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Abstract

We explore the important role of the strong electron-phonon interaction in high temperature superconductivity through the study of
the results of some important experiments, such as inelastic neutron and X-ray scattering, angle resolved photoemission
spectroscopy, and isotope effects. We also present our computational results of the eigenvalues and eigenvectors of the A, Raman
modes, and the ionic displacement dependence of the electronic band structure by density functional theory. It is clearly evident that
the role of phonons in the mechanism behind the high-temperature superconducting state should be seriously considered.
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1. Introduction

After two decades of enormous research activities since
the discovery of high-temperature superconductivity
(HTSC) in cuprates [1], although many aspects of the
physics and chemistry of the cuprate superconductors are
now well understood, the underlying pairing mechanism
remains elusive. It is well understood that HTSC is
formed by hole or electron doping of the Mott-Hubbard
insulating state parent compounds with long-range
antiferromagnetic order based on strong Coulomb
interaction between electrons [2,3]. It is usually accepted
that for HTSCs with the strong electron correlation, the
two-dimensional t—J model is a suitable starting point to
explain some of the unusual properties both in the normal
and superconducting states such as the doping-
temperature phase diagram, paring symmetry, pseudogap,
etc. [4]. But, these seem not to be sufficient for explaining
the mechanism behind the superconducting state in the
cuprates.

For a long time, the role of phonons in the pairing
mechanism of HTSC has been disregarded. This is
despite the existence of many evidences to their
relevance, for example the results of isotope
experiments. One of the reasons for this was the
prevailing belief that phonons simply could not account
for such a high transition temperatures (T.). Recent
works by inelastic neutron scattering (INS), inelastic X-
ray scattering (IXS), angle resolved photoemission
spectroscopy (ARPES), and the isotope effects on
different properties of these compounds have given clear
indications of a strong electron-phonon coupling in
various HTSC systems, supporting the debate on the

relevance of phonons. These studies indicate that
electron-phonon interaction has likely an important role
in the properties of HTSCs and maybe in the formation
of superconducting state in these compounds. Thus, it
seems that the renormalization of strong electron
correlation and strong electron-phonon interactions with
each other plays a major role in the physics of HTSC
cuprates, a new area in condensed matter which has not
been studied well. One important question that remaines
is how electron-phonon and electron-electron
interactions could create the superconducting state in
HTSCs.

In this paper, we highlight some experimental and
computational results elucidating the importance of the
electron-phonon interaction in HTSCs. We begin with
some recent experimental studies on the field of
electron-phonon interaction like isotope effects, INS,
IXS, ARPES, and then, explain our recent computational
studies on the phonon spectrum in GdBa,Cu;0;
(Gd123), PrBa,Cu;0; (Pr123), YBa,Cu;0; (Y123), and
YBa,CuyOz (Y124), employing the ab-initio density
funtional theory (DFT), using the Wien2k and VASP
codes.

2. Electron-phonon interaction in cuprates

2.1 Isotope effect

Although in the early years of the discovery of HTSC the
isotope effect was not considered as an important
element in the HTSCs, it has now been verified that the
unconventional isotope effects observed in the cuprates
clearly demonstrate that the electron-phonon interaction
plays an important role in the physics of cuprates. Here,
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we review briefly some of the important results.

It is now generally accepted that optimally-doped
cuprates exhibit a small and positive oxygen-isotope
exponent oo which decreases with increasing T, [S]. The
small oxygen isotope shift observed in the optimally
doped cuprates suggests that phonons might not be
important in bringing about the high temperature
superconductivity, but it increases with decreasing T, in
the underdoped and overdoped systems, and can be even
larger than the BCS value in some cases.

By substituting B0 for %0 in La,Sr,CuO, (La214),
T. reduces and the isotope exponent o increases with a
decrease of doping and becomes very large (>0.5) in the
deeply underdoped regime [6]. In addition to the large ag
in the underdoped compounds, there are also large ac,
observed in the underdoped La214 [7], oxygen-depleted
Y123 [8], Pr-substituted Y,Pr,Ba,Cu;0;, and
Y. PryBa,CusOg [9], as well as in Y124 [10]. As T, or
doping decreases, both 0o and oc, increase
monotonously although the oc, is about 3/4 of o in the
deeply underdoped region. The large o and ac, suggest
that the phonons in the CuO, planes are more relevant to
superconductivity relative to the apical and/or chain
oxygen vibrations. To determine the more important
oxygen ions in oo, the change of each planar or chain
with the isotope can be done and controlled by site-
selective oxygen-isotope experiments and confirmed
with the Raman data [11-13]. It is also interesting that
site-selective oxygen isotope experiments in the
underdoped and optimally doped samples of
Y «PrBa,Cu;07., remarkably indicate that the planar
oxygen ions mainly (>80%) contribute to the total
oxygen isotope effect in the optimal and underdoped
samples [14,15]. Another important point is that the
change of T, by substituting oxygen is not due to the
change of holes, and it is just related to the ionic
vibration. There are some experiments which indicate
that the change of hole-concentrations after substitution
of '°0 by "0 is about 0.0002 per Cu site [16-19]. Also,
Tes of the "®O samples are always lower than the '°O
samples by more than 1 K, independent of whether
dT./dx is positive, negative, or zero.

