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A model of the potential function of the crystal lattices of RB~,CU,O,-~ (the so-called '123' 
structure) is proposed using the valence-force-field approximation. The results of calculating the 
dynamic properties of the lattices of 123 compounds, including detailed information on the 
optical vibrations and dispersion of the phonon branches in the Brillouin zone, the dependence of 
the frequencies on the composition, the macroscopic elastic characteristics, and the 
microscopic behavior of the structure under hydrostatic compression, are presented. The 
vibrational spectra of isolated layers forming a 123 crystal structure are analyzed in the model 
approximation. The similarity of the "wave-like" restructuring of 123 compounds 
observed when their composition is varied and under hydrostatic compression is noted. The 
corresponding concentration dependence of the frequencies and the baric dependence of the 
interatomic distances are described with consideration of the dynamic interaction of the 
CuO, layers through Y atoms. It is shown that the optical vibrations can be divided into interlayer 
and intralayer vibrations. It is concluded that the phonon subsystem in layered perovskite- 
like superconductors exhibits quasi-two-dimensional behavior. O 1994 American Institute of 
Physics. 

1. INTRODUCTION 

The dynamics of the crystal lattice of the perovskite-like 
compounds RBa2Cu307- (the so-called 123 compounds) 
have attracted great attention in connection with the discus- 
sion of the role of phonons in the carrier pairing mechanism 
in high-T, superconductors. In fact, there are indications of 
the existence of a strong electron-phonon interaction in 
these compounds, and it has been established experimentally 
that the transition to the superconducting state is accompa- 
nied by several unusual features in the behavior of the vibra- 
tional ~ubs~s t em. l -~  This has been responsible for the unwa- 
vering interest in theoretical and experimental investigations 
of the dynamic properties of perovskite-like superconduct- 
ors. Pertinent calculations have been performed for the 123 
system in various models (see, for example, Refs. 5-10, as 
well as the reviews in Refs. 4 and 11). Together with the data 
from a group-theoretical analysis, their results made it pos- 
sible to reliably interpret the Raman spectra, as well as the 
infrared (IR) reflection and absorption spectra. 

Nevertheless, there are several questions, whose solution 
may promote our understanding of the role of the phonon 
subsystem in the superconductivity mechanism, but which 
still remain open. 

In particular, the crystal lattices of perovskite-like super- 
conductors, including YBa2Cu307, have a clearly expressed 
anisotropic layered structure, which is responsible for some 
specific properties, for example, the repeatedly discussed 
quasi-two-dimensional behavior of the electronic subsystem 

(see, for example, Ref. 12). However, attention has not yet 
been focused on the influence of this anisotropy on the vi- 
brational subsystem. The main concern of this paper is to fill 
in this gap. 

The model of the potential function of several stoichio- 
metric 123 compounds proposed in the present work was 
used to obtain and analyze information on their dynamic 
properties, including detailed data on the vibrations at the 
center of the Brillouin zone, the dispersion of the phonon 
branches throughout the Brillouin zone, the dependence of 
the frequencies on the composition, and the macroscopic 
characteristics, as well as data on the microscopic behavior 
of the structure under hydrostatic compression. As a result it 
was concluded that the phonon subsystem in a 123 crystal 
lattice exhibits quasi-two-dimensional behavior, which, in 
our opinion, is a common feature of perovskite-like super- 
conductors. 

Consideration of the quasi-two-dimensional behavior is 
a necessary condition for describing the electron-phonon in- 
teraction in these compounds, and if phonons participate in 
carrier pairing, it would be a necessary condition for describ- 
ing the actual mechanisms of high-T, superconductivity. 

Special attention has been focused on the "wave-like" 
restructuring of 123 compounds, which is observed both 
when their composition is varied and under hydrostatic com- 
pression. The results of our own experimental investigations 
of the Raman spectra of various 123 c ~ r n ~ o u n d s ~ ~ - ~ ~  and 
published data (see, for example, Refs. 4 and 19) were used 
in the calculations. 
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2. CALCULATION SCHEME AND FORCE FIELD MODEL OF 
THE CRYSTAL LAlTlCE OF 123 COMPOUNDS 

We briefly describe the formalism which was used in the 
calculations discussed in this paper. 

It is convenient to consider the relationship between the 
vibrational motions of atoms and the macroscopic strain of a 
lattice, i.e., between its internal microscopic and external 
macroscopic degrees of freedom, in terms of the following 
expression for the density of the internal energy W of the 
strained crystal, which is described in a mixed basis of the 
initial (nonequilibrium) uniform strains Ui and the internal 
degrees of freedom Q,, i.e., normal coordinates at the center 
of the Brillouin zone:" 

(here and in the following summation is implied over re- 
peated indices). The coefficients cYk, VA, and F A k  are the 
"external" component of the elastic constant, the frequency 
of the phonon at the center of the Brillouin zone, and the 
optoacoustic coupling parameter. 

The condition for a stationary state aW/aQA=O leads to 
the relation 

which makes it possible to eliminate QA from (1) and to 
obtain the following expression for the elastic constants of 
the crystal: 

In a basis of the microscopic natural coordinates q, de- 
scribing the variations of the relative positions of the atoms 
(i.e., interatomic distances, angles between bonds, etc.), W 
has the form 

where K,, denotes the force constants, which are adjustable 
parameters of the model in our case. 

Since cPk, 4, and FAk are formally second partial de- 
rivatives of W with respect to Ui and QA,  they can be ob- 
tained from (4) in the following forms: 

d9, aqn 
F -- K,, - 

A k - d ~ h  dUk7 

where dq,lJUk and dqmldQA are the vectors of the external 
uniform strains and the normal coordinates at the center of 
the Brillouin zone, respectively. The former are found di- 
rectly from the geometry of the lattice, and the latter are 
found by diagonalizing the matrix K,, and normalizing its 
eigenvectors. The relationship between the basis of the Car- 

tesian atomic displacements x and the coordinates q ,  q = Bx, 
permits consideration of the vibrational problem in both 
bases. 

