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The electronic states of Cu in crystals were investigated in the framework of the Slater model of neutral
atoms in crystals. It was shown that the closeness of divalent 3d94s2 and monovalent 3d104s states of Cu and
the strong dependence of their mutual arrangement on the crystal field strength is the distinctive feature of Cu
among transition metal elements and other neighbors in Periodic Table. These Cu states show the tendency to
cross in Cu-O planes of cuprate superconductors, when superconducting composition is approached.
@S0163-1829~96!08232-X#

It is generally accepted that Cu-O planes represent the
main structural element responsible for superconductivity in
cuprates. Therefore, it is natural to assume that superconduc-
tivity is connected with some particular features in the elec-
tronic structure of Cu-O planes. However, theoretical models
meet large difficulties because of well-known complications
in the determination of the electronic structure of the sys-
tems, the properties of which are caused by differently local-
ized and differently correlated electrons. Various forms of
the model Hamiltonian have been used to describe the physi-
cal properties of such materials. The different values of
Hamiltonian parameters and the large variety of supercon-
ductivity mechanisms proposed actually reflect these compli-
cations.

This problem can be simplified by taking into account that
substitution of Cu by other atoms usually leads to suppres-
sion of superconductivity. Therefore, it may be assumed that
Cu is the key element in superconductivity of cuprates and
that the specific features of the Cu-O properties are caused
mainly by the distinctive features in the electronic structure
of Cu atoms. However, even specific features of Cu are dif-
ficult to reveal by using the ionic model, which is usually the
starting model for various theories.

In the present paper, the electronic states of Cu in cuprate
superconductors are considered on the basis of the regulari-
ties determined in previous experimental and theoretical
studies on rare earth~RE! and transition metal compounds
and taking into account the correlations observed in cuprates.
The specific features of Cu are shown to be clearly revealed
when using the Slater model for neutral atoms in crystals,1

which has been successfully applied to the study of similar
problems in RE compounds.2,3 From this model, it follows
that with respect to other transition metal elements and other
neighbors in the Periodic Table the distinctive features of Cu
important for superconductivity are the closeness of the
monovalent and divalent states of Cu in crystals and a strong
dependence of their mutual arrangement on the crystal field
strength and, correspondingly, on the composition of the
crystal. The tendency of monovalent and divalent states of
Cu in Cu-O planes to cross, i.e., a possible appearance of
intermediate valence state, when approaching the supercon-
ducting composition, will be shown. The results obtained
may be considered as an additional argument in favor of a
charge-transfer resonance fluctuation mechanism for
superconductivity.4

The Cu atom is similar to some RE elements in its possi-
bility to take various valence states in different crystals. In
the case of RE elements, this feature is related to the close-
ness of the different valence states 4f N2x5dx6s2 (x50,1,2!
in crystals due to the relatively small energy intervalsE4 f

5d

between these states in free atoms and their decrease in crys-
tals because of the crystal field splitting of 5d levels.2,5 As a
result of this closeness, the mutual arrangement of different
valence states strongly depends on crystal field strength and,
correspondingly, on crystal structure and composition. For
example, in thulium chalcogenides TmX~X5S, Se, Te!, Tm
remains in the divalent state 4f 136s2, as it is in a free atom,
only in the case of the weakest crystal field, i.e., in TmTe.6 In
TmS, in which the crystal field is strongest among TmX
compounds, Tm is in a trivalent state,7 which is separated
from the ground divalent state by the intervalE4 f

5d51.63 eV
~Ref. 8! in free Tm atoms. In TmSe, which is intermediate
among TmX compounds regarding crystal field strength, its
specific properties are related to the crossing of 4f 125d6s2

and 4f 136s2 states in crystal, i.e., to the intermediate valence
of the Tm atom.6

The crystal field splitting of 5d levels and the character of
the mutual arrangement of different valence states of RE
atoms in crystals may be simply changed by external pres-
sure as well. A well investigated example is SmS, in which
the trivalent state 4f 55d6s2 of Sm is very close to the
ground divalent state 4f 66s2. An increase of 5d level split-
ting due to an increase of pressure leads to a decrease of
interval between these states and to their crossing atp56.5
kbar.5 The famous ‘‘black’’ to ‘‘gold’’ transition in SmS is
interpreted as a result of this crossing.5 The similar transition
occurs in Sm12xGdxS at x'0.15 due to internal pressure
originated by the substitution of Sm by Gd ions of smaller
size and larger charge.