Susceptibility measurements of the '’O and 'O
samples of undoped La214 and of oxygen doped La214
indicate that the antiferromagnetic (AF) ordering
temperature Ty reduces about 1.9 K for substitution
of O for 'O in the case of the undoped samples,
but the change is negligible in the oxygen doped
samples [20]. Temperature dependence of the internal
magnetic fields, probed by muon-spin rotation, in
La; ¢7S10,03Cug.9sMnyg ;04 system indicates that the spin-
glass freezing temperature T, almost doubles upon
replacing '°0 by '®O [21]. Such a huge isotope effect on
Ty and T, which are neglected in the conventional
theories of magnetism in theoretical descriptions of
magnetic phenomena, suggests that spin dynamics in
cuprates is ultimately correlated with lattice vibrations.

X-ray absorption near edge spectroscopy (XANES)
is a powerful technique to probe the local structure

conformations for the cuprates, where the charge-stripe
formation temperature T* can be determined from the
sudden increase of the subtraction of two characteristic
XANES peaks. It has been shown that upon replacing
%0 with 8O in La 04Srg,06CuO, system, T* shows a
large increase from about 110 K to 180 K [22]. Also,
neutron spectroscopic investigation of the HoBa,Cu,Og
system [23] indicate that upon replacing '°O by 'O,
pseudogap temperature T, (derived from the deviation of
linear temperature dependence of intrinsic linewidth
I'(T)) changes from 170 K to 220 K. These large
dependences of T* and T, to the isotope effects could
also indicate the coupling of charge dynamics and the
lattice vibration modes in HTSCs.

The large isotope effect of magnetic penetration
depth A(0), derived from diamagnetic Meissner signal in
decoupled fine-grained samples, results in a isotope-
mass dependence of the average supercarrier mass m* in
the CuO, planes. The Meissner effects for the '°O and
%0 samples of La, Sr,CuO, with x = 0.06 and 0.105
indicate that there are large oxygen isotope effects on
both T, and the Meissner fraction, i.e. the Meissner
fraction of the '°O sample reduces about 23% by
substitution of 'O for x = 0.06 [17,18]. The isotope
effects are reversible upon the isotope back-exchange,
and reproducible in several sets of samples. Because of a
negligible oxygen-isotope effect on the superconducting
carrier density ng, a strong isotope dependence of
supercarrier mass m* can be concluded from these
experiments, since the A*(0) is proportional to m*/n. For
x=0.06 sample the value of Am*/m* is about 24%,
which indicates a large negative oxygen-isotope effect
on the effective supercarrier mass in the deeply
underdoped  cuprates. Highly sensitive torque
magnetometer, which is able to detect the small
diamagnetic signal for the tiny crystals, confirms these
results for single crystal samples [24,25]. The magnetic
torque vs. temperature have been measured for La,.
Sr,CuOy, crystals with x= 0.086 and 0.080 in different
'®0 and 'O isotope masses. The relative changes in T,
and o are found to be -5.5% and 0.47 for x = 0.080 and
-5.1% and 0.40 for x= 0.086, respectively. The relative
changes of AL,,(0)/A%,,(0)~Am*/m* (using An, = 0) are
found to be about 0.9% and 0.7% for x=0.080 and
0.086, respectively [25]. Similar result was also obtained
for several optimally doped cuprates YBa,Cu;0¢ 4,
La14858r0A15CuO4, and Bi1A6Pb0‘4Sr2Ca2Cu3010+y from
magnetization measurements [26]. These results are
beyond the Migdal theory, where the supercarrier mass
is considered as a constant.

The results of different isotope effect experiments
indicate that the vibration of oxygen and also Cu ions in
the CuO, plane has an important effect on different
electronic, magnetic, and supercounducting properties of
HTSC. This indicates that electron-phonon interaction
could have an important effect on these properties.
Below, we present other evidences to make this more
conclusive.
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Figure 1. Seven energy scans along the (3+qy, 0, 0) direction
at 10 K are shown, each successively displaced by 35 counts.
Two prominent branches can be tracked from the zone
boundary (3.5, 0, 0) point, the in-plane oxygen bond-bending
mode at 58 meV and the oxygen bond-stretching mode at 70
meV. The bond-stretching branch experiences a discontinuity
at (3.25, 0, 0), jumping to 85 meV as the zone center is
approached. Solid lines indicate fits as described in the text.
The dashed line for (3.5, 0, 0) is the background obtained from
the counting time for each point, assuming a time-independent
count rate of 1.4 counts/min (after R.J. McQueeney et al. [35]).

