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Abstract. Ab initio total energy calculations have been performed for superconducting GdBazCuzO~7 and
insulating PrBasCusz O~ using the full-potential linear augmented plane-wave method in the local density
approximation (LDA) and generalized gradient approximation (GGA). The comparison of the calculated
unit cell volume and lattice parameters with the experimental data indicates the improvement of these
parameters in the GGA relative to LDA. LDA and GGA give the equilibrium unit cell volume about 6%
smaller and 1.25% larger than the experimental data, respectively for both systems. Thus frozen phonon
calculations have been performed to determine the eigenvalues and eigenvectors of the £ = 0 Ay modes
of the two systems in equilibrium structure have been obtained in GGA. The calculated frequencies in
the GGA are in good agreement with the other LDA calculations for similar systems. Comparison of
computational data with experimental data indicates that calculations determine the frequencies about
ten percent below the experimental data. Even by improving LDA to GGA in these calculations, the
calculated phonon frequencies have remained almost ten percent below the experimental data, even though
the calculated unit cell volumes are nearly equal to the experimental data. So, applying GGA has not
considerably decreased the difference between the computational and experimental data. The effect of Pr
doping on the eigenvalues and eigenvectors have also been investigated.

PACS. 74.25.Kc Phonons — 31.15.Ew Density-functional theory — 33.20.Fb Raman and Rayleigh spectra

(including optical scattering) — 74.72.Bk Y-based cuprates

Introduction

Recent experimental [1,2] and computational [3] studies
indicate that the electron-phonon interaction has an im-
portant role in the mechanism of superconductivity of high
temperature superconductors (HTSCs) while early belief
was that the electron-electron interaction being more im-
portant [4,5]. Neutron scattering experiments show an ap-
preciable softening of phonon frequency by doping, es-
pecially for the oxygen half breathing mode, suggesting
a substantial coupling of these modes with the doped
holes [6]. Photoemission experiments [1] show a large kink
in the hole dispersion at about 70 meV binding energy,
suggesting a strong coupling of holes with a bosonic mode
with 70 meV energy. A computational study in the ¢t — J
model indicates that the strong distance dependence of
the hopping and Coulomb integrals results in a strong
electron-phonon coupling and explains the softening of
half-breathing phonon mode [7]. LDA calculation based
on density functional theory indicates the large electron-
phonon coupling constant which can produce the high
transition temperature in LasCuO4 system [8]. On the
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other hand, the linear temperature dependence of the re-
sistivity in the wide range of temperature [9] and the small
value of isotope coefficient of the optimally doped sys-
tems [10] suggest that the electron-phonon plays a sec-
ondary role. Some computational studies indicate that
the renormalization of electron-phonon interaction by the
electronic correlations could explain the anomalous be-
havior of different transport experiments and introduce
a large coupling constant for producing high supercon-
ducting transition temperature [11]. Several different re-
search groups are performing more computational and ex-
perimental studies to clarify the real participation of the
electron-phonon interaction in the mechanism of HT'SCs.

The temperature and doping dependences of phonon
frequencies give suitable information about the relative
degree of electron-phonon coupling in different modes for
HTSCs. Two interesting cases for these studies are the
oxygen deficiency and Pr substitution which cause the
suppression of superconductivity [12]. Pr is an anomaly
in the RBagCu3zO7_s5 (RBCO, where R is a rare earth
or Y) family of HT'SCs that in spite of having orthorhom-
bic crystal structure like other members of this group,
behaves as an insulator [13]. In these systems, the Pr
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doping for about 0.3 to 0.6 Pr, depending on the ionic size
of R, reduces the transition temperature to zero [14,15].
So, the phonon study of isostructural GABCO and PrBCO
that are superconducting and insulator systems, respec-
tively, could be useful for understanding the anomaly. Ra-
man [16] and neutron scattering [17] measurements on
RBCO system indicate that Pr doping changes the phonon
frequencies by different values for different modes [18].

Computational studies on the effect of Pr doping on
the phonon frequency of HTSC systems have not been
considered much. Eigenvalues and eigenvectors of phonon
modes have suitable information that could be obtained
through these studies. Density functional theory is a con-
ventional approach for calculating the eigenvalues and
eigenvectors at least at the center of the Brillouin zone
(k = 0). Previous calculations indicate that LDA is capa-
ble of calculating the structural and vibrational properties
of HTSCs, even in the strong correlation regime where
the compounds are antiferromagnetic insulator (such as
PrBCO) and band structure calculations have shown to
have some over-estimations [19].

