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Brinkman-Rice transition driven by interatomic repulsion in hexagonal copper oxides
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We propose an effective one-band Hamiltonian to describe the low-energy physics of RCu02+ z delafossites,

assuming that the relevant states are predominantly Cu 3d3,2 „2 and 0 p, . Due to geometrical factors, the

effective hopping between Cu sites is nearly 16 times smaller than in superconducting cuprates. As a conse-

quence, when the effective Hamiltonian is treated in slave-boson mean-field theory, a moderate interatomic

repulsion drives a localization transition in the structure proposed for oxygen content 8t'3. Experimental
evidence suggests that La2Cu02«and Y099CaooyCu02«are near the localization transition but on opposite
sides of it.

The basic structural feature of copper oxide superconduct-
ors are the Cu02 planes, in which the Cu ions lie on a square
lattice (if small distortions are neglected). Recently Cava et
al. ' have succeeded in oxidizing the ordinary delafossite
compounds, in which the Cu ions lie in a hexagonal planar
arrangement. This opened the possibility to study CuO ar-

rangements with a different geometry, but a similar doping
level as the high-T, superconductors. The physical properties
turned out to be quite different. ' Measurements of specific
heat, magnetic susceptibility and resistivity suggest that

Y(Ca)Cu02+& and LaCu02+q with 8--', are near to a ferro-
and antiferromagnetic instability, respectively, while the dop-
ing level is such that the formal valence of Cu is near 2.33.
The resistivity of the Y compound displays a variable-range
hopping, behavior typical of localized states. While both sys-
tems exhibit large susceptibility enhancements, only the La
compound shows a comparable specific-heat mass
enhancement. Curiously it is difficult to obtain a sample
with 8=0.5; 0 content is always greater than 2.5, inhibiting
the obtention of a state which allows to study Cu + in a
triangular lattice exactly equivalent to that of the square-
lattice Cu oxides. ' For these doping values, 8'- —,', the resis-
tivity shows an activated temperature dependence.

An important difference between high-T, compounds and
delafos sites is pointed out by the band-structure
calculations: while in the former the important Cu orbitals
are the 3d&2 y2 the density of states of the latter at the
Fermi level is predominantly composed of 3d3, 2 2. An es-
timate of the relative magnitude of the effective hopping be-
tween two of these orbitals (via 2p orbitals of intermediate 0
atoms, see Fig. 1 for 8'=

—,') can be made assuming that the
hopping integral (pdrr) is smaller than the energy b, neces-
sary to transfer a hole from a Cu d to an 0 p orbital. In this
limit the effective hopping in high-T, systems is
t=(pdtr) /b, In delafo. ssites, there is a factor —,

' due to the
different d orbital involved, a factor 2 because of the angle
Cu-0-Cu of 120' in delafossites (see Fig. 1), and finally,
since the Cu-Cu distance is similar in both types of com-
pounds and the Cu-0 distance is 2/Q3 larger in delafossites,

0 0

0

0
N

0 0

0 0

FIG. 1. Structure of the Cu02/3 planes (Refs. 1 and 3) of
La2Cu08/3 Crosses denote Cu atoms and open circles represent 0
atoms. The dashed line indicates a possible choice of unit cell.

this introduces a factor (Q3/2) . Thus the effective hopping
is expected to be about 16 times smaller in delafossites in

comparison with high-T, compounds. Similarly, the effective
exchange interaction between Cu atoms J scales approxi-
mately as t, and is expected to be two orders of magnitude
smaller in delafossites, in quantitative agreement with the
estimate based on measurements of magnetic susceptibility. '

Due to the small magnitude of the effective hopping t,
one expects that the holes brought by the inclusion of 0
atoms in the structure remain localized near the added 0
ions because of the Coulomb attraction with them. This is
probably the case for 8-0.55. However for 8'= —,', the struc-
tural studies ' suggest a hexagonal H(+3X Q3) superstruc-
ture in which all Cu atoms are equivalent (any Cu atom can
be mapped into any other one by a symmetry operation of
the space group, see Fig. 1) and this argument is not valid.
Band-structure calculations have shown that, in the absence
of strong electronic correlations, these materials are expected
to be metallic conductors, particularly near this stoichiom-
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etry where —,
' of the available oxygen sites can be filled in the