2.2. Unusual phonon softening from INS and IXS
measurements

Perhaps the most intriguing experimental evidence of a
large and anomalous electron-lattice interaction comes
from inelastic neutron scattering experiments on various
high temperature superconducting materials [27-32]. For
example, the strong renormalization (15%—-20%
softening) of longitudinal high frequency (80 meV)
oxygen bond-stretching phonons in the CuO, plane with
hole doping for different HTSC compounds such as
La,Sr,CuO4 [27], La,CuOu:y [29], Y123 [30,31],
Pb,Sr,(Ca,Yd)Cu3Og [33] and Li;,Ti,,O4 [34] and even
Ba;KBiO; [32], indicates that there is a strong
coupling of these phonons to the doped holes.

Figure 1 shows an example of these measurements
related to a series of longitudinal scans along the (3+q,,
0, 0) direction at T=10 K [35]. Two phonon modes are
observed in q,=0.5 at 58 and 70 meV, respectively
related to the oxygen in-plane Cu-O bond-bending and
the oxygen Cu-O bond-stretching mode in the CuO,
plane. This 70 meV bond-stretching, half-breathing
mode is strongly softened as compared to the undoped
compound. Inelastic neutron scattering measurements of
L214 show that the half-breathing oxygen modes in ((, 0,
0) direction soften anomalously from 80 meV (x = 0) to
70 meV (x = 0.15) with doping [27,35]. As can be seen

from figure 1, while the frequency of the 58 meV bond-
bending branch remains relatively constant through the
zone, frequency of the 70 meV branch (remaining
constant up until q,=0.25) disappears, and at q,=0.2 a
phonon peak reappears at 83 meV, close to the undoped
frequency of the phonon branch. So, it can be concluded
that, at 10 K, the bond-stretching phonon branch is
nearly discontinuous at q,=0.25, with an energy splitting
of 13 meV. It has also been found that the dispersion is
strongly temperature dependent so that there is a large
difference between the values at 10 K and room
temperature, not related to the superconducting state
[35].

Phonon density of states in L,,Sr,CuQ, indicates an
abrupt development of new lattice modes near 70 meV
with changing of hole concentrations near x = 0.06-0.08,
which is related to the doping-induced metal-insulator
transition, where trapped holes begin to become mobile.
The abrupt change in the DOS is not due to the
tetragonal-orthorhombic structural phase transition, and
not caused by electrostatic impurity effects from Sr
substitution. Thus, the 70 meV band signifies strong and
unusual electron-lattice coupling in the metallic state of
high temperature superconductors that is not present in
the insulating state.

Inelastic X-ray scattering [36] also shows similar
anomalous softening along the (¢, 0, 0) direction for Cu-
O bond stretching and out-of-plane oxygen vibration of
the electron-doped Nd, gsCe 14CuQ,.5 cuprates, such as
other hole-doped cuprates [28,29,31,35,37,38], which
indicate that this is a generic feature of the high-
temperature superconductors. Another IXS also indicate
that in nearly optimally doped HgBa,CuQO,.5 system the
Cu-O bond stretching mode at high energy shows strong
softening towards the zone boundary, which deviates
strongly from the computational model [39].

In summary, as we mentioned in this section, the
anomalous softening of the phonon frequencies in
HTSCs with doping and wave vector is another evidence
for the strong electron-phonon interaction. This is in the
direction of isotope effect (see Sec. 2-1) which reveales
that electron-phonon interaction could be very important
in the electronic properties.

2.3. ARPES measurments and phonon collective
modes

Recent ARPES measurements have produced a lot of
valuable information about the electronic self energy in
the both superconducting and normal sates of HTSCs
versus the energy and momentum in different temperature
and doping regimes [40]. The spectrums have very
complex structure, temperature, and doping dependence,
and have produced intense discussions about the origin of
the superconductivity in HTSCs. These measurements
indicate that the kink in the dispersion and the change in
the energy dispersive curves width observed along the
nodal direction indicate the presence of a well defined
energy scale in the electron self energy of HTSCs. This
energy scale could be resulted from the coupling between
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Figure 2. (color online) Quasiparticle dispersion of Bi2212,
Bi2201 and La214 along the nodal direction, plotted versus the
rescaled momentum for different doping (a-c) and temperatures
(d,e). The dark arrows in (b-¢) indicate the position of the kink,
and the light arrow in (a) the energy of the q = (w, 0) oxygen
stretching phonon mode. Inset of (e): temperature dependent A '
for optimally doped Bi2212. (f) Doping dependence of A’ along
(0,0)-(m,m) for all the different cuprates (after A. Lanzara et al.