Previous calculations show that the calculated phonon
frequencies in LDA with the experimental unit cell are
about ten percent below the experimental values. Frozen
phonon calculations in equilibrium unit cell volume, ob-
tained by LDA calculation, indicates that the computa-
tional data reaches the experimental ones [19], however,
in the experimental unit cell there is ten percent difference
yet. In this study, we have calculated the phonon frequen-
cies of GABCO and PrBCO in GGA, and have compared
them with experimental data and computational studies.
We will address to the question as how much GGA calcu-
lations refine the LDA computational data.

Computational details

The total energy calculations have been performed using
ab-initio full potential linear augmented plane waves (FP-
LAPW) method based on density functional theory. We
have used the Wien2k computational code [20,21] in the
LDA and GGA, which is a powerful code in this area, es-
pecially for these localized systems. We have used GGA
with Perdew-Burke-Ernzerhof parameterization [22]. Due
to our interest in calculating the phonon frequencies, not
the band structure and density of state, we have not used
the LDA+U approach for the 4 f states of Gd and Pr ions.
Considering constant U for 4f orbitals, could correct the
band structure and density of state results for 4 f systems,
but makes marginal contribution to the force and total
energy calculations. The initial lattice parameters for the
calculation have been taken from the experimental data as
a=3854A,b=23902A, and ¢ = 11.676 A for GABCO,
and a = 3.865 A, b = 3.916 A, and ¢ = 11.688 A for
PrBCO [23]. Further, the equilibrium unit cell volume and
lattice parameters for the two systems have been derived
by Murnaghan fitting of the energy-volume data. The ra-
tios of ¢/a and b/a have been kept constant for the vol-
ume optimization. The initial z ionic positions have been
taken from our previous calculation for YBCO [24], and
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considered for the two systems as 0.1568, 0.1800, 0.3555,
0.3781, and 0.3790 for O(4), Ba, Cu(2), O(3), and O(2),
respectively. By using the computational lattice param-
eters, to derive the internal positions, ion relaxation has
been performed to converge the ionic forces to better than
0.5 mRy/a.u.

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. The energy to separate
core and valence states has been set as a default value
—6 Ry. The Ryrr X Kinaz and cut off angular momentum
L.nqr parameters have been considered for these calcula-
tions as 7.0 and 10, respectively. Performing the calcula-
tion 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. We have
performed the calculation at 500 k points corresponding
to 72 k points in the irreducible wedge of the Brillouin
zone. This number of k£ points is in correspondence with
11 x 11 x 3 mesh in the Monkhorst-Pack scheme. The Broy-
den factor for these systems that includes Pr, Gd, and Cu
ions with localized f and d orbitals has been set to 0.10
to avoid convergence difficulty.

To calculate the frozen phonon frequencies (at k = 0)
we have displaced one of Ba, Cu(2), O(2), O(3), and O(4)
ions in each calculation by step 0.002c¢ in the 0.016¢ region
around the ionic equilibrium positions, while other ions
have been kept in their equilibrium positions. The total
energy has converged in each calculation to better than
10~* Ry/(unit cell).

Results and discussion

To begin with, we have calculated the equilibrium lattice
parameters, equilibrium unit cell volume, and bulk mod-
ulus from the Murnaghan fitting of total energy-volume
curves for the two systems in different LDA and GGA.
Figure 1 shows the computational data in the LDA and
GGA with their Murnaghan fitting for GABCO. The cor-
responding figure for PrBCO is very similar to Figure 1.
The equilibrium lattice parameters (with constant ¢/a and
b/a ratio) and volume for the two systems in the GGA 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 = 3817 A, ¢ = 11.422 A, and V = 164.38 A3 for
GdBCO, anda =3.790 A, b = 3.840 A, ¢ = 11.460 A, and
V = 166.79 A3 for PrBCO. Comparing these data with ex-
perimental data shows that the computational data in the
GGA for all of lattice parameters is about 0.41% larger
than the experimental data, and for volume it is about
1.22% and 1.28% larger than the experimental values for
PrBCO and GdBCO, respectively, while the correspond-
ing values are about —2% for lattice parameters and —5.7
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Table 1. Equilibrium lattice parameters, unit cell volume, bulk modulus, and ionic positions in GGA calculation for GABCO
and PrBCO systems. The numbers in parentheses indicate the relative percentage difference with the experiment.

