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Célculos DFT em modelos de cluster de cupratos (LaBa,Cu,Oq,, La, (.St ,;,CuO,, YBa,Cu,O,,
T1Ba,Ca,Cu,0Oy ,,, HgBa,Ca,Cu,0;,,), de sistemas metdlicos (Nb,Ge, MgB,) e do pnictido
LaO, ,F, sFeAs indicaram a ocorréncia da ressonancia ndo-sincronizada no estado supercondutor,
como preve a teoria RVB (resonating valence bond) de Pauling. Para os cupratos, a ressonancia
ndo-sincronizada envolve transferéncia de elétron entre dtomos de Cu, acompanhada pela redugdo da
carga dos dtomos La, Sr, Y e Ca. Para o MgB,, a transferéncia de elétron ocorre na camada do Mg,
enquanto a do B comporta-se como reservatério de cargas. Para o Nb,Ge, a ressonancia ocorre entre
atomos de Ge, que devem ser os responsaveis pela transferéncia de carga. Para o LaO, ,,F, ,,FeAs,
ambas as camadas de La—O e Fe—As estdo envolvidas no mecanismo da supercondutividade. A
observagdo de ressondncias nio-sincronizadas nestes sistemas fornece uma evidéncia em favor
da RVB como uma teoria apropriada para a supercondutividade em altas temperaturas (high-T,.).

DFT calculations performed on different cluster models of cuprates (LaBa,Cu,O,,
La, 4,Sr,,sCu0O,, YBa,Cu,0,, TIBa,Ca,Cu,0;,,, HgBa,Ca,Cu,Oy,,), metallic systems (Nb,Ge,
MgB,) and the pnictide LaO, ,,F, ,sFeAs made evident the occurrence of unsynchronized resonance
of covalent bonds in the superconducting state, as predicted by Pauling’s resonating valence bond
(RVB) theory. For cuprates, the unsynchronized resonance involves electron transfer between
Cu atoms accompanied by a decrease in the charge of the La, Sr, Y and Ca atoms. For MgB,,
electron transfer occurs in the Mg layer, while the B layer behaves as charge reservoir. For Nb,Ge,
unsynchronized resonance occurs among the Ge atoms, which should be responsible for charge
transfer. For LaO,,F, FeAs, the results suggest that both La—O and Fe—As layers are involved
in the mechanism of superconductivity. The identification of unsynchronized resonances in
these systems provides evidence which supports RVB as a suitable theory for high-temperature

superconductivity (high-T,).
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Introduction
The RVB theory for superconductors

The resonating valence bond theory (RVB) developed
by L. Pauling about sixty years ago' has proven to be a
valuable and versatile tool in explaining electron transfer
mechanisms, crystal structure and interatomic distances
of alloys, intermetallic compounds, and transition
metals complexes. Pauling also employed his theory to
describe superconducting properties of metals, alloys,
cuprates and fulleride systems in terms of their crystal
structure and atomic composition.> Pavao et al.’ have
used the RVB theory to explain magnetism in metals,
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adsorption and dissociation of small molecules on metallic
surfaces,* chemical carcinogenesis,” mechanism of the O,
formation,® and conductivity in lithium clusters,” as well
as superconductivity in YBCO and K,C,,,* demonstrating
the versatility of this theory.” Some other authors have
also succeeded in using the RVB theory,'™"? including
Anderson’s studies on the RVB theory."?

The central concept of the RVB theory is related to the
metallic bond, which is described as a shared-electron-pair
covalent bond resonating among the available interatomic
positions, and to the possession by each atom, or each of
many atoms in the metallic phase, of an extra orbital — the
so-called “metallic orbital” — in addition to the orbitals
normally occupied by electrons.! The metallic orbital
allows for the unsynchronized resonance of covalent
bonds by electron transfer from one atom to the next one,
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represented as M — M -+ M — M* -« M® — M, resulting
in the stabilization of the system by means of resonance
energy and charge separation, which is the conductor state.'