[43]).

the quasiparticles and some collective modes. Due to the
large effect of these modes on the electronic dynamics, it
can be very important in the electronic physics and also
the pairing mechanism of HTSCs. The best two choices
for these collective modes are the resonant magnetic-mode
[41,42] and the phonon modes [43,44], which have been
known as the two important candidates for explanation of
the electronic physics of HTSCs.

Figure 2 shows the momentum dependence of
quasiparticle dispersion for some HTSCs along the nodal
direction and for different values of doping and
temperatures [43]. As can be seen from this figure, there
is a pronounce energy scale near 70 meV binding energy
that changes the behavior of electronic dispersion below
and above this energy. Observation of a similar energy
scale (50-80meV) in systems with very different gap
energies (10-20 meV for La214 and Bi2201, 30-50meV
for Bi2212) rules out the superconducting gap as a
possible origin. One suitable way is to relate this energy
scale to the electron-phonon interactions. This is due to
the coupling between quasiparticles and oxygen
phonons, which have the same energy for different
compounds, and have been obtained from the neutron
scattering experiments [35,45]. These lattice vibrational
modes are strongly coupled to the charge carriers, and
their characteristic frequencies fall in the same energy
range of the kink observed in the quasiparticle dispersion.

Furthermore, the similar energy scales in different
compounds is a strong evidence against the magnetic-
mode interpretation [43], because the magnetic resonant
mode behaves very differently: It is not observed in
La214, and is expected to have an energy three times
lower in Bi2201 as compared to Bi2212 or Y123 due to

its scale with T.. Important evidence in favor of the
phonon scenario comes from the persistence of the kink
in the quasiparticle dispersion well above T.. This is
particularly obvious in the 100 K data from La214, for
which T,=38 K. The inset in panel (e) presents the real
part of the self energy for optimally doped Bi2212 and
shows a more continuous evolution, with a persistence of
the effect into the normal state. Therefore, the
temperature dependence of the ARPES data from
Bi2212 and especially La214 [43] is a direct and
conclusive evidence against the magnetic-mode
interpretation which turns on below T, as indicated by
elastic neutron scattering experiments [46-49].

Figure 2f shows the doping dependence of the
electron-phonon coupling parameter A'. The quantity A’,
which is proportional to the electron-phonon coupling
parameter A (A’ is already strongly renormalized due to
the strong electron-electron correlations over a large
energy scale) is estimated from the ratio of the
quasiparticle velocities at energies above and below the
kink [43]. The doping dependence of A’ clearly indicates
the increase of electron-phonon coupling (as much as 2)
in different systems (i.e., La214, Bi2201, and Bi2212)
upon reducing the doping level, similar to the isotope
effects in HTSCs.

The ARPES results indicate that in addition to the
electron self-energy corrections due to electron-electron
correlations, ~which are responsible for the
renormalization of the electronic structure of the
cuprates over a large energy scale, also the contribution
from electron-phonon interaction (which has a direct
influence on the quasiparticle dynamics) must be taken
into account. In summary, ARPES results indicate a
strong electron-phonon interaction in HTSCs which
could be very important in the charge dynamics and
creation of the superconducting state of these systems.

Secs. 2-1 to 2-3 were devoted to the importance of
electron-phonon interaction, even in formation of the
superconducting state in HTSCs. So, it seems the
electron-phonon interaction cannot be neglected in any
real mechanism of superconductivity of HTSCs. So, in
the followings, we have carried out some calculations to
study the electron-phonon interaction in HTSCs systems.

3. Computational studies

In this section we briefly explain the results of our recent
calculations on the phonon spectrum, the eigenvalues and
eigenvectors of the A, Raman active modes of some HTSC
systems. For our calculations we have used the ab-initio
density functional theory (DFT), which is a simple and
suitable way to obtain the electronic structure and
phonon properties of HTSCs [50]. We also discuss the
A, Raman modes and the ionic displacement dependence
of the electronic band structure in Gd123, Pr123, Y123,
and Y124 compounds. It should be noted that this is an
initial probe to the problem; a more extensive calculation
is required for a complete solution.
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Table 1. Equilibrium lattice parameters, unit cell volume, bulk modulus, and ionic positions for Gd123 and Pr123 in GGA
calculation, and for Y123 and Y124 in LDA calculation. The numbers in the second row in each cell indicate the relative percentage

difference with the experiment.

ae(A) | be(B) ce(R) Ve(AY) | B(GPa) Zga Zau Zog) Zog) Zow | Zewy Zoq)

