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Abstract

In the present investigation the lattice dynamical calculations and normal coordinate analysis yield same phonon
frequency a bridge between Solid State Physics and Spectroscopy to understand the mechanism of
superconductivity. Raman and infrared studies of these HTSC have contributed significantly to their understanding.
The assignment of the spectral features to specific lattice vibrations would be an important step inunderstanding
their role in superconductivity. The lattice dynamics method is suited to determine the phonon frequencies in the
proximity of the Brillouin zone centre only. But , the force constants obtained from that analysis do not provide a
stable dynamics throughout the Brillouin zone. However, it is indispensable to have a precise knowledge of the
zone

—boundary phonons to investigate the contribution of electron-phonon coupling to Tc which can be achieved by
neutron scattering techniques. The most commonly employed model isthe valence force field model for computing
phonon frequencies based on stretching bond and bending bond coordinates. Such models have the advantage of
being well adopted to describe a covalent bonding but ignored the long-range Coulomb forces and wave vector
dependence of the phonon spectrum.

Key  Words: Lattice  dynamics ,Normal Coordinate  Analysis , High  Temperature
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I.  INTRODUCTION

The introduction of superconductivity above 30 K in CuO-pervoskites by Bednorz Muller[1-3] initiated
tremendous efforts in solid state physics and material sciences with the aim to isolate the phases which are
responsible for the superconductivity.

One direction of experiments has the intention to find out what is the contribution of lattice vibrations to
the superconductivity. Neutron scattering, as the method to determine the vibration spectrum throughout the
whole Brillouin zone, could at the beginning of these activities only measure the phonon density of states, as
shown by Ramirez et al. [4], Renker

et al.[5,6], Bruesch et al.[7],Burer et al.[8], and Belushkin et al.[9], because large single crystals were
not available. Raman and infrared (IR)-spectroscopy, however, can yield atleast some of the phonon frequencies,
namely the long wavelength optical phonons at the center of the Brillouin zone, from polycrystalline materials.
Even tiny single crystals embedded in polycrystalline samples can be investigated in Raman experiments with
theuse of microscope.

The published results of experimental work on Raman and IR-Spectroscopy have detailed information
about the lattice vibrations of the superconducting materials and their dependence on oxygen contents, element
substitution and impurity phases, which appeared in various samples and partly yielded controversial results. In
addition, the temperature variations of the optical phonon spectrum and the superconducting gap have been
investigated[10]. .

The study of normal coordinate analysis and the free carriers is important for the understanding of the
physical nature of high temperature superconductors. Raman and far- infrared studies of these superconductors have
contributed significantly to the understanding of new class of superconductors. Cardona and coworkers [11-18]
studied the infrared and Raman spectra of the super conducting cuparate perovskites MBaCu202 (M = Nd, Er, Dy,
Tm and Eu) and reported the possible origins of phonon softening and the systematic variation of phonon
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frkequencies with the ionic radius. Where PED is the combination of the i-th symmetry coordinate to the potential
energy of the vibration whose frequency is VKkFij are potential constants, Lik are L matrix elements and Ak

= 4n2 C?? .Recently, anomalous behavior of the phonon band vibrating in the c-axis direction has attracted
much interest [40-43], and strong coupling theory of phonon and free carriers hasheen reported [19-20].

2. Calculation of Lattice Dynamical by Using Three Shell Model (TSM) of HTSC
LazBaCuOs.

The calculations of Lattice Dynamical vibration frequencies of La,BaCuOs system is performed by
Three-Body Force Shell Model (TSM). The Lattice Dynamical calculations based on modified TSM reproduce
the observed frequencies of Raman and infrared active modes reasonable which are given in table 3 . The
calculated frequencies are in good agreement with the available experimental values. The lowest calculated Raman
active Alg mode frequency at 154 cm™ is due to the vibration of La atoms and this agrees very well with the
experimental frequency at 150 cm™. Similarly the calculated Raman frequency is Alg symmetry at 231 cm™ and
554 cm ' are due to the vibration of Ba and O(3) atoms respectively and the observed frequencies at 231 and
554 cm agrees very well with the calculated frequency. The highest calculated Raman frequency 554cm™ in Alg
symmetry isdue to the vibration of O(3) atoms which also agrees very well with the observed frequencyat 554 cm™
The calculated Raman phonon frequencies at 173 and 418 cm™ in B1g symmetry aredue the vibration of La and Ba
atoms respectively and the observed frequencies at 172 and 420 cm™ agrees very well with the calculated phonon
frequencies