It is the electroneutrality principle' that permits M*, M°,
and M~ but not charges larger than + 1. The unsynchronized
resonance energy is comparable in magnitude to the
bond energy; the effect of thermal agitation, which
temporarily lengthens some bonds and shortens others,
interferes with the resonance of the bonds, explaining the
scattering of electrons by phonons.' Basing his work on the
concept of unsynchronized resonance, Pauling classified
superconductors into two classes: crest and trough.? Crest
superconductors are hypoelectronic elements, whereas
trough superconductors are hyperelectronic elements.
Hypoelectronic elements are electron-deficient atoms that
can increase their valence by receiving electrons; in the
neutral state, they have more bond orbitals than valence
electrons. On the other hand, hyperelectronic elements are
electron-excess atoms that can increase their valence by
giving up an electron. These elements have more valence
electrons than bond orbitals. In a crest superconductor there
is an excess of negative charge associated with the phonon;
on the other hand, there is a deficiency of negative charge
associated with trough. Because it is electron pairs that
travel with the phonon, the charge of the superconducting
current in a crest superconductor travels with the crest
of the waves. The reverse situation occurs in a trough
superconductor. For the RVB theory, the high-temperature
superconductivity fulfills two conditions: (i) metallic
conductivity and (ii) a mechanism that keeps electrons
moving in the same direction. This mechanism in the BCS
theory is the electron-phonon interaction. An alternative
is provided in the RVB theory. The superconductor
temperature is low due to electron-phonon scattering , the
same mechanism that causes conductivity of metals to
decrease with increasing temperature. To obtain high-Tc
superconductors, electron scattering can be kept low by
combining crest and trough superconductors. According
to the RVB theory, this electron-phonon interaction occurs
with unsynchronized resonance between M- and M° in
the crest and M° and M* in the trough, resulting in greater
stability for the crystal.?

In the present work, the DFT calculations on cuprates
and metallic and iron pnictide systems demonstrate that the
M+, M and M~ states require the unsynchronized resonance
of the covalent bonds in superconductors.

For cuprates, it was found that the depopulation of
one or two oxygen sites along the copper-oxygen chains
creates the M* and M~ states and decreases the charge
of the La, Sr, Y and Ca, in agreement with the RVB
theory.? For MgB,, it was found that the unsynchronized
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resonance of covalent bonds occurs in the Mg layer, while
the B layer behaves as a charge reservoir. For Nb,Ge,
the unsynchronized resonance involves only germanium
atoms. For the LaO, ,,F, ,,FeAs pnictide, substitution of
oxygen by fluorine produces charge separation between La
atoms, suggesting the involvement of the La—O layer in the
superconductivity mechanism. The next sections present
computational details of the calculations and discussions
of the occurrence of unsynchronized resonance in the
superconducting state.

Calculations

The calculations were carried out with BLYP gradient-
corrected LDA density functional,' as implemented
in Gaussian03 computational code."” BLYP density
functional combines Becke exchange-energy functional
with the Lee-Yang-Parr correlation-energy functional
and provides appropriated energy values for metal-
containing compounds.'* The effective core potential
(ECP) LanL1dz basis set of Hay and Wadt was used
for all atoms.'® To minimize effects of loss of regularity
and the presence of some kind of surface, the boundary
atoms of the clusters are saturated with hydrogen atoms.
This procedure prevents the dangling bonds, which
would introduce excess of electrons into the cluster.
Accordingly the clusters formulas are: LaBa,Cu,O,,H,,,
Lalﬁsr2cu14O3OH42’ YB a2cul6O2OH4O’ T18B a2ca2cu]2022H48’
HgSBalca2cu12022H48’ NblZGe9H36’ MgZIBIZHSZ’ and
La,,O,,Fe;As ,H,. Hydrogen atoms were added at the
limits of the cluster following the crystal directions a, b,
and c. The metal-hydrogen bond length was taken as the
sum of the covalent radii of the atoms. Figure 1 shows the
cluster models used in the calculations.!”-*

The cluster models were built by using the software
PowderCell, a program that allows for the representation
and manipulation of crystal structures and the calculation of
the resulting X-ray powder patterns. The X-ray and neutron
diffraction data for LaBa,Cu,O,,,"” La, (Sr, Cu0O,,'
YBa,Cu,0,,"” TIBa,Ca,Cu,0y,,,* HgBa,Ca,Cu,0y,,,*!
Nb,Ge,*> MgB,,” and LaO,,,F FeAs* were taken
according to Rietveld refinement employed by the respective
authors. This procedure ensures complete absence of
defects in the clusters that were used in our calculations.
Previous studies have demonstrated the effectiveness of this
method, particularly in superconducting crystals.?