Pri23 | o5 | e | sosow | 2l 124 0.1743 | 03523 | 03802 | 03809 | 0.1635

Gd123 | 350 | i | som | e 119 0.1790 | 03558 | 03798 | 03799 | 0.1618

yi23 | 7% 1 s | L e 128 | 01826 | 035365 | 03798 | 03789 | 0.1597

Y124 _13"182‘2% _]3"]856% _21§i95301 ?393"1,/2 124 0.13554 | 0.06125 | 0.0519 | 0.0519 | 0.14565 | 02128 | 0.2186
3.1. Computational details
We have used the Viena Ab-initio Simulation Package 150 1 ] /
(VASP) [51,52] and Wien2k [53,54] computational \\ Gd123 / |
codes in the local density and generalized gradient Lzs o Y e DA f-
approximations (GGA), respectively. The total energy \ / /
calculations have been performed using ab-initio full Lao o B GoA f
potential linear augmented plane wave (in Wien2k) and \ f r
pseudopotential (in VASP) methods based on DFT. Due = 075 \ / /
to the absence of 4f orbital pseudopotentials of Gd ‘3“_ \. # y
and Pr ions, we have performed the calculations for I Y N y;
Gd123 and Pr123 by Wien2k, while for Y123 and = ‘e n _/ /
Y124 we have used the VASP code. The interaction s | N u 4 e
between ions and electrons is described by ultra-soft ' A w / ¥
Vanderbilt pseudopotentials method in the VASP, and 0.00 .\\H_,}‘ Ny e
GGA has been used in the Perdew-Burke-Ernzerhof '
parameterization. The initial lattice parameters and oos
ionic positions for the calculation have been taken T o e o0 o o0 0
from the experimental data [55]. Furthermore, the v

equilibrium unit cell volume and lattice parameters for
the systems have been derived by Murnaghan fitting
of the energy-volume data. Then, the ion relaxation
has been performed to derive the equilibrium internal
positions, by minimizing the ionic forces of the order
0.01 eV/A, and 0.5 mRy/a.u (~0.01 eV/A) for VASP
and Wien2k, respectively.

The cutoff energy and k-point sampling in the
irreducible Brillouin zone are chosen as 400 eV and 50
k for Y123, and 400 eV and 25 k for Y124,
respectively. The Ryr*Kpax, Limax, Broyden factor, and
the number of k points in the irreducible wedge of the
Brillouin zone have been considered for Wien2k code
as 7.0, 10, 0.10 and 72 k, respectively. Performing the
calculation for different number of k points, indicates
that the number of k points between 100 and 500
sampling in the first Brillouin zone (corresponding to 9
to 72 k points in the irreducible wedge of the Brillouin
zone) is sufficient to calculate the total energy of these
systems. The total energy has converged in each
calculation to better than 107 Ry/(unit cell) for Wien2k
and 10 eV/(unit cell) for VASP. The radii of muffin-
tin spheres of O, Cu, Ba, Gd, and Pr ions have been
considered to be 1.6, 1.8, 2.3, 2.5, and 2.5 a.u.,
respectively. These values are kept fixed in all of the
calculations, and have been chosen such that they
remain non-overlapping in the volume optimization and
phonon frequency calculation.

Figure 3. The computational data for energy-volume
calculation in LDA and GGA for Gd123. The lines show the
Murnaghan fitting of the calculated data.

We have calculated the frozen phonon frequencies
(at k=0) for the A, Raman modes of these systems with
diagonalization of the dynamical K matrix. Then, the
electronic band structure have been calculated for Y123
and Y124 systems in the large symmetric lines of k,=0.0
of the irreducible Brillouin zone for displacement of
ionic position in each bare phonon mode. Other
computational details can be found in Refs. [56,57].

3.2. Results and discussion

The obtained equilibrium lattice parameters (with constant
c¢/a and b/a ratio), volume, and ionic positions for Gd123
and Pr123 systems in the GGA, and for Y123 and Y124 in
LDA are shown in Table 1. The numbers in parentheses
indicate the relative percentage difference with the
experiment. The corresponding values in the LDA are
a=3.770 A, b=3.817 A, c=11.422 A, and V=164.38 A’ for
Gd123, and a=3.790 A, b=3.840 A, c=11.460 A, and
V=166.79 A’ for Pr123. The difference between our
computational and the experimental data is about 0.41%
and 1.25 % for the lattice parameters and the volume,
respectively, while the corresponding values are about -2
% and -6 % for the lattice parameters and volume in the
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Table 2. The eigenvalues and eigenvectors of the A, Raman active modes of Gd123 system.