The vector of the total (i.e., compensated) uniform strain 
is defined as the complete derivative 

which may be written with consideration of expression (2) in 
the form 

Knowledge of the values of dq,ldUi is sufficient for 
determining the picture of internal microscopic strains result- 
ing from any macroscopic uniform distortions of the lattice, 
including those appearing under hydrostatic compression. 

The foregoing formalism was used in the present work 
in calculations performed by the CRYME (CRYstal ME- 
chanics) package.21 The potential functions of the 123 crys- 
tals considered were similarly described in the approxima- 
tion of a short-range valence force field of general form. This 
approach was previously employed successfully in modeling 
the dynamic properties of complex oxides with an ionic- 
covalent type of chemical b ~ n d i n ~ . ' ~ , ' ~  We note that com- 
pounds of this type underlie the synthesis of various 
perovskite-like superconductors. 

The crystal structure of RBa2Cu307-s is well known. 
The structural data were borrowed from Ref. 24 for 
Y B ~ , C U ~ O , _ ~  and from Ref. 25 for GdBa2Cu,07 (Table I). 
In this paper we use the notation for the atoms introduced in 
Refs. 4 and 19: an oxygen atom belonging to a definite 
metal-oxygen layer is designated as 0 with a subscript in- 
dicating the respective metal atom (Fig. la). 

The original basis of natural vibrational coordinates in- 
cluded the interatomic interactions over distances less than 
3.6 A and the 0-Cu-0 angles. The corresponding force 
field consisted of the constants S , ,  which describe the diag- 
onal two-center interactions, the constants B , ,  which de- 
scribe the diagonal three-center interactions (i.e., the elastici- 
ties of the 0-Cu-0 angles), and the off-diagonal constants 
Hi, which determine the dynamic interaction of two bonds 
sharing a common atom. 

The values of the force constants were determined by 
adjusting the theoretical values of the frequencies of the vi- 
brations at the center of the Brillouin zone to the correspond- 
ing experimental values, including the frequencies of the 
Raman-active vibrations of YBa2Cu307 (Ref. 26), 
YBa2Cu306 (Ref. 27), and GdBa2Cu307 (Refs. 16 and 18) 
crystals and the IR-active vibrations of YBa2Cu30,, (Ref. 
28) and YBa2Cu306 (Ref. 29). The experimental values are 
presented in Tables I1 and 111, and the sets of force constants 
obtained as a result of such a procedure are presented in 
Table I. 

We note that these compounds are characterized by the 
presence of a large number of Cu-0 bonds of various length 
(Table I). It is seen from Fig. 2 that the values of the corre- 
sponding Si obtained by the method indicated above for 
three compounds fit one common curve, giving the empirical 
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TABLE I. Force constants and structural parametersa for YBa2Cu30, (for a three-dimensional lattice 
aqd for calculations in the isolated layer approximation), as well as for YBa2Cu30, and GdBa2Cu30, 
crystals. 

dependence of S(Cu-0) on the interatomic distance in the 
1.8-2.4 A range. Thus, this set of values of Si is internally 
self-consistent in a certain sense [this also applies to other 
sets of constants, for example, S(Ba-0)], and the effective 
number of independent parameters is smaller than the num- 
ber given in Table I. In this case a significantly larger number 
of experimental data are adequately described, which should 
be a necessary condition for any phenomenological model 
claiming to be physically plausible. 

Force 
constants 

SI 
s2 

5'3 

s 4  

SS 
s6 

s 7  

9 s  
s 9  

s~o 
SI I 

s12 

s13 

BI 
B2 
B3 

H I  
H2 

3. DYNAMICS OF THE CRYSTAL LAlTICE OF 123 
COMPOUNDS 

The unit cells of YBa2Cu307 (D:,) and YBa2Cu306 
(D:,) crystals each contain one formula unit. At the center 
of the Brillouin zone the fundamental vibrations are distrib- 
uted among the irreducible representations in the following 
manner: 

~ ( D ~ ~ ) = ~ A ~ + ~ B ~ , + ~ B ~ , + ~ B ~ ~ + ~ B ~ , + ~ B ~ ,  

~ ( D ~ ~ ) = ~ A ~ ~ + B ~ ~ + ~ E , + ~ A ~ , + B ~ , + ~ E , ,  (9) 

where the Bl,+B2,+B3, modes (D:,) and the A2,+E, 
modes (D:,) are acoustic. 

Since both crystal structures have a symmetry center, the 
fundamental optical vibrations satisfy alternative selection 

m e  f o ~  constants are given in the following units: Si , mdyndA; Bi , mydne.A; H i ,  
mdyndA. The distances are given in angstroms, and the angles in degrees 
'R=Y or Gd. 

Atoms 
determining 
interaction 

CU 1-OBa 
Cu-0cu 

CU 1-Ocul 
Cu-O;, 
CU-OB, 
o&-R~ 
OCU-R 
B a - 0 ~ ~  
B a - 0 ~ ~ 1  
Ba-O;, 
Ba-Ocu 

ocu-ocu 
oku-o;u 
Ba-Cu l 
R-Cu 

OcU-C~-O~, 
O B a - C ~ l - 0 ~ ~ ~  
OB,-C~-O~, 
OB~-CU-OC, 

OBa-CU I/CU 1-OBa 
OCU-R/R-OCU 

rules: the even (g) vibrations can be active only in the Ra- 
man spectra, and the odd (u)  vibrations can be active only in 
the IR spectra. 

In a D:,++Dih phase transition (which occurs at the 
intermediate values h 0 . 6  as a result of redistribution of the 
oxygen atoms in the CulOcul plane), the vibrations of the 
orthorhombic and tetragonal lattices correlate in the follow- 
ing manner: 5Ag++4A ,,+B1,, 5B2,+ 5B3,05E,,  
7 B l , ~ 6 A 2 , + B 2 , ,  7B2,+7B3,H7EU. 