The evaluated phonon frequency at 185 cm™ in B2g symmetry is due to the vibration of La atom. The Cu
and O(1) atoms vibrates at 180° out of phase to La atoms. Similarly the calculated Raman phonon frequencies at 332
cm™ is due the vibration of O(2) atom which is out of phase to O(1) atom and its observed frequency at 330 cm®
tagrees vey well with the calculated phonon frequency. The Calculated Raman phonon frequency at 436 cm™ is due
to the vibration of O(1) atom and it performs bending bond vibration in the O(3) atom and Ba atom is out of phase to
O(1) and O(3) atoms. The observed frequencies at 436 cm™ agrees very well with the calculated phonon
frequencies.

The calculated Raman phonon frequencies in Eg symmetry at 155 cm™, 287 cm™, 418 cm™ and 572 cm*
are due the vibration of La , Ba, Cu and O(1) atoms respectively and itagrees very well with the observed frequencies
at 155, 287, 425 and 575 cm™ respectively.

The calculated Infrared (IR) phonon frequencies in A2u symmetry at 160 cm™, 356 cm™and 420 cm™ are
due the vibration of O(1), O(2) and O(3) atoms respectively and it agrees very well with the observed frequencies at
155 cm™ , 360 cmand 419 cm™ respectively .

The calculated infrared frequency in Eu symmetry at 155 cm™ and 179 cm™ are due to the vibration of Ba
and O(1)atoms .The frequency at 238 cm™ is due to the vibration of Ba atom. The frequencies at 428 cm™ is due to the
vibration of La atom. Similarly the frequency at 456 cm™ is due to the vibration of O(1) and La atoms vibrates at 180°
out of phase to O(1) and O(2) atoms. Its observed frequency at 460 cm™ agrees very well with the calculated
phonon frequency . The Calculated IR frequency 554 cm™ is due to the vibration of O(1) atom whereas O(1)
atom vibrates at 180°out of phase to Cu and O(2) atoms. The highestfrequency in Eu symmetry is 608 cm™ is due
to the vibration of O(3) atom and its observed frequency at 608 cm™agrees vey well with the calculated frequency
due to the stretched vibration of Cu(1)-O(1) atoms

3. Normal Co-ordinate Analysis of The Zero Wave-Vector Vibration of
LazBaCuQs

The study of lattice vibrations and the free carriers is important for the understanding of the physical
nature of high temperature superconductors. Raman and far-infrared studies of these superconductors have
contributed significantly to the understanding of new class of superconductors. Cardona and coworkers [21]
studied the infrared and Raman spectra of the super conducting cuparate perovskites MBaCu,O, (M = Nd, Er,
Dy, Tm and Eu) and reported the possible origins of phonon softening and the systematic variation of phonon
frequencies with the ionic radius. Here an attempt has been made to perform the normal coordinate analysis for
the phonon frequencies and the form of the zero wave vector vibrations for the La,BaCuOg Superconductors.
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The high Tc superconductor LazBaCuOs System crystallizes in the body-centered
tetragonal (bct) system, which belongs to the space group Pa/mmm (D's) The body-
centered tetragonal (bct) unit cell of LazBaCuOs and the numbering of the atoms are shown
in Fig. 1. The 09 atoms of the unit cell yield a total of 27 optical vibrational modes. All the
above calculations are made at g=0. Once of Az, and Eu modes corresponds to acoustic

vibrations with frequency w = O. These normal modes are distributed as follows.