1 Eigenvectors
A, mode Freq.(cm™) Ba Cu2) | 0Q) | 00 | 0@
Ba 102 0.58 0.78 0.17 0.16 -0.01
Cu(2) 122 -0.52 0.82 0.15 0.13 -0.11
0(2)-0(3) 305 0.00 -0.01 0.76 -0.65 0.02
0(2)+0(3) 358 -0.01 -0.05 0.59 0.70 0.41
0(4) 444 -0.01 0.05 -0.27 -0.30 0.91
Table 3. The eigenvalues and eigenvectors of the A, Raman active modes of Pr123 system.
B} Eigenvectors
A, mode Freq.(cm™) Ba Cud) | o) | 00%) | 0@)
Ba 107 0.81 0.57 0.10 0.07 0.08
Cu(2) 125 -0.31 0.94 0.11 0.07 -0.06
0(2)-0(3) 309 0.00 -0.02 0.86 -0.50 0.09
0(2)+0(3) 366 -0.01 -0.02 0.38 0.75 0.54
04) 432 -0.01 0.02 -0.34 -0.43 0.83
Table 4. The eigenvalues and eigenvectors of the A, Raman active mode of Y123 system.
B} Eigenvectors
A, mode Freq.(cm™) Ba Cu) o) 00) o)
Ba 103 0.55 0.81 0.13 0.12 -0.08
Cu(2) 134 -0.56 0.80 0.09 0.10 -0.14
0(2)-0(3) 353 -0.02 0.00 0.79 -0.61 0.04
0(2)+0(3) 394 -0.01 -0.03 0.52 0.70 0.49
04) 450 0.01 0.05 -0.33 -0.36 0.87
Table 5. The eigenvalue and eigenvectors of the A, Raman active mode of Y124 system.
A, mode Freq.(cm™) Eigenvectors
Ba Cu(l) Cu(2) o) 0(2) 0(3) 04)
Ba 96 0.79 -0.02 -0.60 0.02 0.06 0.05 -0.11
Cu(2) 121 0.32 -0.13 0.89 0.01 -0.19 -0.18 0.19
Cu(l) 250 0.05 0.96 0.12 0.13 0.10 0.04 -0.19
0(2)-0(3) 346 0.00 -0.05 0.03 0.06 -0.49 0.67 -0.55
0(2)+0(3) 404 0.01 -0.07 0.09 -0.02 0.62 0.75 -0.21
04) 490 0.01 0.05 -0.02 -0.23 0.14 0.15 0.95
o) 585 0.00 -0.02 -0.01 0.97 0.04 0.05 0.23

LDA calculation. These results indicate the optimization
of calculation under the GGA relative to LDA. The bulk
modulus has been derived to be 157 GPaand 119 GPa for
Gd123, and 151 GPa and 124 GPa for Pr123 in the LDA
and GGA, respectively, and 128.3 and 124 GPa for Y123
and Y124 in LDA, respectively. Figure 3 shows a typical
picture for E-V calculations in the LDA and GGA for
Gd123, and the Murnaghan fitting of the data. It is evident
from the figure that the computational data could be fitted
well by the Murnaghan equation of state, which indicates
an adequate precision for the calculated data in performing
the phonon calculations. This figure also shows that the
equilibrium volume in the GGA calculation has been
optimized to the experimental value relative to the LDA
data. The values obtained for GGA calculation relative to
LDA for Wien2k are in good agreement with the reported
data for similar systems, and the LDA results of VASP are

also in good agreement with the reported data [58,59].

For determining the phonon eigenvalues and
eigenvectors of the A, Raman modes, we have calculated
the dynamical K matrix for Ba, Cu(2), O(2), O(3), and
O(4) ions which are active in these Raman modes. The
diagonal and off diagonal elements have been derived
from the total energy and forces versus ionic positions,
respectively. For Y123 and Y124, the LDA calculations
seems to be adequate for the total energy, phonon
frequencies, and band structure calculations, but it is not
adequate for systems containing 4f orbital such as Gd or
Pr ion. Due to our interest in calculating the phonon
frequencies, and not the band structure and the DOS for
Gd123 and Pr123, we have not used the LDA+U
approach for the 4f states of Gd and Pr ions. Considering
constant U for 4f orbitals (independent of the ionic
positions which is usually applied for E-V calculation or
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Table 6. The eigenvalues for the Gd123, Pr123, Y123, and Y 124 in comparison with the reported computational and experimental data.

This study Experimental data Computational data

A, mode Gd123 | Pri23 | YI23 | YI24 Y123 Pri23 Y124 Y123 Y124
Freq. cm’! [64-67] [68-70] [71] [60-62] [63]
Ba 102 107 103 96 110-119 115-128 103 95-123 89
Cu(2) 122 125 134 121 145-159 149-150 150 127-147 169
Cu(1) --- --- --- 250 --- --- 247 --- 270
0(2)-0(3) 305 309 353 346 | 330-336 298-306 340 317-338 393
0(2)+0(3) 358 366 394 404 | 435-440 430-442 439 387-422 426
0(4) 444 432 450 490 | 493-500 516-529 502 450-487 489
o(1) --- --- --- 585 --- 603 - 576

ionic relaxation), could correct the band structure and
DOS results for the 4f systems, but in spite of the
required large computational time, it makes a marginal
contribution to the force and total energy calculations.
Therefore, in our phonon calculations we have not
considered the U explicitly.