Table I1 presents the calculated values of the optical vi- 
bration frequencies of YBa2Cu307 at three points in the Bril- 
louin zone: r(0,0,0), Z(0,0,1/2), and Y(0,1/2,0). The table 
also gives the relative amplitudes of the atomic displace- 
ments determining the forms of the long-wavelength optical 
vibrations. The results of the calculations for the structure of 
YBa2Cu306 are given in Table IV. 

The calculated dispersion branches of the YBa2Cu307 
lattice along the (0,0,5) and (0,5,0) directions of the Brillouin 
zone are presented in Fig. 3. 

Figure 5 presents the experimental and calculated values 
of the frequencies of the vibrations of the oxygen atoms 
along the z axis in various compounds with the 123 structure. 
In the case of GdBa2Cu30, the experimental data are con- 
fined to the frequencies of vibrations of type A,; therefore, 
for the sake of brevity, we shall not present all the calculated 
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Length 
or 
angle 
1.837 
1.931 
1.943 
1.961 
2.315 
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length 
Or 

angle 
1.822 
1.944 

- 
1.944 
2.41 1 

YBa2Cu307 

2.384 
2.400 
2.743 
2.880 
2.960 
2.996 
2.817 
2.854 
3.474 
3.207 
88.9 
90.0 
97.7 
98.4 

- 
- 

YBazC~306 

Const. 

1.9 
1.3 
- 

1.3 
0.4 

- 
length 
Or 

angle 
1.918 
1.940 
1.948 
1.957 
2.211 

Ch~tants  

Cryst. 

1.8 
1.35 
1.3 
1.25 
0.7 

GdBa2Cu307 

Const. 

1.5 
1.3 
1.27 
1.25 
0.9 

2.456 
2.422 
2.744 
2.875 
2.902 
2.991 
2.877 
3.064 
3.473 
3.231 
89.2 
90.0 
95.5 
98.3 

- 
- 

Layers 

0 
1.35 
1.3 

1.25 
0 

0.45 
0.45 
0.27 
0.23 
0.22 
0.2 
0.2 
0.2 
0.2 
0.1 

0.45 
0.45 
0.15 
0.15 

-0.05 
0.13 

0.55 
0.55 
0.25 

- 
0.22 
0.22 
0.22 
0.22 
0.2 
0.1 

0.45 
- 

0.2 
0.2 

-0.3 
0.14 

0.55 
0.55 
0.27 
0.23 
0.2 
0.2 
0.2 
0.2 
0.2 
0.1 

0.45 
0.45 
0.15 
0.15 
-0.2 
0.13 

0 / 2.395 
0 

0.27 
0 
0 
0 
0 
0 
0 
0 

0.45 
0 
0 
0 
0 
0 

2.395 
2.763 

- 
2.937 
2.937 
2.840 
2.840 
3.544 
3.196 
89.1 

97.2 
97.2 

- 



results obtained for this compound, especially since the char- 
acteristic changes in the vibrational subsystem resulting from 
the Y+Gd substitution are clearly seen in the example of the 
phonons of A, symmetry. 

Good correspondence between the calculated frequen- 
cies at the center of the Brillouin zone and the experimental 
data was generally obtained (Tables I1 and 111). We also note 
that the frequencies for kf 0 were not included in the adjust- 
ment procedure; nevertheless, the calculated dispersion 
curves satisfactorily describe the experimental plots (Fig. 3). 
Some differences between the theoretical and experimental 
course of the dispersion curves (for example, the fact that the 
branches with frequencies -600 cm-' exhibit slight disper- 
sion in the r-+Y direction, while the branches obtained in 
the calculation had no dispersion) point out deficiencies in 
the description of the potential function of the lattice, which 
should be attributed primarily to the lack of explicit consid- 
eration of the electrostatic forces and the small number of 
off-diagonal force constants. 

Let us discuss the modes of vibration of the YBa2Cu307 
crystal lattice presented in Table 11. The conclusions which 
will be drawn here are also valid to a considerable extent for 
YBa2Cu306 and GdBa2Cu307. 

When the vibrational spectra of perovskite-like super- 
conductors are interpreted, the high-frequency modes are 
customarily associated with vibrations of the oxygen atoms, 
and the low-frequency modes are associated with vibrations 

FIG. 1. a) Crystal structure of YBa,Cu307. b) Diagram of the varia- 
tions of the bond lengths when the oxygen content is varied on the Y 
atoms are replaced with atoms of rare-earth  element^^^'^^'^^ in the 
YBa2Cu,07 lattice projected onto the yz plane. Here +-+ indicates an 
increase in the bond length, and >-< indicates a decrease. c-f) 
Displacement vectors corresponding to three high-frequency A, 
modes. 

of the heavy atoms. It is then assumed that each vibration is 
determined predominantly by atoms of one kind (see, for 
example, Ref. 30). However, according to the results of our 
calculations, another description of the optical vibrations, 
which we shall propose below, is more suitable. 

We recall that compounds with the 123 structure have a 
clearly expressed layered structure. In our model of the po- 
tential function, this feature was not specified a priori in any 
way by the choice of parameters or by their estimated nu- 
merical values. Nevertheless, an analysis of the results ob- 
tained objectively reveals that the optical vibrations should 
be divided into intralayer and interlayer vibrations. 

Let us first consider the low-frequency optical modes. As 
is seen from Tables I1 and 111, most such vibrations corre- 
spond to displacements of atoms in different layers relative 
to one another. In some cases the amplitudes of the displace- 
ment of atoms belonging to the same layer are close, i.e., 
each layer is displaced as a single unit. Such vibrations may 
be regarded as interlayer vibrations, since the elastic forces 
determining them are associated mainly with interlayer inter- 
actions. 