Therefore, the dependence of valence states of RE ions on
various factors in crystals may be interpreted by using a
simple atomic model, in which the influence of the rest of
crystal is taken into account only by the crystal field acting
on the 5d states. It should be emphasized that in considering
this problem, theE4 f

5d values for neutral atoms should be
used, i.e., the model of neutral atoms in crystals should be
applied, though RE compounds are usually treated as ionic
crystals. As has been shown in Refs. 2 and 3, the outer elec-
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trons of metal atoms in ionic crystals remain at the same
radial distances as in neutral atoms, reflecting the well-
known fact that ionicity is the result of charge overlap rather
than charge transfer~see, for example, Ref. 1!.

In the model of neutral atoms in crystals, the question of
Cu valence in crystals can be considered similarly as in the
case of RE compounds. As is well known, the ground con-
figuration of the neutral Cu atom is 3d104s. The Cu atomic
radius obtained by Hartree-Fock calculations and corre-
sponding to the maximum of charge density for the outer
4s electron in such a configuration isa4s51.36 Å. Taking
into account the correspondent radiusa2p50.46 Å of a neu-
tral oxygen atom, the suma4s1a2p51.82 Å agrees well
with the experimental Cu-O distance in the compounds, in
which Cu is monovalent. For example, in Cu2O, this dis-
tance is equal to 1.84 Å~Ref. 1!, and in the YBa2Cu3O6
compound the distance between the neighboring Cu~1! and
O~4! atoms is 1.80 Å.9 Such good agreement can be inter-
preted as one of the arguments for the application of the
neutral atoms in crystals model in the studies of Cu states in
Cu-O systems. As in the case of RE compounds,2,3 a weighty
argument in favor of this model is the good agreement be-
tween experimental intra-atomic transition energies in crys-
tals and those which follow from the model. A proper ex-
ample is the peak observed at 4.1 eV in the optical spectra of
YBa2Cu3O61x compounds with oxygen deficiency which is
assigned to 3d→4p transitions in the Cu1 ion.10 In the case
of the free Cu1 ion, the lowest excitation energy from the
3d10 state to the 3d94p state is equal to 8.2 eV.11 This large
difference from experimental value can hardly be explained
in the frame of the ionic model. In the model of neutral
atoms, i.e., taking into account that the 4s electron in crystals
still remains on the Cu atom, the lowest excitation energy
from the 3d104s to the 3d94p4s state in a free Cu atom is
5.5 eV.11 This value is only 1.4 eV higher than the experi-
mental one and the obtained difference can be easily ex-
plained by a reduction of the lowest 3d94p4s state energy in
a crystal due to the splitting of the 3d9 level in a crystal field.

Some other arguments for application of the model of
neutral atoms in crystals are given in studies12 of 3d states in
transition metal oxides.

By analogy with RE compounds, it is thus easy to explain
why Cu can exist in crystals in a monovalent as well as in
divalent state. In a free Cu atom, the divalent state 3d94s2 is
located only 1.39 eV higher than the monovalent state
3d104s.11 Due to splitting of the 3d9 state in crystal, the
energies of the lowest 3d94s2 and 3d104s states come close
together and can be inverted in a stronger crystal field. From
this point of view, the situation is similar to that for Tm in
TmX.

The correlation between the Cu valence and crystal field
strength does really exist. For example, from the point
charge crystal field model, it follows that for similar Cu-O
distancesR, the energy decrease of the ground level in 3d9

configuration is stronger bya4/3 in the crystal field of square
coordination than in the linear coordination
(a45Z* e2r̄ 4/R5 is the crystal field parameter andr̄ is the
mean radius of 3d electron!. This is in agreement with Cu
divalent states in square coordination@Cu in CuO or Cu~2! in
YBa2Cu3O6# and in monovalent states in linear coordina-
tion @Cu in Cu2O or Cu~1! in YBa2Cu3O6#. Similarly, the

crystal field in octahedral coordination is stronger than that
in tetrahedral coordination, consistent with the fact that Cu is
divalent in Ln2CuO4 and monovalent in, for example, CuX
~X5Cl, Br, J!.