Aig+B1g +BagtEg+ Ao+ Eu from the motion of 2 La atoms

Eg+Eu from the motion of Ba atom

Azu +Ey from the motion Cu (1) atoms

Aig+Big +BagtEg+ Aou+2 Ey from the motion O (1) atoms alone c-axis
Aig+Baog+Eg+ Azu +2 Eu from the motion O (2) atoms alone b-axis
Azu+2Eu from the motion O (3) atoms alone a-axis

Subtracting the translation modes Azu + Eu the q = 0 optical modes involved in an

irreducible representation are as follows.

Mopt = 3A15+2 B1g +3 B2g + 4Eg+ 3A2u + 8Eu

The species belonging to Aig, Big, Bzg and Eg Raman active modes whereas Az, and
Eu are infrared active modes. The Az and Aig modes involve displacement along

crystallographic c-axis, the B2u and Eg modes along the b-axis and Ex modes along the a-axis.

The normal coordinate calculation was performed using the programs GMAT and FPERT
given by Fuhrer et al [22]. The general agreement between the evaluated and observed
normal frequencies of LazBaCuOs is good. The calculated force constants using the above
programs are given in Table 3. It is interesting to note that the evaluated frequencies given in

Table 3, agree favorably with the experiment values.

To check whether the chosen set of vibrational frequencies makes the maximum
contribution to the potential energy associated with the normal coordinate frequencies of
the super conducting material, the potential energy distributions was calculated using the

equation.
PED = (Fj L%/ A«

Where PED is the combination of the i-th symmetry coordinate to the potential energy of the
vibration whose frequency is V«Fijare potential constants, Lik are L matrix elements and A« =

2 A2 2
AT C0 "k

4. Calculation by using Normal coordinate analysis of HTSC LazBaCuOs :

The G-matrix elements have been calculated from the equilibrium geometry. The initial force constants
were taken from the related molecules. The final sets of potential constants provide the stability of the crystal in
relation to all vibrational modes. The vibrational frequencies and potential energy distribution values are presented
in this work. The potential energy distribution indicates the contribution of an individual force constant to the
vibrational energy of normal modes. It clearly indicates that there is mixing of the internal displacement
coordinates..
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The calculated Raman phonon frequency at 152 cm™ in Alg symmetry agrees very well with the observed
frequency at 150 cm™. This is the lowest phonon frequency due to the vibration of La atom and is due to the
bending vibration of O(2)-Cu-O(3),which is confirmed by the potential energy distribution calculation. The calculated
Raman phonon frequencies at 232 cm™ and 530 cm™ are due to the vibration of Ba and O(2) atoms, both the
oscillation are due to the bending vibrations. Both the frequencies agrees very well with the observed frequencies
at 231cm™and 554 cm™ . Respectively.

The calculated Raman phonon frequencies in B1lg symmetry at 174 cm™ and 418 cm™ are due the
vibration of La atom and Ba atoms respectively. Both the frequencies agrees very well with the observed
frequencies at 172cm™and 420 cmrespectevly.

The calculated Raman phonon frequencies in B2g symmetry at 184 cm™ , 330 cm™ and 430 cm™ are due the
vibration of Ba, Cu and O(1) atoms respectively. The observed frequencies at 190 cm™, 330 cm™ and 436 cm™
agrees very well with the calculated frequencies respectively.

The calculated Raman phonon frequencies in Eg symmetry are at 155 cm™ , 285 cm™, 418cm™ and 572 cm™ are
due the vibration of La , Ba, Cu and O(1) atoms respectively. The observed frequencies at 155 cm™, 287 cm™, 425
cm™ and 575 cm™ agrees very well with the calculated frequencies respectively. All these vibrations are bending
vibration which is confirmed by the potential energy distribution calculation. .

The calculated infrared phonon frequencies in A2u symmetry at 160 cm™ and 357cm™ are due to the vibration of
Cu(1) and O(1) atoms and due to the stretched vibration.. The infrared phonon frequencies at 156cm™, 357cm™
and 421cm™ are due to the vibration of Cu(1),0(1) and O(3) atoms respectively. The frequency at 421cm™ in this
symmetry is due to the bending vibration of O(2)-Cu-O(1). The calculated phonon frequencies at 156 cm™, 357 cm™,
and 421 cm™ agrees very well with observed frequencies at 155 cm™, 360 cm™, and419 cm™ respectively.