A clear-cut example of interlayer vibrations is provided 
by pairs of low-frequency modes of BZg and B3, symmetry 
(Table 11). The vibrations at 78 and 79 cm-' correspond to 
the in-phase displacement of BaOB, and CuO&O& layers in 
the basal plane relative to the stationary Y and CulOcul lay- 
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TABLE 11. Calculated values of the frequencies (cm-') at the points T(0,0,0), 
Z(0,0,1/2), and Y(0,1/2,0) in the Brillouin zone and components of the atomic 
displacements at the point r in the Brillouin zone for the crystal structure of 
YBa,Cu,O,, as well as results of the calculation of the frequencies within 
noninteracting layers. 

Calculation 
I Atomic displacement at the 

(Ref. 26) r 2 1- py  point r in ihc Brillouin zoneb 1 

Calculation 

,TI- Lye; ~tomic  displacement at m~ point r in the ~rillouin m e b  

b~mplitudes d the atomic displacemats rounded to i n t c g ~  values arc presarted 
Atomic displacemats with amplhdes less than 05 ue not indicated The displace- 
maus d atoms belonging to the upper half of the unit all are g i v a  ?he mirror-image 
atoms in the lower half an displaced in phase with them in the case of odd vibrations 
and in antiphase in the case of even vibrations. 

i 
1 113 

1 1% 191 / 281 
1 311 
' 565 
1 610 
I 

/ - - 
i 181 
j 240 
I 345 
477 
590 

- - - 
I - - 1 - 
I - 

977 JETP 79 (6), December 1994 M. F. Limonov and A. P. Mirgorodskii 977 

'Bxperimcntal data h m  the Raman spcctra dYBa2Cu3a (Ref. 26) and thc IR specaa 
of YBa&u3Oa (Ref. 28) ue m t e d  The IR specha wen i n v e s t i m  under Elz 
p o ~ m  without sepamion into B2,, and B3, oomponenta lXc experimental data 
wuc assigned to B3,, symmeuy on a p c o d i t i d  basis. 

121 124 120 
139 129 237 
227 228 239 
264264265 
295 -34 270 
336 336 372 
620 620 619 

64 38 114 
126 126 117 
1\53 153 125 
212 212 215 
262 262 248 
371 371 367 
5% 5% 5% 

65 40 104 
153 154 270 
1% 155 283 
315 315 331 
375 375 348 
575175512513 
593 593 525 

0 
0 
0 
73 
106 
0 
41 

0 
0 
0 
0 
249 
241 
594 

0 
0 
0 
253 
245 

588 

BI. 
6'Y-(4'Ba-1'~)-2'&.1+(4'C~+2'Ocu+2'0~,) 

~ ' Y + ( I ' L - ~ ' ~ ) + ( S ' C U ~ + ~ ' & ~ ) + ( ~ ' C U - ~ ' ~ ~ - ~ ' W ~ ~ )  
2'Y -( ~ ' L - ~ ' O ~ ) + ( ~ ' C U ~ + ~ ~ & ~ ~ ) - ( S ' C U + ~ ~ O ~ ~ + I ' W ~ ~ )  

lJ'&u- 12'Wcu 
lI'&,+ll'Wcu-~'Y-I'BS+I'CU~-~'CU+I'O~ 

?4'&.1-l'L-3'C~l+l'Cu-3'~ 
15'Oa-7'Cul- I'CU+I~OC.I 

Bl. 
1 

5rY-(3xL+3~Oa)-(4~C~l+3~0c.l)+(5xCu+5~Ocu+4xWc,) 
(2*L+3'0t)-(I IZCul-4'0cUl)-( IxC~+lxOc.) 

~ ' Y - ( ~ ' C U + ~ ~ O ~ . - ~ ' W ~ ~ ) - I ' ~  
24'Ocvl- Is&-4'Oa 

16'~-2'BP-I'~Cu+4'~v~ 
17~Wcu-3zY-I'C~-2x0c. 
16*Ot,-4zC~+l'Wcc, 
A. 

5 ' Y - ( 3 ~ L + 3 ' ~ ) - ( 4 ~ C ~ 1 + 4 ~ & ~ 1 ) + ( 5 ~ C ~ + 4 ' ~ ~ + 5 ~ ~ ~ ~ )  
4'Y+(3'L-I'~)-(8'C~l+8'&~1)-(3'Cu-~~~m+3'~~~) 

7~Y-2~b+(5~CuI+6~&u1)-(4~C~-2~Oc.+4~Wcv) 
17~Ol-l'h-2~C~l-l'Oc.-3~0cv~ 

I ~ ~ ~ - J ~ Y + I Y C U - ~ W & ,  
16mVCII '4YCu+ 1 'Oc. 
22"Ocml -6'C111+1'0& 



TABLE 111. Calculated and experimental values of the frequencies (cm-') and calculated components of the atomic displacementsa at the center of the 
Brillouin zone for YBa,Cu,O,. 

E 

aAmplitudes of the atomic displacements rounded to integer values are presented. Atomic displacements with amplitudes less than 0.5 are 
not indicated. The displacements of atoms belonging to the upper half of the unit cell are given. The mirror-image atoms in the lower half 
are displaced in phase with them in the case of odd vibrations and in antiphase in the case of even vibrations. 

7- 
--- -- - -- - - - - - 

ixperimen~ Calculation -- ----- Calculation 

bThe x components of the atomic displacements are given. 

ers, and the vibrations at 103 and 104 cm-' correspond to 
antiphase displacement. The low-frequency vibrations of B2, 
and B3u symmetry have similar forms. For example, the B3u 
frequency at 64 cm-' corresponds to the antiphase displace- 
ment of Y and CuOcuO&, layers relative to BaOB, and 
CulO,, layers. 

The interlayer character of the low-frequency vibrations 
of A ,  and B1, symmetry is not so clearly expressed, al- 
though layers displaced relative to one another can be iden- 
tified in these cases too. 

The high-frequency vibrations have an entirely different 
nature. Most of them are determined by the displacement of 
oxygen atoms belonging to the same layer. The amplitudes of 
the displacements of the remaining atoms are approximately 
an order of magnitude smaller. Therefore, such vibrations 
may be regarded as intralayer vibrations. 

