced manifes-
tation of the importance of nonpolar phonons in the
high-T, superconductivity mechanism. The essence of
this correlation is the regular increases both in T, and in
the characteristic Raman frequencies within the row La-
—Y-—Bi-—Tl-based superconductors. We emphasize
that the highest-frequency intense lines in the Raman
spectra are caused by the 4,, (A,) vibrations of oxygen
atoms in the layers separating copper oxide planes (see
Sec. V). Indeed, this vibration is related to oxygen atoms
in the LaO layers in La-based compounds, in the BaO
layers in YBa,Cu;0,, and in the BiO (TIO) layers in Bi
(T1) compounds.

We believe that the correlation is not accidental and
that it reflects a common proportionality between 7, and
an average frequency describing the whole vibrational
spectrum.**#%47 The correlation was explained in Refs.
48,49. In Ref. 48, the transition temperature T, was cal-
culated within the framework of the Eliashberg theory,5°
the frequencies of nonpolar (Raman-active) phonons be-
ing taken as a basis. The main result of Ref. 48 consists
in a good agreement between experimental and calculated
T, for all superconductor families at the same A~1.5-2
and p*=~0.1-0.2.

Such a value of the coupling constant A is reasonable.
Indeed, there are a number of estimations of A. The
analysis of results of very different experiments gives
A=~1-3. According to tunneling experiments, A ~2.04,°!
A=3.5.52 Measurements on the electronic specific heat
give A=2.%% To describe the ir properties of high-T’, su-
perconductors, the electron-boson coupling constant A
was supposed to be close to 2 in Ref. 54. According to
the results of electron-spin resonance investigations, the
parameter A is 1.65.>> From the resistivity data on single
crystals together with results of optical investigations, A
was estimated to be about 1.5-2 in Ref. 56.

The correlation between T, and Raman frequencies**’
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seems to be a result of a common superconductivity
mechanism for all high-T, superconductors. This arises
from the presence of the same CuO, layers (which deter-
mine the properties of the quasi-2D electron subsystem)
and from the dissimilarity of the separating layers (which
determine important properties of the quasi-2D phonon
subsystem).

An advantage of sandwich systems is the possibility of
the selection of layers with the most favorable properties.
Thus, the electron and phonon subsystems can be opti-
mized practically independently.*> The idea of such an
optimization relevant to high-7, superconductors was
formulated in Ref. 45. According to Ref. 45, the phonon
subsystem determines the maximum value of the critical
temperature within each high-T, superconductor family.
Within each of the families, T, ,, is realized in a com-
pound with an optimized electron subsystem, in particu-
lar with the carrier density n~10*' cm™3.%>%7 The ex-
istence of such a maximum in the T, vs n dependence can
be explained within the framework of the phonon mecha-
nism of superconductivity, if quasi-two-dimensionality of
the electron subsystem is assumed.>®

VIII. CONCLUSIONS

Paying special attention to the layered structure of the
crystal lattices of high-T, superconductors, we have ana-
lyzed step by step their crystal structures, phonon sym-
metry properties, vibrational spectra, and the role of pho-
nons in the superconductivity mechanism. As a result,
the quasi-2D nature of the phonon subsystem of
perovskitelike superconductors has been established. The
differentiation of roles of the various layers in creating
the high-T. superconductivity phenomenon has been dis-
cussed.
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