The calculated infrared phonon frequencies in Eu mode are at 156 cm™,179 cm™, 239cm, 428 cm?, 460 cm™,555
cm™, 580 cm™ and 605 cm™ are due to the vibrations of La, Ba, Cu, O(1),0(2), O(3),0(4), O(5) respectively, which
agrees very well with the observed phonon frequencies at 156 cm™ ,180 cm™, 240 cm™, 430 cm™, 460 cm™, 555 cm™,
580 cm™and 608cm™ respectively which are confirmed by the Potential Energy Distribution calculation.

5. RESULT AND DISCUSSION:

5.1 The comparative studies between Lattice dynamics and normal coordinate
analysis of high temperature superconductors LazBaCuOs.

The lattice dynamics of high temperature of high temperature superconductor have been performed by
using rigid ion model. The modified three body shell model adopted in the lattice dynamical study gives
favourable phonon frequencies. The lattice dynamical calculation based on modified TSM reproduce the
observed frequencies of Raman and infrared active modes reasonably which are given in table 3. along with
calculated normalcoordinate analysis frequencies and the observed frequencies.

The calculated Raman phonon frequency of Lattice dynamics at 154 cm™ in Alg symmetry is due to the
vibration of La atom which agrees very well with the normal coordinate analysis’s frequency at 152 cm™and it is
due to the bending vibration of O(2)- La -O(3) which is confirmed by the potential energy distribution
calculation. The highest phonon frequency in this symmetry of lattice dynamical is 554 cm™and is equal to 550 cm™
in normal coordinate analysis is due to the vibration of O(2) atom and it also shows stretched vibration of O(2)
atom.

The phonon frequency in B1g symmetry at173 cmtin lattice dynamics is more or less equalto the phonon
frequency at 174 cm™obtained by the normal coordinate analysis. This phonon frequency is due to the bending
vibration. Similarly, The phonon frequency 418 cm™ in lattice dynamical calculation agrees very well with the
frequencies obtained by the normal coordinate analysis at 418 cm™.

The evaluated phonon frequency at 185 cm™ in B2g symmetry is due to the vibration of Laatom. The
Cu and O(1) atoms vibrates at 180° out of phase to La atoms that agrees very well with the frequencies obtained by
the normal coordinate analysis frequency at 184 cm™ . The calculated phonon frequencies of Lattice dynamics at
332 cm™and 436 cm™ in B2g symmetry are due to the vibration of Cu and O(1) atoms that agrees very well with
the frequencies obtained by the normal coordinate analysis frequency at 330 cm™and 430 cm™ respectively.

The calculated Raman phonon frequencies in lattice dynamical calculation at 155 cm™, 287 cm™, 418 cm’
'and 572 cm'lin Eg symmetry are due to La, Ba, Cu and O(1) atoms agrees very well with the calculated phonon
frequencies obtained by the normal coordinate analysis at 155 cm™, 285 cm™, 418 cm™, 575 cm™respectively
which is confirmed by the PED calculation.
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The minimum infrared phonon frequency in A2u symmetry at 160 cmin lattice dynamical calculation is due to
the vibration of Cu atom which agrees very well with the frequency obtained by the normal coordinate analysis
at 160 cm™which is performed by stretching vibration and it is confirmed by the potential energy distribution
calculation. The maximum frequency of Lattice dynamic calculation in this symmetry is 420 cm™ that agrees very
well with the frequency obtained by the normal coordinate analysis at 421 cmis due to the stretched vibration of
0O(2) atomand is confirmed by PED calculation.

The calculated phonon frequency of lattice dynamics at 155 cm™,179 cm?, 238 cm', 428cm™, 456 cm™, 554 cm’
!, 580 cm™ and 608 cmin Eu symmetry are due to the vibration of La, Ba, Cu, O(1),0(2), O(3),0(4), O(5) atoms
respectively which agrees very well with the frequency obtained by the normal coordinate analysis at 156 cm’
1179 cm™, 239 cm™, 428cm™?, 460 cm™, 555 cm™, 580 cm™ and 605 cm™which is confirmed by the PED calculation.