As an example, we cite three intralayer modes of A, 
symmetry. The 335 cm-' mode corresponds to antiphase vi- 
brations of oxygen atoms belonging to a C U O ~ , O & ~  layer 
parallel to the z axis, and the 439 cm-' mode corresponds to 
the analogous synphase vibrations. The 502 cm-' mode is 

110 
1 4  

456 
475 

3 

determined by the displacement of the oxygen atoms of a 
BaO,, layer along the z axis (Table I1 and Fig. 1). These 
vibrations are designated as u O(OCU), u '(OCu), and u(OBa), 
respectively. 

One more criterion for classifying vibrations as intra- or 
interlayer vibrations may be the amplitude of the dispersion 
of the respective branch. It can be seen from Fig. 3, which 
presents calculated and experimentally measured dispersion 
curves, that the optical vibrations may be divided into two 
kinds, which differ with respect to the behavior of the dis- 
persion branch in the T-+Z direction. The high-frequency 
optical vibrations exhibit virtually no dispersion (attesting to 
the negligibly small role of the interlayer interactions in this 
case), while, the low-frequency branches are characterized 
by appreciable dispersion. 

The kinds of vibrational branches obtained by inelastic 
neutron scattering for different perovskite-like compounds, 
viz., YBa2Cu,07 (Fig. 3) (Ref. 31), La2Cu04 (Ref. 32), and 
Nd2Cu04 (Ref. 33), confirm the existence of two types of 
behavior for these branches in the T - 4  direction: the low- 
frequency vibrations have appreciable dispersion, while the 
high-frequency vibrations have virtually no dispersion. 

E:, 
- (3'lh + 2'OU.) - 5"Cul + (S'CU + 5'0c. + 3'0;.,) 
I'Y - ( 3 ' h  + YOh) + 1 I'Cul + (I'CU + IJOc.) 

8'Y - (~ 'CU + SXOc, - 2'0:.,) - I'Ou. 
17'Ow. - 2'Ba - I'O:., - IrOCuI 
17'0". - 3'Y - lrCu - ZZOcU 

16'OC., - 4'Cu + l'O{:, -. -- A 

108 
156 
216 
370 
640 

- 

4. VIBRATIONS OF ISOLATED LAYERS 

At, Azu 
98 
138 

454 
466 
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116 
137 
193 
298 
623 

6'Ba + (I'Cu + IXOc. + I'#c-) 
(- I' Ba + 2'0h) + (9'Cu + IaOc. +  it^,) 

12'oc,, + 1 2 ' K  - 2IOu 
17'08, - I'CU + I'Oc. + I'OC, 

3 1.6- 
>. 
u 
E 1.2-  

6 
4 0.8 

% 
0.4 

0 

5'Y - (4'Ba - ItOb) + (5'Cu + 2 ' 0 ~ .  + 2'0;.,) 
7.Y + ( I '  Ba - 6'0h) - 6'Cul - ( ~ ' C U  - 3'0'. - 3'0;.,) 
3'Y - (1'B;r - 7'0h) + 8'Cul - (S'CU + I'Oc, + I'#c,) 

1IzOc. + l l ' ~c ,  - 4'Y - l ' h  + I ' C U ~  - ~ ' C U  
15'Ob - 7'Cul 

B i g  

3451 l3'@. - 13'0Lu 

To calculate the vibrational spectra of isolated layers in 
the YBa2Cu307 crystal lattice, all the force constants describ- 
ing interlayer interactions were set equal to zero (see the 
column labeled "layers" in Table I). The results obtained 
with the use of such a force field are presented in Table I1 (in 

- the column labeled "layers"). It can be seen from the table 
that the frequencies of the vibrations which were classified as 

- interlayer modes as a result of the foregoing analysis vanish, 
confirming the correctness of the present approach. 

Bzu 
2691 1 3'OC,, - 13'0';., 

1.8 2.0 2.2 R, A In addition, the frequencies of the intralayer vibrations 
of the OcUl atoms along the oxygen chains parallel to the x 

FIG. 2. Dependence of the force constant S(Cu-0) on the interatomic dis- axis (B3u and the axis (B1u van- 
tance R(CU-0). ish. At the same time, the frequency of the vibration of the 



TABLE IV. Experimental and calculated values of the elastic constants Cik (GPa) in 
compounds with a 123 structure. 

"Results of the present work. 

FIG. 3. Dispersion of the vibrational branches in 
YBa,Cu,O, crystals: a-c) calculated values (the solid 
curves correspond to vibrations which are even at the 
center of the Brillouin zone, and the dashed lines corre- 
spond to vibrations which are odd at the center of the 
Brillouin zone); d-f) experimental data.31 
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Oc,, atoms along a chain parallel to the y axis (588 cm-') 
scarcely differs from the frequency of the corresponding vi- 
bration in the bulk crystal (593 cm-I). Therefore, the 
-Ocul-Cul-O~l-Cul- chains of atoms cannot be treated 
as a separate layer in the force field model under discussion. 

When the remaining intralayer vibrations are considered, 
two cases should be distinguished. The frequencies of the 
intralayer vibrations of the atoms along the z axis, i.e., in the 
direction perpendicular to the plane of the layers (A, and B,, 
symmetry), differed very significantly from the frequencies 
of the corresponding vibrations in the crystal. Therefore, the 
influence of the neighboring layers on such vibrations is 
fairly great. At the same time, the frequencies of most of the 
vibrations of atoms in the planes of the layers (B,,, B,,, B,,, 
and B3,) varied only slightly, confirming the physical plau- 
sibility of their description as layer modes. 