The oxygen vacancies in the YBa,Cu,,O,,H,, and
LaBa,Cu,,O,,H,, clusters are positioned at the O(3)
site. For La,(Sr,Cu,,0,,H,,, TI;Ba,Ca,Cu,,0,,H,, and
Hg,B,Ca,Cu,,0,,H,; the oxygen vacancy is at the O(4)
site. The lattice parameters for the defective cuprate
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Figure 1. Cluster models: a) LaBa,Cu,,0,,H,,, b) La,Sr,Cu,,0, H,,, ¢) YBa,Cu,,O,,H,, d) TIBa,Ca,Cu,,0,,H,, e) Hg,Ba,Ca,Cu,,0,,H,q, f) Nb,,Ge H,,,
2) Mg, B,H,, and h) La,,0,,Fe,As ,H... Legend: ¥ La; @ Ba; @ Cu; @ O; ® H; @ Sr; 9 Y; @ TI; @ Ca; W Hg; ¥ Nb; @ Ge; W Mg; @ B; @ Fe; @ As.

clusters (with oxygen vacancies) are the same as those
used for the fully oxygenated clusters. The superconducting
copper ceramics are inhomogeneous systems containing
both superconducting and nonsuperconducting regions
that coexist in the same crystal as observed by scanning
tunneling microscopy (STM).*¢ However, the X-ray or
neutron diffraction measurements do not detect differences
of the lattice parameters in the superconducting phase,
where oxygen vacancies occur.'”?' This means that our
results are analyzed in a relaxed system, where an average
atom position is used. Our results clearly indicate that
oxygen vacancy is responsible for dramatically changing
the value of the band gap.?

Results and Discussion

According to the BCS theory, the superconducting
energy gap 2A is originated from the electron-electron
interaction via phonon.?” Tanaka?® correlates the
superconducting energy gap to the energy difference
between the unrestricted Hartree-Fock singlet state and
the triplet state. The agreement between experiments
and calculated values is a first argument in favor the
Tanaka’s procedure. In addition, it is well-known that the
transition from a normal to a superconducting state of
a material is accompanied by main modifications in its
electronic structure and not in its crystal structure. Thus,
the first excited state corresponds to the normal state (in
the triplet state there is no Cooper pairs), and the ground

state corresponds to the superconducting state (in the
singlet state Cooper pairs can be formed). However, the
energy difference between these two states is a satisfactory
evaluation of the superconducting gap. Following this
procedure, the superconducting gap was correlated to the
energy difference between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital (A,
gap). Rather than performing unrestricted calculations,
as in Tanaka’s procedure, restricted closed-shell DFT
calculations were performed in the present work.

Accordingly, the A, valueis acriterion for distinguishing
the superconducting state. In our previous calculations,? this
same criterion was used to recognize the oxygen vacancy
site responsible for the occurrence of superconductivity in
YBCO systems. The occurrence of superconductivity in the
K,C,, system was also identified by analyzing the variation
of the A, gap.® Table 1 compares the A, gap for the fully
oxygenated cluster of cuprates to that containing one and
two oxygen vacancies.

Table 1. Calculated Ay, gap for cuprates (in meV)

Fully One Two
System . Exp.
oxygenated vacancy vacancies
LaBa,Cu,,0,,H,, 293 18 8 10-23¢
La,Sr,Cu ,0,H,, 104 45 12 2-13
YBa,Cu,O,,H,, 320 14 5 12-30°
Tl Ba,Ca,Cu,,0,,H,, 200 63 26 20-40°
Hg,Ba,Ca,Cu,,0,,H, 185 49 32 48-70°

“Reference 29. "Reference 30.
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It is remarkable that the A, gap of the cuprates clusters
containing oxygen vacancies lies at the same range of the
experimental gap. On the other hand, the A,;; gap for the
fully oxygenated clusters is in the order of hundreds of meV.
This result indicates that the superconductivity is associated
to oxygen vacancies in specific sites of the cuprate crystal,
in agreement to experimental data.!”2!-2

The calculated A, gaps for the Nb,Ge, MgB, and
LaO,,,F, sFeAs superconductors also compare well to the
experimental values.*** For the Nb,,Ge,H,, cluster, a gap
of 4.5 meV was obtained, very close to the experimental
value, which varies between 3.8 and 4.2 meV.**3! For the
Mg, B ,H;, cluster, the calculated Ay, value is 3 meV, which
compares well to the experimental values of 2 and 7.5 meV.*
For the LaO,,,F, FeAs superconductor, which has an
experimental gap between 3.6 and 4.1 meV,* the calculated
Ay, gap of the undoped cluster (La,,O,,Fe;As,,H,) is
106 meV; however, it is reduced to 7 meV for the fluorine
doped cluster (La,,FO,Fe,As,,H,).