aeq (A) beq (A) ceq (A) Veq (A®) B (GPa) Zga Zeuwz) Zo@  Zom  Zow
PrBCO  3.881 3.932 11.735 179.08 124 0.1743 0.3523 0.3802 0.3809 0.1635
(4+0.41%) (+0.41%) (+0.40%)  (+1.22%)
GdBCO  3.870 3.919 11.725 177.82 119 0.1790 0.3558 0.3798 0.3799 0.1618
(4+0.42%) (+0.44%) (+0.42%)  (+1.28%)
150 Table 2. The elements of dynamical K matrix (eV/A?) ob-
tained from energy and force fitting for GdABCO system.
L& Ba Cu(2) O(2) 0@B) 0@
Ba 640 -0.81 -0.13 -0.19 -—0.78
100 Cu(2) —0.81 367 —147 —147  1.19
0(2) —0.13  —1.47 6.63 1.30 —1.00
_ 0(3) —-0.19 —1.47 1.30 7.00 -1.05
B, 2T 0(4) —078 119 —1.00 -1.05 10.94
Em 050
Table 3. The elements of dynamical K matrix (eV/A?) ob-
095 tained from energy and force fitting for PrBCO system.
Ba Cu(2) 0(2) 0(3) 0O(4)
a0 4 Ba 6.38 —-0.57 -—-0.11 -0.11 -1.05
Cu(2) —0.57 371 —-0.90 —0.75 0.47
0(2) —-0.11 —0.90 6.60 1.43 -1.07
025 | | | | | 0(3) —0.11 —0.75 143  7.94 —1.02
150 160 170 180 120 200 210 0(4) —1.05 047 -1.07 -1.02 10.09
\;{4%3)

Fig. 1. The computational data for energy-volume calculation
in LDA and GGA for GdBCO. The lines show the Murnaghan
fitting of the calculated data.

to —6.4% for volume in the LDA calculation. These cal-
culations indicate the capability of the Wien2k code in
GGA for determining the equilibrium lattice parameters
and volume, and their optimization with respect to the
LDA calculation. It should be noted that the usual under-
estimation of equilibrium unit cell volume in the LDA for
similar systems is about 3.5-6% [19,24]. The effect of vol-
ume optimization on phonon frequencies will be discussed
in the following.

The relative z coordination of equilibrium ionic po-
sitions of O(4), Ba, Cu(2), O(3), and O(2) ions have
been derived from ionic relaxation and inserted in Ta-
ble 1. These data are in good agreement with experi-
mental data [25]. The uncertainties of these values are
smaller than 2 x 10™%, which could be derived from our
force calculations. Bulk modulus has been derived to be
157 GPaand 119 GPa for GdABCO, and 151 GPa and 124
GPa for PrBCO in the LDA and GGA, respectively. The
values obtained for GGA calculation relative to LDA cal-
culation are in better agreement with the reported data
for similar systems [24,26].

For determining the phonon eigenvalue and eigenvec-
tor of 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. Tables 2 and 3 show

the elements of the dynamical K matrix for GABCO and
PrBCO, respectively. The diagonal elements have been de-
rived from fitting of the energy position curves for different
ionic displacements, while the off diagonal elements have
been derived from fitting of the ionic forces versus another
ionic displacement, i.e. using the F; = Kj;z; relation.

From the diagonal elements, we have calculated the
bare phonon frequencies as 112, 125, 335, 344, and
430 em~! for GdBCO, and 112, 126, 334, 366, and
413 em~! for PrBCO, respectively for Ba, Cu(2), O(2),
0O(3), and O(4) displacements. We have diagonalized the
K matrix to obtain eigenvalues and eigenvectors of A,
Raman modes in these systems. The results are shown in
Tables 4 and 5 for GABCO and PrBCO, respectively. Off
diagonal elements decrease Ba and O(2) bare frequencies
and increase O(3) and O(4) bare frequencies.

It can be seen from Tables 4 and 5 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, vibrational ampli-
tudes of Ba and Cu(2) ions are small in the three modes
of oxygen ions. This indicate that the Ba and Cu(2) ions in
the A, modes of these systems are decoupled from the oxy-
gen 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. The vibrational ampli-
tude of Cu(2) ion is larger than Ba ion for the Ba mode in
GdBCO, while for PrBCO it is the reverse, as expected.
Comparison of the K matrices for GABCO and PrBCO
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Table 4. The eigenvalues and eigenvectors of the Ay Raman active modes of GABCO system.

A mode Freq. (cm™") Eigenvectors
Ba Cu(2) O(2) 03 01
Ba 102 0.58 0.78 0.17 0.16 —0.01
Cu(?) 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
(2)+ (3) 358 001 —0.05 059 070 041
0(4) 444 —0.01 0.05 —-0.27 —-0.30 0.91

Table 5. The eigenvalues and eigenvectors of the A, Raman active modes of PrBCO system.