The eigenvalues and eigenvectors of Gd123, Pr123,
Y123, and Y124 are shown in Tables 2-5, respectively.
From these values we can determine the amplitudes and
relative phases of different ions in each mode. For
example, for Gd123, Pr123, and Y123 it can be seen that
the Ba and Cu(2) ions in the first two modes, known as
Ba and Cu(2) modes, are considerably mixed, while
there is low mixing of these ions with oxygen ions. Also,
the vibrational amplitudes of Ba and Cu(2) ions are
small in the three modes of oxygen ions. This indicates
that the Ba and Cu(2) ions in the A, modes of these
systems are decoupled from the oxygen ions. The Ba and
Cu(2) ions vibrate in the same phase for the Ba mode,
while they are in opposite phases in the Cu(2) mode for
the two systems. In the O(2)-O(3) mode of these systems
O(2) and O(3) ions are in opposite phases, and are
decoupled from other ions, while for the O(2)+O(3)
mode, O(2) and O(3) ions are in the same phase and
couple with the O(4) ion in the same phase.

For Y124, the Cu(1) ion is not mixed with Cu(2), Ba,
and other oxygen ions, and thus oscillate alone. In the
first mode, the Ba ion is coupled with the Cu(2) ion in
opposite phase, while in the second mode they oscillate
with each other. In the third mode the Cu(1) ion has the
dominant displacement and decouple from the other
ions. In the four other modes, the oxygen ions oscillate
with each other and are decoupled from the Ba and Cu
ions.

Table 6 shows the comparison of our results. It is
promising that they are in agreement with other
computational studies [60-63] and experimental data
[64-71]. Our calculated data are in the range of
computational error for these calculations, which is
about ten percent. Previous studies in this field indicate
that the local density calculated phonon frequencies in
the experimental lattice parameters are about ten percent
lower than the Raman data. By reducing the
experimental lattice parameters to the theoretical
equilibrium values, if there is a large difference, all five

modes are significantly enhanced and the average
discrepancy  between  the  experimental  and
computational data is reduced [60]. In this study, we
have optimized the volume in the GGA, and have found
the computational equilibrium volume to be 1.22 % and
1.28 % larger than the experimental value for Pr123 and
Gd123 systems, respectively. So, phonon frequency
calculations in the optimized volume in GGA of our
study increase the difference between the experimental
and computational studies by a small amount. This study
indicates that the computational phonon frequencies in
equilibrium unit cell volume, which is about 6% below
the experimental value in LDA, reaches the value of the
experimental data. So, if the volume optimization with
some correction to the LDA, such as GGA, is obtained
near the experimental value, the phonon frequencies
have an underestimation of about ten percent. So, maybe
doing calculations in the GGA could not refine the ten
percent error of the computational data.

This calculation, based on GGA, indicates that A,
eigenvalues do not change considerably after substitution
of Gd by Pr ion, and the small differences (highest
change is 11 cm™ for the O(4) mode) are within the
computational uncertainty (about 2%). It should be
noticed that Pr and Gd ions yield different magnetic and
electronic properties in the R123 systems. However, the
Raman experiments show a marginal difference (less
that 5%) in the frequency of A, phonon modes in these
systems. Calculations show that the eigenvalue for the
0O(4) mode has been decreased by Pr doping, while other
frequencies have been increased with Pr doping. Some
experimental data, however, show that by Pr
substitution, the O(4) mode hardens while the O(2)-O(3)
modes softens [68-70].

We have calculated the electronic band structure for
Y123 and Y124 systems in the large symmetric lines of
the k,=0.0 of the irreducible Brillouin zone for ionic
positions of each A, Raman mode. The details of the
results for equilibrium can be found elsewhere in the
literature [50,72]. Both of these systems have metallic
behaviors such that 4 bands and 8 bands in Y123 and
Y124 intersect the Fermi level, respectively. In the
following, we analyze the changes of these bands in
different A, Raman modes.

Figures 4-6 show three of these plots for Cu(2), O(3),
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E-E; (eV)

Figure 4. (color online) Changes of four bands intersecting the Fermi energy by the change of zCu(2) in Y123.
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and O(4) displacements, respectively for the four bands
intersecting the Fermi level, labeled 46-49 for the Y123
system. The changes of the band structure are gradual
with ionic positions, and therefore, the upper and lower
limits of each displacement are only shown in the
figures. The changes for Ba mode are obtained to be
small, and so, it is not shown in the figures. Our results
indicate that the coupling of Ba mode with the electronic
band structure is small. The changes for the O(2) and
O(3) is also near the same, because they have nearly the
same position in the compound, and so we have not
presented the result for O(2).