Since the present DFT cluster calculations give very
low Ay, gaps, which according to our criterion distinguish
the superconducting state, let us employ these calculations
to identify the atoms involved in the unsynchronized
resonances of the superconducting state by analysis of
the atomic charge distribution. As predicted by the RVB
theory, the occurrence of the M*, M° and M- states for
all superconducting systems was observed. In cuprates,
unsynchronized resonances were identified only for
clusters containing oxygen vacancies, in agreement with
experiments.'”?! For the metallic systems Nb,Ge and
MgB,, atomic charge distribution in accordance with
the RVB predictions is found. For the pnictide system
LaO,,,F, FeAs, unsynchronized resonances were
observed only for the fluorine doping cluster, in agreement
with the experimental data.’* Therefore, for all systems
studied, unsynchronized resonances of covalent bonds were
identified in the superconducting state.

For cuprates, the alternation of the covalent bond and
no-bond in the chain give rise to synchronized resonance
corresponding to the movement of electron pairs along the
string of atoms in synchronism:

wCu=0-Cu=0--Cu=0-+—>--0=Cu--O-Cu--0-Cu--

With the synchronized resonance there is no charge
separation, which would lead to an insulator state.
However, the oxygen vacancy (indicated by ---) interrupts
this atom sequence, giving rise to charge separation and to
unsynchronized resonance:

Cu_o ves Cu .ee Cu_o > e O_Cu* Cu+ O_Cu .es

J. Braz. Chem. Soc.

Table 2 presents the calculated Miilliken atomic charge
of copper atoms adjacent to the oxygen vacancy. As can be
observed, these atomic charges follow the scheme of the
unsynchronized resonance. Even though Miilliken analysis
has limitations due to significant basis set dependence
and separation of the atomic electron population, it was
employed here instead of Bader charge analysis, method
that would be more suitable when DFT is used. The
reason is that there are restrictions in the Gaussian code in
calculating systems with a very unusual topology, which
always results in errors in Bader atomic charges of less than
2.0x10* per atom.'” Nevertheless, by considering relative
values, the Miilliken atomic charges are appropriated to
identify the unsynchronized resonances predicted by the
RVB theory.>®

Table 2. Atomic charge distribution for cuprates

Atomic charge Atomic
Cluster Atom
Cu* Cu® Cu charge
‘LaBa,Cu,O,,H,, 0.120 La 1.510
"LaBa,Cu,,0,,H,, 0.161 - 0.055 La 1.502
‘LaBa,Cu,0,,H,, 0.149 - 0.052 La 1.500
“La,,Sr,Cu,, 0, H,, - 1.132 - Sr 2423
°La,(Sr,Cu,,0,,H,, 1.209 - 0.430 Sr 2.288
1YBa,Cu,0,,H,, - 0.124 - Y 1.905
*YBa,Cu,O,,H,, 0.081 - 0.025 Y 1.862
°YBa,Cu, O, H,, 0.080 - -0.040 Y 1.737
“TlyBa,Ca,Cu,,0,,H, - 0.242 - Ca 2.071
"T1;Ba,Ca,Cu,,0, H, 0.526 - 0.184 Ca 2.024
“Tl,Ba,Ca,Cu,,0,,H, 0.128 - 0.045 Ca 1.939
“Hg,Ba,Ca,Cu,,0,,H, - 0.010 - Ca 1.955
"Hg,Ba,Ca,Cu,,0,,H, 0.130 - -0.004 Ca 1.948
‘Hg,Ba,Ca,Cu,0,,H 0.126 - 0.036 Ca 1.939
gS 2 2 127207 748

*fully oxygenated; one oxygen vacancy; ‘two oxygen vacancies.