Ag mode Freq. (cm™") Eigenvectors
Ba Cu(2) 0(2) 0(3) 0(4)
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) 309 000 —002 086 —050 0.09
0(2)+0(3) 366 001 —0.02 038 075  0.54
0(4) 432 —0.01 002 —034 -043 0.83

Table 6. The eigenvalues for GABCO and PrBCO in comparison with the reported computational and experimental data.

Freq. (cm™") This study Experimental data Computational data
A, mode GdBCO PrBCO  YBCO [27-30] PrBCO [18,35,36]  YBCO [19,31,32]
Ba 102 107 110 116-119 115 128 126 95 123 102 103
Cu(2) 122 125 150 145-159 150 149 150 130 147 127 130
0(2)-0(3) 305 309 330 335-336 306 298 — 330 338 317 327
0(2)+0(3) 358 366 440 435-440 442 430 440 400 422 387 387
0O(4) 444 432 500 493-500 529 516 524 460 487 450 452

shows that the largest differences of their elements are
KBacu@2); Kcu@)-02), Kcuw@)—o@3), and Kcu@2)-o@)-
From changing these elements, it is concluded that the
eigenvectors of Ba and Cu(2) modes are not very sen-
sitive to the Kpa_cu(2) and Kcy2)—o(4) elements, while
they are sensitive to the Kcy(2)—o(2) and Kgy2)—o(3) €l-
ements. Reducing the Kgy2)—0(2) and Kcyu2)—o(3) of the
GdBCO K matrix to the one for PrBCO, results in the
increase of the vibrational frequency of Ba ion relative to
the Cu(2) ion in Ba mode. In the O(2)-0(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)+0(3)
mode, O(2) and O(3) ions are in the same phase and cou-
ple with the O(4) ion in the same phase. The results are
in agreement with other computational studies [19].

Table 6 shows the eigenvalues of different modes
against other experimental [27-30] and computa-
tional [19,31,32] data for similar systems. Comparison of
the data shows that the 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 ex-
perimental lattice parameters are about ten percent lower
than the Raman data. A very accurate study in the calcu-
lation of these eigenvalues indicates that by reducing the
experimental lattice parameters to the theoretical equi-
librium values, even in the local density approximation,
all five modes are significantly enhanced and the average

discrepancy between the experimental and computational
data are reduced to zero [19].

In this study, we have optimized the volume in the
GGA, and found the computational equilibrium volume
to be 1.22% and 1.28% larger than the experimental value
for PrBCO and GdBCO systems, respectively. This is a
noticeable point, because previous studies have obtained a
value of about 6% underestimation of the volume in their
computational optimization [19]. So, phonon frequency
calculations in the optimized volume in GGA of our study
increase a little the difference between the experimental
and computational studies. 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 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.
It is resulted that doing calculations in the GGA could not
refine the ten percent difference between the experimental
and computational data.

This calculation indicates that Ag frequencies do not
change considerably after substitution of Gd by Pr ion,
and the small differences (highest change is 11 em™! for
O(4) mode), as shown in Table 6, are within the compu-
tational uncertainty (about 2%). Calculations show that
the eigenvalue for the O(4) mode has been decreased by Pr
doping, while other frequencies have been increased with
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Pr doping. Increasing the K elements for O(2) and O(3),
and frequencies of O(2)+0(3) and O(2)-O(3) modes by
Pr doping could indicate the increase of the strength of
Pr-0(2) and Pr-O(3) bounds. This could be an evidence
for strong hybridization of Pr with O(2) and O(3), which
causes localization of holes in the CuOs planes in the
Fehrenbacher and Rice (FR) model [33]. More recently,
Liechtenstein and Mazin have confirmed and also im-
proved the FR model by computing more exactly the role
of Pr in suppression of superconductivity in RPrBCO [34].
Some experimental data, however, show that by Pr substi-
tution, the O(4) mode hardens while the O(2)-0O(3) modes
softens [18,35,36].

Conclusions

We have calculated the eigenvalues and eigenvectors of A,
modes of two isostructural superconducting GdBCO and
insulating PrBCO based on density functional theory. Vol-
ume optimization in LDA has resulted that while these
values are about 6% lower than the experimental data,
GGA improves this to about 1.25% larger than the ex-
perimental data. In this situation, i.e. when we use the
equilibrium unit cell volume obtained in GGA calculation,
the computational frequencies are about ten percent be-
low the experimental values. Our results indicate that the
performed GGA calculation does not refine this underes-
timation. When the equilibrium unit cell volume reaches
the experimental value, the computational eigenvalues go
below the experimental values. Substitution of Pr for Gd
in GdBCO system does not change the eigenvalues and
eigenvectors of GABCO, and their differences are within
the computational underestimation.
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