6. Conclusion

In this work, two different methods viz, lattice dynamical study and normal coordinate
analysis vyielded the same phonon frequency for high temperature superconductor
LazBaCu0Os. the agreements between the calculated and observed frequencies wherever
available are very good for the systems under consideration. Therefore, it is concluded that
metal - oxide {(Cu-0) plays an important role for the occurrence of superconductivity. The
Raman scattering has provided direct evidence for strong electron—phonon interaction in the
high Tc superconducting oxides. The vibrational frequencies calculated by the methods of
Lattice Dynamics and Normal Coordinate Analysis are compared and they appear to be in
good agreement, which is confirmed by the Potential Energy Distribution calculation.
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TABLE 1
Parameters of the model: a, b are Born-Mayer constants: Z,Y,K, ionic charge, shellcharge and on-site core-shell force
constant of the ion, Va is the volume of the unitcell.

Interaction a(ev) b (A"
La-0(1) (Same plane) 3864 3.40
La-0(2) (adj plane) 3400 3.40
Ba-0(1) 3225 2.90
cu-0(1) 3000 3.34
0(1)-0(2) 2764 6.71
ky(e”Va) kz(e’Va)
ion Z(le) (leD ke(e’IVa)
La 3.00 3.554 434 -
Ba 2.00 2.32 2282 -
Cu 2.60 3.22 1000 1000 1000
o(m -1.85 -2.11 1000 1000 1000
0(2) -1.85 -2.11 225 210 400
0(3) -1.93 2.70 441 (K 1) - -
2264 (K2)
Table. 2

Force Constants LazBaCuOs (in units of 10°Nm™)

(Stretching) and 10"®Nm rad? (bending).

Force Constants Bond Type Distance (A" Initial Value Constants
fa La-0(1) 1.625 -

fa

La-0(2) 1.732 -
fe

La-0(3) 1.852 -
fa

Cu-0(1) 1.945 -
fP

Cu-0(2) 1.827 -
fa

Cu-0(3) 1.835 -
fi

Lala 1.852 0.80
fi

LaBa 1.920 1.61
fi

Ba-0(1) 2.030 1.85
fi

Ba-0(2) 2.050 1.90
fn

Ba-Cu 4.300 0.40
fﬂ

0(1)-0(1) 1.990 0.08
fa

0(2)-0(2) 1.980 0.57
fz

0(1)-0(2) 3.410 0.50
ff

0(1)- Cu- 0(2) - 1.32
fs

0(2)- Cu-0(3) - 1.13
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Table. 3
Calculated Phonon Frequencies of LazBaCuOs

(Values in the parentheses are experiment frequencies)

Symmetry Frequency(cm™) Frequency(cm™) Potential Energy
pecies g;rfmics Lattice g{sllc?r% ate Normal | Distribution(%)
analysis

Alg (Raman) 154(150) 152 fh (48) fk(21)
231(231) 232 fi (67)fg(20)
554(554) 530 B (47)fa(19)

Blg 173(172) 174 fe (56)fl(34)fk(21)
418(420) 418 fd (38)fB(21)fh(11)

B2g 185(190) 184 B (39)fm(22)fu(16)
332(330) 330 fc (39)fa(29)fY (15)
436(436) 430 fg (64)fo(14)

Eg 155(155) 155 fm (59)fB(16)fe(11)
287(287) 285 B (42)fh(14)
418(425) 418 fg(45) fa(31) fa (12)
572(575) 575 B (42)fa (45)fe(16)

A2u (IR) 160(155) 156 fa(40)fc (21)fo(23)
356(360) 357 fB(54)fY(32)fh(12)
420(419) 421 o (37)fc(26)

Eu 155(156) 156 fl (44)fh(26)fY(15)
179(180) 179 fc (46)fb(21)fa(14)
238(240) 239 B (51)fk(18)
428(430) 428 Y (41)f5(29)
456(460) 460 fa (46)fp(28)
554(555) 555 Y (50) fc (19)
580(580) 580 B (41)fo(21)fm(11)
608(608) 605 fo (66) fn (21) fm(11)
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Fig. 1 Crystal Structure of LazBaCuQOs
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