5. QUASI-TWO-DIMENSIONAL BEHAVIOR OF THE PHONON 
SUBSYSTEM OF PEROVSKITE-LIKE SUPERCONDUCTORS 

It was concluded in Refs. 34 and 35 that the phonon 
subsystem in Bi-containing superconductors exhibits quasi- 
two-dimensional behavior. This conclusion was based, in 
particular, on the results of comparing the frequencies of the 
Raman-active vibrations in the spectra of compounds 
formed as a result of the successive addition of new 
layers in a specially selected series of bismuth struc- 
tures: ( B ~ , c ~ ) o ~ ( B ~ , s ~ ) o ~ B ~ ~ s ~ ~ c ~ o , + B ~ ~ s ~ ~ c ~ c ~ ~ ~ ~  
+Bi2Sr2Ca2Cu3010-+Bi,Sr4CaCu3014. The high-frequency 
lines shift only slightly in the transition from one compound 
to another; therefore, it may be assumed that they are deter- 
mined predominantly by intralayer interatomic forces. 

The same behavior of the high-frequency Raman-active 
vibrations upon variation of the set of layers is also observed 
for two known families of thallium superconductors: 
TlBa2Can - C U , ~ , ~  + and T12Ba2Can - C U , , ~ , ~  + 4, where 
n =1,2,3 (Refs. 36 and 37). It is important to stress that this 
behavior is accompanied by appreciable shifts of the low- 
frequency lines, which, by analogy with the interpretation 
discussed for 123 compounds, should be associated with vi- 
brations of the layers relative to one another. This behavior 
of the low-frequency vibrations was not explained in Ref. 37, 
where the "traditional" one-vibration-one-type-of-atom in- 
terpretation of Raman spectra was employed, since the varia- 
tions in the frequencies did not correlate with the variations 
in the lengths of the corresponding interatomic distances. 
Under the approach considered in the present work, the sig- 
nificant variation of the frequencies of the interlayer modes 
when the set of layers varies is perfectly natural. 

Thus, our analysis of the vibrational spectra of three 
classes of compounds, viz., 123 compounds, bismuth com- 
pounds, and thallium compounds, leads to the conclusion 
that the dynamic properties of the crystal lattices are deter- 
mined by the layered nature of these structures and that the 
phonon subsystem of perovskite-like superconductors has a 
quasi-two-dimensional character. Two types of optical vibra- 
tions, vk, interlayer and intralayer vibrations, can be iden- 
tified in the spectra of these compounds (Fig. 4). The inter- 
layer optical vibrations are characterized mainly by 
displacement of the layers as a whole relative to one another 

FIG. 4. Schematic representation of three different types of vibrations in the 
layered structure of YBa,Cu,O, and their dispersion in the T-+Z direction: 
a) intralayer optical vibrations; b) interlayer optical vibrations; c) acoustic 
vibrations. 

and have low frequencies and considerable dispersion in all 
directions of the Brillouin zone, including the T+Z direc- 
tion. The intralayer optical vibrations occupy the high- 
frequency region of the spectrum, are confined mainly to 
displacements of the oxygen atoms, and "are localized" in 
layers of identical composition. If these layers are separated 
in the structure by several layers of another composition, the 
interlayer interaction is weak and there is no dispersion of 
the intralayer vibrations in the T+Z direction. 

6. WAVE-LIKE RESTRUCTURING OF THE CRYSTAL 
LAlTlCE OF A 123 COMPOUND 

The anisotropic character of the crystal lattice of a 123 
compound is also manifested by its behavior when the com- 
position is varied. In Ref. 18 such restructuring was called 
wave-like, if variation of the composition is accompanied by 
increases in some interatomic atomic distances and simulta- 
neous decreases in others. For example, it may be concluded 
from the results of the x-ray structural investigation of the 
YBa2C~307-S system in Ref. 24 that variation of the oxygen 
content 6 in a 123 compound causes just such wave-like 
restructuring along the z axis: when the oxygen content is 
increased from 6.24 to 6.97, the lattice constant c decreases 
by 0.117 A, and the Cul-Cu interatomic distance decreases 
by 0.081 A, while the Y-Ba interatomic distance increases 
by 0.055 A (Fig. lb). Comparing the results obtained as a 
result of x-ray structural investigations of 123 compounds 
with Y+Gd (Ref. 25) and Y+Tm (Ref. 38) substitutions, 
we note that wave-like restructuring also takes place as the 
rare-earth element R is varied. Figure l b  schematically re- 
flects such evolution in both cases, viz., when Sis varied and 
under a Y+R substitution. 
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FIG. 5. Concentration-dependent behavior of 
the frequencies of the A, vibrations of the 
oxygen atoms [vO(Oa), vl(Ocrr), and v(0,)J 
when the composition of YBa2Cu307 is var- 
ied: a) YBa2Cu307-8 according to data from 
Refs. 42 (filled circles) and 43 (unfilled 
circles); b) (Y,-,Gdx)Ba2Cu307 (Ref. 16); c) 
dependence of vO(Oc,) and do,,) on the 
ionic radius ri of the rare-earth element upon 
Y - t R  substitutions (Ref. 39); d) 
Y(Ba,-,Srx)2Cu307 (Ref. 40); e) 
Y(B~,S~) , (CII ,A~)~O~ (Ref. 19); f) baric depen- 
dence for YBaZCu307 (Ref. 53). The squares 
connected by dashed lines in parts a and b are 
calculated results. 

The changes corresponding to this effect in the vibra- 
tional spectra can be assessed by analyzing the concentration 
dependence of the frequencies of the A, vibrations of oxygen 
atoms vO(O,), V'(O~,), and v(OBa), which are observed in 
the Raman spectra in the form of three relatively intense 
lines. Since the oxygen atoms belong to different layers of 
the perovskite-like 123 lattice, these vibrations contain infor- 
mation on its modification in response to different composi- 
tions. 

We previously investigated the Raman spectra of 123 
compounds for different compositions: with the Y atoms re- 
placed by Gd (Ref. 16) and by Pr (Ref. 14), with Ba replaced 
by Sr and Cu replaced by A1 (Ref. IS), and with the oxygen 
content Svarying from 0 to 1 (Ref. 17). The results of these 
studies are presented in Fig. 5, where other published data 
are also given. As can be seen from the figure, when the 
composition is varied, the concentration-dependent shift of 
the lattice vibrations obeys a single law in all cases: vO(Ocu) 
and ~ ' ( 0 ~ ~ )  decrease, while v(OB,) increases. 