Table 2 shows that copper atoms have different charges
only in presence of oxygen vacancies. For example, in the
LaBa,Cu, O,,H,, fully oxygenated cluster (no vacancy),
the copper atomic charge is +0.120e, but copper atoms
adjacent to the oxygen vacancy have charges 0.161e (M*)
and 0.055e¢ (M), indicating electron transfer and some
dismutation of 2M to M* and M°, in agreement with the
unsynchronized resonating covalent bond scheme. This
behavior is observed for all of the cuprate clusters. Table 2
also shows the decrease of the charge of the La, Sr, Y, and
Ca atoms with the oxygen vacancies. Such reduction of the
atomic charges reveals the interaction of the Cu-O layers
with the La, Sr, Y, and Ca metals, in agreement with the
RVB predictions.” Pauling pointed out that extra charges
received by the La, Sr,Y, and Ca atoms cause tighter binding
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and greater local density, the so-called phonon crest.” In
the Cu—O superconducting layer, the extra charges lead
to a decrease in bonding and local density, the phonon
trough. This mechanism provides an explanation for the
decreases in the amount of electron-phonon scattering,
once the strength of the electron-phonon interaction
becomes smaller with the crest-trough superconductors
combination.’

For the Mg, B ,H,, cluster, it was found that the
unsynchronized resonance of covalent bonds occurs in
the Mg layer, whereas the B layer behaves as a charge
reservoir. The calculated atomic charges of magnesium
vary from +0.513 (M*) to —0.090 (M°), as boron atoms
are —0.138 (M"). Akimitsu and Muranaka* found that the
valence of the whole boron 2D sheet changes from neutral
to monovalent, increasing valence by one unit below T..
Such variation is also observed in the present calculations,
which show that the boron atom becomes negative in the
superconducting state.

For the Nb,,Ge H, cluster, the atomic charge distribution
indicates unsynchronized resonance among germanium
atoms, as showed in Figure 2. According Cohen et al*
the charge transfer from Ge to Nb is not prominent, in
agreement with our calculations that show charge transfer
between Ge atoms (+1.458 (M*) and —0.171 (M")) whereas
Nb atoms remain (almost) neutral. The RVB charge transfer
mechanism can be represented by the unsynchronized
resonance: Ge — Nb ---Ge > Ge* - Nb — Ge™.

Figure 2. Miilliken atomic charge distribution in the Nb,,Ge,H, cluster.
Black for Nb neutral atoms, red for negative and green for positive Ge
atoms.

Germanium is a trough superconductor**® and would
increase its valence in a region where there is electrons
deficiency, and decrease its valence in a region where
there is excess of electrons. An electron wave would
consequently result in the lattice to contract in the electron
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extra region and to expand in the region where there
is a deficient electron, so that the additional electrons
would ride trough in the phonon.? Niobium is a crest
superconductor, and the situation is reversed. Crest-trough
superconducting combination results in greater T. and
enhanced performance of the material.?

Calculations on the pnictide clusters show that the
fluorine doping leads to charge distribution consistent
with the unsynchronized resonating covalent bond
scheme. Unsynchronized resonance in the Fe—As layer
was found, in agreement with Takahashi et al,’” suggesting
superconductivity as occurring in the layer. For the undoped
cluster (La,,O,,Fe;As,,H,;) there is no charge separation
between the La atoms, but if oxygen is substituted by
fluorine there is charge separation among the La atoms
(+2.151 and —0.204), suggesting the involvement of La—O
layer in the superconductivity mechanism.

Conclusions

This work concludes that the present DFT
calculations of the atomic charge distribution in different
superconducting systems support the idea that the
unsynchronized resonance of covalent bonds confers
high-superconductivity properties, as predicted by
Pauling. For cuprates, it was found that superconductivity
requires oxygen vacancies along the copper—oxygen
chain, which leads to electron transfer between Cu atoms
and to charge decrease of the La, Sr, Y and Ca atoms. For
MgB,, it is found that the unsynchronized resonance of
covalent bonds occurs in the Mg layer, whereas the B layer
behaves as a charge reservoir. For Nb,Ge, unsynchronized
resonance of covalent bonds occurs among the germanium
atoms, which would be responsible for the charge carrier.
For the LaO,,,F, ;FeAs pnictide, results suggest that
the Fe—As layer as well as the La—O is involved in the
superconductivity mechanism.
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