One thing apparent in these figures is that some parts
of these bands change a lot with displacement of the
ionic positions, while other parts change a little or
remain the same. For the Cu(2) displacements, the most
important changes are near the S point (in the (m,m)
direction of the Fermi surface) in all bands and the X
(1,0) point for 49™ band, while the intermediate points
change a little. For the S point of the 46™ band and the X
point of the 49™ band we see the creation of hole carriers
with decreasing the zCu(2) which could be very
important for the superconducting properties in these
systems. This indicates that number of holes could
resonate with this phonon mode. The results for O(3)
displacements are a little different: The 46™ and 47"
bands do not change much, while the most important
changes occur in the S point of the 48" and 49" bands.
In this mode, no hole carrier is created or annihilated by
the changes of O(3) ionic position. The largest change in
these bands is for the O(4) mode. In this mode, the S
point of the 46™ and 47" bands, the Y point of the 48"
and the 49" bands, and the X point of the 49" band have
changed considerably. It can also be seen that the
changes near the S point of the 46™ band annihilate hole
carriers by the increase of zO(4), while near the Y point
of the 48" band and the X point of the 49™ band hole
carriers are created by the increase of zO(4). These
changes in the electronic band structure with the ionic
position displacement indicate that the hole carriers
could couple strongly with the A, Raman modes.

More than 0.25 eV for the Cu(2) displacement and
about 0.4 eV for O(4) displacement indicate large
changes of electronic band structure with ionic
displacements. Another study has concluded that the
hopping parameter ¢ is strongly dependent on the ionic
positions, in agreement with other studies [73,74]. All of
these indications strongly support that hole carriers could
couple with the phonon, and that the electron-phonon
interaction is strong in these systems. Therefore, it is
concluded that the interaction between the ionic
positions and the electronic energy in this system is
large. This result confirms the experimental and
computational studies which believe in the strong
electron-phonon interaction in the HTSC compounds.

Our calculations show that the interaction is very
anisotropic, and the most interaction occurs in the nodal
(m,m) and antinodal (0,m) or (m,0) directions of the Fermi

surface. This result is in agreement with the ARPES
measurements ~ which  show  anisotropic ~ band
renormalization [40]. As can be seen from figures 4-6,
the interaction is different for different modes. We find
that most changes are for the O(4) and Cu(2) modes,
while least changes are for the Ba modes. These
calculations are carried out for the bare modes, while for
each A, phonon mode we have a combination of
different ionic displacements. The overall results for
each mode could be derived from the superposition of
these displacements, but this requires an extremely long
computational time procedure. So, the changes in the
electronic band structure with ionic position are in the
bare mode approximation, and to obtain the results for
the real phonon modes the contribution of other ions in
each mode should be considered.

Similar calculations for Y124 system result again that
the band structure is much dependent to the ionic
displacement, similar to Y123. Again, like in Y123, the
changes for Ba and O(1) are not much and the changes
for O(2) and O(3) is nearly the same. Also some special
parts of these bands have changed a lot by ionic
displacement while the other parts are nearly unchanged.
So, we conclude again the strong anisotropic dependence
of the electronic band structure to the ionic position in
the A, Raman modes.

4. Conclusions

In summary, reviewing different properties of HTSCs
indicates that the electron-phonon interaction could be an
important interaction in the charge dynamics and also in
the mechanism of high temperature superconductivity.
Unconventional isotope effects observed in T, Ty, T,
penetration depth, and effective mass of suppercarrier
indicate that the electron-phonon interaction in cuprates
goes beyond the Midgal theory of strong electron-phonon
interaction. The change of T., Ty, T, and magnetic
properties with isotope substitution indicates that phonon
is coupled strongly with the charge and spin dynamics.
The strong softening of some oxygen modes in the CuO,
plane with hole doping and q for different families of
HTSC compounds which have been derived from INS and
IXS, are other evidences of the interaction of the phonon
modes with electrons. Also, observation of a characteristic
energy in ARPES measurements indicates a strong
electron-phonon interaction in HTSCs which could be
very important in the charge dynamics and creation of the
superconducting state of these systems. Our calculations
indicate that the density functional theory is a suitable
approach to calculate the phonon frequencies, at least in
the center of the Brillouin zone, by at most 10 percent
difference with the experimental data. The ionic
displacement dependence of the electronic band structure
also indicates that phonons could be important in the band
structure and are strongly coupled with the electrons in
these systems.
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