The universality of this behavior of the vibrations is 
demonstrated by other experimental data known from the 
literature. For example, the isovalent replacement of y3+ by 
various rare-earth elements R ~ +  with an increase in the ionic 

radius was accompanied by a nearly linear increase in doBa) 
and a decrease in vO(Ocu) (Fig. 5c).39 

The influence of the isovalent replacement of Ba atoms 
on the vibrational frequencies was studied in Ref. 40 
(Ba+Sr) and in Ref. 41 (Ba-Ca). In Ref. 40 the Raman 
spectra of YBa2-xSrxC~307-s were obtained for the concen- 
trations 0SxS1.5, where the solid solutions form a continu- 
ous series and have an orthorhombic structure. The results 
attest to the fact that as the concentration of Sr increases, 
vO(Oc,) and vi(oc,) decrease, and doBa)  increases. 

Numerous investigations have been devoted to studying 
the influence of the oxygen content Son the Raman spectra 
of YB~,CU~O, -~  (see, for example, Refs. 42 and 43). Despite 
some differences in the values of the frequencies, the results 
in all these studies nearly coincide qualitatively: the shifts of 
the vO(Ocu) and vi(oa) lines are opposite in sign to the shift 
of doBa)  (Fig. 5a). 

Thus, for very different variations of the composition, 
the concentration-induced changes in vO(OQ) and V'(O~,), 
on the one hand, and the concentration-induced changes in 
doBa),  on the other hand, are opposed (Fig. 5). This can be 
explained by taking into account the forms of the vibrations 
(Tables I1 and 111) and the nature of the restructuring. In fact, 
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as the oxygen content in YB~,CU,O,-~ increases, doBa), 
which corresponds to a vibration of the OBa atoms at "com- 
pression" sites in the lattice along the z axis, should increase 
[the bonds should shorten and become stiffer (Fig. I)], while 
the frequencies vO(Ocu) and vi(O&) of vibrations of the Oc, 
and 0&, atoms, which are located at "expansion" sites, 
should decrease (the bonds should lengthen), as is observed 
experimentally. On the basis of the concentration dependence 
of vO(OCu), vi(oCu), and doBa), it may be concluded that the 
nature of the wave-like restructuring is inherently related to 
the structure of the layers in the 123 crystal lattice, as occurs 
for any variations of its composition. In addition, the experi- 
mentally observed oppositely directed concentration-induced 
shifts of v0(OC,) and ~ ' ( 0 ~ )  in comparison with doBa) 
have been qualitatively explained on a single basis. 

Let us take the results of these calculations and compare 
them with the experimental data. It is seen from Fig. 5 that in 
the cases considered in the present work (the Y--+Gd substi- 
tution and variation of the oxygen concentration 8) the be- 
havior of vO(Ocu), vi(ocu), and doBa) obtained from the 
calculation fits the experimental data. 

We note that the authors of most of the published calcu- 
lations were unable to correctly reproduce the difference be- 
tween v O(Oc,) and v '(ocU). According to the experimental 
data for YBa2Cu30,, these frequencies are -335 and =435 
cm-' (the difference between them thus amounts to -100 
cm-I). At the same time, the calculated difference was 20 
cm-' in Ref. 9, 23 cm-' in Ref. 6, and 316 cm-' in Ref. 8, 
and vO(Ocu) and ~ ' ( 0 ~ ~ )  changed places in Ref. 7: the fre- 
quency of the antiphase vibration v0(Oc,)=421 cm-' was 
higher than the frequency of the synphase vibration 
v i(~c,)=412 cm-'. 

The correspondence of vO(O&) and ~ ' ( 0 ~ )  to their ex- 
perimental values was achieved in the present study by tak- 
ing into account the dynamic interaction of the Y-Oa and 
Y-O&, bonds (the constant H,), i.e., by, in fact, taking into 
account the interaction of CuOaO& layers through a layer 
of Y atoms. 

7. ELASTIC PROPERTIES OF THE CRYSTAL LATTICE OF 
123 COMPOUNDS 

The elastic constants C,k were calculated for 
YBa2Cu307, YBa2Cu306, and GdBa2Cu30, using the model 
under discussion. We note that the experimental data pub- 
lished in the literature on these very important physical char- 
acteristics are meager and often contradictory (see Ref. 44 
and Table IV), largely due to the small size of the currently 
available single crystals of 123 compounds. The theoretical 
estimates of Ctk presented in Table IV do not make the pic- 
ture more definite. At the same time, the calculations which 
we performed made it possible not only to determine the 
values of the elastic constants, but also to isolate the contri- 
butions of different interatomic interactions to the CLk,  as 
well as to analyze the influence of the anisotropy of the 
structure on the elastic properties. 

Table IV presents the complete set of the elastic con- 
stants Clk calculated on the basis of the model parameters 
listed in Table I. We recall that these parameters were deter- 
mined by adjusting the calculated values of the vibrational 

frequencies without consideration of any experimental val- 
ues from Table IV. Nevertheless, our results are in good 
agreement with the data in Refs. 45, 46, and 48, thus allow- 
ing us to regard the calculated values obtained in Ref. 50 and 
the experimental estimate of C33 given in Ref. 47 as unlikely. 