The closeness of divalent and monovalent states of Cu in
crystals is the distinctive feature of Cu among transition
metal elements, in which the divalent state in crystals corre-
sponds to a significantly lower energy than in the monova-
lent state. As the superconductivity of cuprates is suppressed
by the substitution of Cu with other transition metal ele-
ments, this feature is assumed to be important in the super-
conductivity phenomenon. This assumption is supported by
different effects on superconductivity by Cu substitution
with silver and gold,13 when the superconductivity is sup-
pressed and unchanged, respectively. The divalent state
4d95s2 of silver in crystal occurs significantly higher than
the monovalent state due to the large 3.7 eV interval11 be-
tween these states in a free atom. In contrast, these states in
gold are located similarly as in Cu, i.e., the 5d94s2 state is
only 1.14 eV higher than 5d104s.11

As divalent and monovalent Cu states in crystals are en-
ergetically close to each other, it is reasonable to assume the
possibility of their crossing when the composition of a crys-
tal is changed. Such a tendency clearly manifests itself, con-
sidering the Cu~2! states in YBa2Cu3O61x when saturated
by oxygen. At high oxygen deficiency, Cu~2! atoms are in a
divalent state due to a strong crystal field created mainly by
neighboring oxygens O~2! and O~3!. However, going from
x'0 to x51, a drastic reduction of the distance between
Cu~2! and the apical oxygen O~4! takes place.9 The decrease
works faster in the region of transition to superconducting
composition and results in an abrupt decrease of the crystal
field and an increase of the divalent state energy.@In the
point charge model, the contribution of additional oxygen
O~4! increases the energy of the lowest 3d9 level by the
quantity DE5(6/21)ā22(1/21)ā4, where ā2 and ā4 are
crystal field parameters corresponding to the O~4! atom#. The
importance of the influence of apical oxygen on Cu~2! states
is justified by the often emphasized relationship between su-
perconductivity and location of apical oxygen~see, for ex-
ample, Ref. 14!.

A similar situation occurs in La22xSrxCuO4 with the
substitution of Sr for La, when two apical oxygen atoms
approach Cu,15 hence decreasing the crystal field strength. In
YBa2Cu3O61x and La22xSrxCuO4, the second neighbors
should possibly contribute to the decrease of the crystal field
approaching the superconducting composition. Therefore, an
increase of the distance between Cu~2! and Y, Ba atoms in
YBa2Cu3O61x , as well as the heterovalent substitution by
the smaller charge ion in La22xSrxCuO4, should be taken
into account.

The assumption of the crossing of divalent and monova-
lent states of the Cu atom in the Cu-O planes is supported by
further observations. In fact, one can note the similarity be-
tween the changes of the properties of cuprate in the normal
state, when the superconducting composition is approached,
and those of RE compounds, when they are transferred to the
intermediate valence state. For example, a very close simi-
larity exists between dependences of charge carrier concen-
trations n on composition x in La22xSrxCuO4 and
Sm12xGdxS. In both crystals,n is linearly proportional to
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x in the semiconductor region. This dependence becomes
significantly stronger in the region of transition to the super-
conducting composition in cuprates16 and to intermediate va-
lence state in sulfides.5 In both cases, the enhancement of
this dependence can be related to the crossing of ‘‘nonme-
tallic’’ states, 3d94s2 in Cu and 4f 66s2 in Sm, with ‘‘me-
talliclike’’ states, 3d104s in Cu and 4f 55d6s2 in Sm. On the
other hand, common features of the changes in magnetic
properties are noted in cuprates, when passing to a supercon-
ducting state, and in RE compounds, when the intermediate
valence state is achieved at the crossing of magnetic and
nonmagnetic states of RE atoms.5

It should be noted that the high-temperature Meissner ef-
fect observed in pressure-quenched CuCl~Ref. 17! does not
contradict the model of the Cu intermediate valence state in
superconducting composition. In CuX~X5Cl, Br, J! com-
pounds, the largest crystal field splitting occurs in CuCl, i.e.,
in the latter case the divalent state 3d94s2 is at the closest
distance to the monovalent state 3d104s. It is possible that
the bond lengths in Cu-Cl tetrahedra are shorter or that the
tetrahedra are distorted in the samples obtained in such ex-
treme conditions. Both of these factors enhance the crystal

field and cause the divalent and monovalent states to ap-
proach each other.

Detailed experimental analysis of the dependence of su-
perconductivity on the changes of the crystal field strength,
for example, at the substitutions of basic elements, should
give experimental evidence of the crossing of Cu states in
the superconducting cuprates. Finally, it should be noted that
so-called ‘‘charge-transfer resonance’’ fluctuations between
anion and cation sublattices were concluded4 to be one of the
more reliable superconductivity mechanisms determined by
the selection of the relative parameter values in effective
Hamiltonian in the framework of an extended Hubbard
model. As it was noted in Ref. 18, these fluctuations are, in
fact, between thep61d9 andp51d10 states. As a matter of
fact, the latter two ionic states correspond to divalent and
monovalent Cu states in the model of neutral atoms in crys-
tal. Therefore, the specific features of Cu discussed in the
present work can be considered as an additional argument in
favor of this superconductivity mechanism.
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