Cu plane in an ordered manner to yield the hoped for two-
dimensional fully connected Cu-0 array. ' Up to date, how-
ever, completely metallic samples have not been
synthetized. In this paper we show that in this

H(+3&& +3) superstructure a modest repulsion V between
holes in nearest-neighbor Cu sites can drive a Brinkman-
Rice localization of the carries. This possibility was sug-
gested by Ramirez et al. taking into account the Wilson ra-
tio of order unity for the La compound.

The effective one-band Hamiltonian can be constructed
following the same procedure as, for example, in Ref. 8. It
has the form of a model describing the motion of electrons in
Cu orbitals, with in-plane hopping t' between two nearest-
neighbor Cu atoms if and only if both Cu atoms have a
common nearest-neighbor 0 atom (see Fig. 1). However, the
states with one hole (Cu +) represent a state which also
contains 0 holes, particularly in the symmetric combination
of 2p, orbitals of the two nearest 0 atoms, which together
with the Cu atom, build 0-Cu-0 sticks perpendicular to the
plane. ' Similarly the Cu + state represents a singlet involv-
ing mainly the above-mentioned orbitals. To study the effect
of dispersion along the z direction, we add a hopping t, in
that direction, assuming that all the planes can be obtained
from one of them by parallel translation along the z direc-
tion. This is not true in the real structure of delafossites, '

but the qualitative effects of t, should be the same. Finally
we add a repulsion V between electrons lying in nearest-
neighbor Cu atoms in the plane. Thus, the Hamiltonian reads

H= —t g (&;g~& L, ~1+ H.c.) tzg (c;g ~i~c;I ~+ H.c.)
(&i )L ~

48 8'p

(1+8.)(1+b~)
(2)

For the interatomic repulsion we use the Hartree approxima-
tion:

(1—n ) ( 1 —n p) -8 ( 1 —n p) + Bp(1 —n ) —8 Bp . (3)

+ V y (1 nest. )(1 n Jt.),
(ij )I.

where c~~ creates an electron at site i of the plane L, with

spin o. under the condition of no double occupancy (we are
assuming infinite on-site repulsion U). The prime of the first
sum symbol indicates that the sum over nearest neighbors is
restricted to only those four "connected" by an 0 atom. The
operator n;I = Xc,~ c;I is the number of electrons at site i
of plane L, and we denote the respective average hole dop-
ing level by 6;L=(1—n;t)

To solve the Hamiltonian Eq. (1) we treat the constraint of
no double occupancy in the slave-boson mean-field approxi-
mation of Kotliar and Ruckenstein. In this approximation,
the hopping between two sites a=i,L and P=i', L' is re-
duced by a factor which depends on the respective doping
levels:

FIG. 2. Structure with three inequivalent Cu atoms per unit cell,
denoted by a square, spin up, and spin down, respectively. They
correspond in the text to sublattices A, B, and C respectively. For
V~ V, , the sublattices B and C have one electron per site, while
sublattice A is empty. The antiferromagnetic alignment of the elec-
trons on sublattices B and C is expected if the exchange interactionJ- t /U is included in the model.

situation for each plane is illustrated in Fig. 2, where we also
show the magnetic order expected when an antiferromag-
netic nearest-neighbor exchange interaction J is included in
the model. This magnetic order has been previously found
theoretically as one of the possible mixed phases" in sys-
tems near the magnetic-nonmagnetic transition. We have
looked for self-consistent broken-symmetry solutions in
which for the three Cu sites per unit cell 8&~8&= Bc. For
simplicity we have assumed 8';I independent of L. Since
8&+ 8&+ 8'z= 1, the value of 8z characterizes the solution.