According to the present work, the picture of the elastic 
properties of the lattice of 123 compounds is characterized 
by the relationship Cll  ,C2,> C3,, which is perfectly natural 
for structures having a layered structure. It should be noted 
that the values of C,, and C22 are only slightly greater than 

c33. 
An analysis of the dependence of Cik on the force con- 

stants of the model potential function of the YBa2Cu307 lat- 
tice reveals that the very stiff Cul-OBa bond does not have 
an appreciable influence on any of them. The elastic constant 
Cll is determined mainly by the stiffness of the Cu-Ocu 
bonds and, to a lesser extent, by the stiffness of the Ba-OBa 
and Ba-O&, bonds; the main contribution to C22 is made by 
the Cul-Ocul and Cu-O&, bonds, as well as the Ba-OBa 
and Ba-Ocu bonds. Conversely, the value of C3, is virtually 
independent of the copper-oxygen force constants and is 
determined by the weak, but numerous interactions of the 
Ba-Oc,, Ba-O&,, Ba-OcUl, Cu-Y, and Cul-Ba types. 
These interactions, together with the elasticities of the 
0-Cu-0 bonds, determine the values of C,,, CS5, and C,,. 

According to the calculations, the contribution of the 
Y-0 bonds to the elastic properties of the lattice of 123 
compounds is determined to a greater extent by the off- 
diagonal Y-O/Y-0 interactions through a central Y atom 
than by the stiffness of the Y-0 "springs" themselves. 

8. CRYSTAL LATTICE OF 123 COMPOUNDS UNDER 
HYDROSTATIC COMPRESSION 

The experimental measurement of the interatomic dis- 
tances in a 123 compound under hydrostatic pressure in Ref. 
51 demonstrated that the compressibilities of its various frag- 
ments differ significantly. For example, in the case of 
YBa2C~306,60, the distance between the CuOcUO&, planes 
scarcely varies under hydrostatic compression (in the 0-0.6 
GPa range investigated), but the decrease in the Cu-OBa 
bond length is twice as fast as the mean for the z axis. In the 
case of YBa2Cu306,,,, although some decrease in the dis- 
tance between the CuO&O&, layers was detected, it was sig- 
nificantly smaller than the mean for the z axis. These results 
suggest that the structural relaxation of the 123 lattice under 
pressure is distinctly nonuniform along the z axis and is 
reminiscent of the above wave-like restructuring occurring in 
response to variation of the composition. 

Note that similar behavior of the lattice parameters has 
also been observed in other high-T, superconductors: in 
La1,85Sr0.15C~04 and in T12Ba2Cu06+, (Ref. 52) the com- 
pressibility of the analogous Cu-0 bond was also signifi- 
cantly higher than the mean value for the z axis. 

The baric dependence of the frequencies of the A,  vibra- 
tions in the Raman spectra of 123 compounds has been in- 
vestigated in several s t ~ d i e s . ~ ~ , ~ ~  Figure 5 presents plots of 
P(P) borrowed from Ref. 53. The frequencies of the funda- 
mental vibrations increase with the pressure, the Griineisen 
parameters being equal to 1.6 for vO(Ocu), 1.7 for v'(Ocu), 
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and 1.9 for doB,). At the same time, the additional line 
which splits off from vO(Ocu) as the pressure increases (its 
origin was not unequivocally established by Syassen et ~ 1 . ~ ~ )  
exhibits a negative baric dependence with a parameter equal 
to 0.3. This finding is not unexpected in light of the wave- 
like restructuring discussed above. 

Let us briefly dwell on the results of a calculation of the 
changes in the interatomic distances in a 123 lattice under 
hydrostatic pressure, which faithfully reproduce the experi- 
mentally observed anisotropy of the compression. The calcu- 
lation method was previously described in Ref. 55. Accord- 
ing to the calculations, along with the "usual" behavior of 
the lattice under hydrostatic pressure, i.e., the decreases in 
most of the interatomic distances, there is an "anomalous" 
increase in the distance along the z axis between oxygen 
atoms from CuOcuOhu layers separated by a layer of Y atoms 
(i.e., the Oa-Ocu and O ~ u - O ~ u  distances). Note that, as in 
the experiment, the anisotropy is displayed more strongly in 
YBa2Cu3O6 and than YBa2Cu307. For example, the deriva- 
tives of the corresponding bond lengths with respect to the 
pressure have the values 

in YBa2Cu30, and 

in YBa,Cu30,. This effect originates in the model from the 
coefficient Hz,  whose value, as we have already mentioned, 
determines the difference between v O(OCU) and v '(ocU). 

For comparison we point out that the variation of the 
Cu-OBa bond length is characterized by the value 

9. CONCLUSIONS 

Thus, the elastic properties, vibrational spectra, and sev- 
eral important features of the behavior of the 123 crystal 
lattice have been successfully described using the proposed 
model. It has been shown that the optical vibrations can be 
separated into interlayer and intralayer vibrations. It has been 
concluded that the phonon subsystem in perovskite-like su- 
perconductors has quasi-two-dimensional behavior. 

It has been established on the basis of an analysis of the 
calculated and experimental data that the layered structure of 
the 123 lattice is directly reflected in some properties of the 
phonon subsystem, viz., the concentration dependence of the 
frequencies, the normal modes of vibration, and the behavior 
of the dispersion branches, and that the anisotropy of the 
dispersion of the phonon branches increases as their fre- 
quency increases. 

In fact, the acoustic modes in these compounds are not 
strongly anisotropic: the elastic constants C,, and C2* are 
only slightly greater than C33. The interlayer optical vibra- 

tions, which have low frequencies (v<200 cm-') and corre- 
spond to displacement of the layers as whole units relative to 
one another, are likewise not strongly anisotropic: they gen- 
erally have appreciable dispersion along all directions of the 
Brillouin zone. 

Unlike the acoustic and interlayer optical vibrations, the 
intralayer optical vibrations are characterized by pronounced 
anisotropy: none exhibit dispersion in the T-Z direction, 
but most of them have significant dispersion in directions 
coinciding with the plane parallel to the layers (the xy 
plane). The intralayer vibrations are "localized" on oxygen 
atoms belonging to the same layer and form the high- 
frequency portion of the phonon spectrum. 

We thank M. B. Smirnov for assisting in the perfor- 
mance of the dynamic calculations, as well as Yu. E. Kitaev, 
A. G. Panfilov and R. A. ~varestov for some fruitful conver- 
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