We find only two self-consistent solutions: one symmetric
and metallic with 8& = 8&= 8'&= —,

' and the other semicon-
ducting with 8&=1 (8+= Bc=0). In this broken-symmetry
solution, the effective hopping between any two atoms in the
plane t p=0 [see Eq. (2)]. This is the situation illustrated in

Fig. 2. Only the effective hopping of holes in the t, direction
is different from zero, but this is due to our artificial assump-
tions about the structure of the system and the symmetry of
the ground state in that direction. The energy of this localized
solution is EI=O. If t, 40, it exists only for V) V, , where,
for example, V, =t/3 for t,=t/2, V, =2t/3 for t, =t, and

V, =2t,/3 for t=0 The en.ergy of the metallic phase E is
negative for V= 0 and increases linearly with V as
(1/3) N~V, where N~= 3N, is the number of nearest neigh-
bor pairs and W, is the number of sites. Thus, the critical
value of V for which E =EI=O is determined by E for
V=O. At this critical value E, a first-order metal-insulator
transition takes place. The resulting values of V, for several
values of t and t, are listed in Table I.

The value of the effective hopping 1; depends on the val-
ues of the different Cu and 0 on-site energies, which are

TABLE I. Critical values of the nearest-neighbor interaction V,
at the metal-insulator transition for different values of the in-plane

hopping t and the hopping in the perpendicular direction t, . For
t=O, V, =3+3/m was obtained analytically.

For large V, one expects that it is convenient to break the
symmetry of the system in such a way that —,

' of the Cu sites
become +3, while the rest of the Cu sites are +2. This

tz

V,
0

2.60
0.5
2.62

1
2.86

2
3.86

2
3.31
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difficult to estimate. In the cuprates t-0.4 eV. ' ' Accord-
ing to the simple estimate made at the beginning of the pa-
per, the order of magnitude of t in the delafossites is approxi-
mately 0.06 eV. If instead of using this estimate one uses
more accurate expressions for the effective hopping, t turns
out to be somewhat larger, but the order of magnitude is still
0.1 eV if the other parameters are similar to those of the
cuprates. We expect t, to be smaller. The bare Coulomb re-

0

pulsion between two charges at a distance of 3.8 A is
-3.8 eV. Assuming that this value is reduced an order of
magnitude by dielectric and electronic screening, it turns out
that the system is near the Brinkman-Rice transition (see
Table I). The first-order nature of the transition might be an
artifact of the Hartree approximation [Eq. (3)].The quantita-
tive validity of the results is also affected by the slave-boson
approximation, but we believe that the order of magnitude
of the critical interaction is correct.

In conclusion, due to geometrical factors and the different
nature of the d orbitals involved (which are predominantly of
3d3 2 „2 character in delafossites), the effective Cu-Cu hop-
ping is expected to be one order of magnitude smaller in
delafossites than in high-T, compounds. As a consequence a
Cu-Cu nearest-neighbor repulsion of magnitude ~ V, , where
V,-0.3 eV, is enough to localize the carriers in delafossites.

For oxygen content 2.66, on the localized side of the transi-
tion and including effective antiferromagnetic interactions,
the magnetic configuration shown in Fig. 2 is expected.

Due to the very small value expected for the J/t ratio (of
the order of 1/50), a small number of carriers added to the
insulator might favor a ferromagnetic alignment of the spins
to allow the maximum possible gain in kinetic energy (as
in Nagaoka's theorem ). This agrees with the ferromagne-
tic correlations and small mass enhancement observed
in Yo 99Cao ogCu02 65. Instead, the phenomenology of
La2Cu0264 suggests that the system is on the metallic side of
the transition, with a significant mass enhancement (-5)
and strong antiferromagnetic correlations. ' ' This picture is
also consistent with the stronger dependence of the resistiv-
ity with the oxygen content in the Y compound. ' However,
the magnetic behavior and peculiar features of the Y corn-
pound might also be due to a slightly different atomic struc-
ture than the one we assumed.
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