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Electronic Structure and Valence-Bond Band
Structure of Cuprate Superconducting Materials

YUEJIN Guo, JEAN-MARC LAaNGLOI1S, WiLLIAM A. GODDARD III

From ab initio calculations on various clusters representing the La,_,Sr,Cu;,0, and
YBa;,Cu;30; classes of high-temperature superconductors, it is shown that (i) all
copper sites have a Cu" (4°) oxidation state with one unpaired spin that is coupled
antiferromagnetically to the spins of adjacent Cu" sites; (ii) oxidation beyond the

cupric (Cu') state leads not to Cu™

but rather to oxidized oxygen atoms, with an

oxygen p7 hole bridging two Cu"" sites; (iii) the oxygen pw hole at these oxidized sites
is ferromagnetically coupled to the adjacent Cu' 4 electrons despite the fact that this is
opposed by the direct 44 exchange; and (iv) the hopping of these oxygen pm holes (in
CuO sheets or chains) from site to site is responsible for the conductivity in these
systems (N-electron band structures are reported for the migration of these localized

charges).

To ELUCIDATE THE MECHANISM RE-
sponsible for high-temperature su-
perconductivity in various cuprates,
we carried out first principles quantum
chemical calculations on models of the
La;_,Ba,Cu;O4 (denoted 2-1-4) and the
YBa,Cu30; (denoted 1-2-3) classes of sys-
tems (I, 2). The resulting wavefunctions
indicate that electrical conduction in these
systems is dominated by hopping of oxygen
p holes from site to site in the CuO sheets
and chains, and we report the band struc-
tures based on these valence-bond localized
states. In addition, there are important mag-
netic couplings between spins on adjacent
copper atoms and between the conduction
electrons (oxygen pm holes) and the copper
spins that are critical in the superconductiv-
ity.

Electronic structure of the rveduced (Cu')
system. The electronic wavefunctions were
calculated with the generalized valence bond
(GVB), Hartree-Fock (HF), or configura-
tion interaction (CI) methods (3). Calcula-
tions (4-7) were carried out on finite clus-
ters as indicated in Fig. 1. In each case we
included explicitly all electrons on the atoms
shown plus the point charge approximation
to all other ions within about 8 A. The
sphere size was adjusted slightly (up to
0.2 A) so that balanced sets of ions were
included, with the outer boundary always
being oxygen. The charge on the outer layer
was scaled so that the whole cluster is neu-
tral. The number of explicit electrons corre-
sponds to having O*~ and Cu** or Cu* at
each atom shown. The wavefunctions were
calculated self-consistently for each state.

We find in all cases (four-, five-, and six-
coordinate) that the optimum wavefunc-

Arthur Amos Noyes Laboratory of Chemical Physics,
California Institute of Technology, Pasadena, CA 91125.

896

tions have nine electrons in 4 orbitals on
each copper, with the singly occupied orbit-
al pointing at the four short bonds. For
example, the singly occupied d-like orbitals
for the 1-2-3 chain are shown in Fig. 2, a
and*b (cluster Cu3Oyp). The total popula-
tion in 4 orbitals on the three copper sites is
d*, 4%V, and 4°3. The electrons formally
considered on O~ are partially shared with
the copper so that the total charge on the
copper is +0.41, +0.23, and +0.41 for this
cluster (rather than +2, +2, and +2). Simi-
lar results are obtained for the 1-2-3 stub
(Cu30yy), where the 4 populations are 4%,
4>V, and 4°% (total charges 0.44, 0.45,
and 0.44). For the 2-1-4 system (Cu;Oyy),
the 4 populations are 4%!! and 4°!! (total

charges —0.23 and —0.23).

With one singly occupied orbital per cop-
per, the Cu, systems lead to two low-lying
spin states (§ = 0 and S = 1), and the Cus
systems lead to three low-lying states
(§=1/2,8 =1/2,and S = 3/2). We solved
self-consistently for each of these states us-
ing the GVB wavefunction and fitted the
resulting energies to a Heisenberg spin
Hamiltonian,

H=_§<2]ijsi'sj @
i<y

For the Cu, cases, the singlet is lower
because the orbitals overlap slightly
(o = 0.05), leading to an “antiferromagne-
tic” exchange integral J, where ] = —205 K
for the Cu,Oy; sheet and ] = —244 K for
the Cu,O7 chain. From the Cuj systems we
find that 1]l < 0.1 K for second nearest
neighbors (o = 0.0006). In one and two
dimensions, a system described by Eq. 1
with negative J leads to an ordering (Néel)
temperature of Ty = 0 K (8). Hence, long-
range order is not expected at finite T.

Experimental evidence on La,CuQO,—, sug-
gests that there are strong short-range cou-
plings; however, evidence for long-range
order is conflicting, with one report of
Tny=220 K (9). For the Cu; stub
(Cu30yy), the d2_y orbitals of the center
(chain) copper are orthogonal to the .2
orbitals of the top and bottom (sheet) cop-
per sites, leading to weak ferromagnetic
coupling (J42 = +11 K).

Although each system has an array of
singly occupied copper 4 orbitals, it does not
lead to electrical conduction. The reason is
that the charge transfer state (Cu® - - - Cu"!
— Cu' -+ - Cu™) is very high in energy
(about 10 eV for the Cu,Oy; cluster). In
band language, the system has a large Hub-
bard U parameter (one center electron-elec-
tron repulsion), leading to an exceedingly
narrow band.

The oxidized (“Cu""™) system. The cuprates
exhibiting superconductivity all are oxidized
further than Cu®*. Assuming no oxygen
vacancies, the copper of La; gsSro.1sCu;O4
is 15 percent oxidized, and the copper of
Y;Ba,Cu307 is 33 percent oxidized. How-
ever, other systems (for example, LasBa-
Cus03 and LasSrCugOgs) have similar lev-
els of oxidation but do not exhibit supercon-
ductivity (down to 5 K) (10). For all sys-
tems discussed here we find that oxidation
of the Cul! (4°) leads not to Cu'™* (4%)

O-Cu"-0-Cu"-0 —
O—Cu''"-0-Cu''-0 )
but rather to oxidation out of an oxygen pm

singly occupied orbital (see Fig. 2¢) located
between two Cu™! sites,
O-Cu"-0-Cu"™-0 —
O-Cu'-0*-Cu'-0O 3)
Thus, in the oxidized systems, all coppers
have the Cu" (4%) oxidation state, but each
oxidation leads to a singly occupied oxygen
pw orbital that is spin-coupled to the various
singly occupied copper 4 orbitals. We will
show below that hopping of such oxygen pm
holes from site to site leads to electrical con-
duction if the hole is on the proper oxygen.
The La,_,Sr,Cu;O4 system has two-di-
mensional sheets of copper and oxygen as in

O,
o—cu-0—cu:-o0

o, O

where each Cu-O bond is 1.89 A. In addi-
tion, there are apex oxygens 2.40 A above
and below each copper. For x = 0, we find
that oxidation of the in-plane (sheet) oxygen
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Fig. 1. Clusters used in GVB calculations. The
array of point charges extends out to ~8 A from
each copper (adjusted so that the outer shells are
oxygens). The charges on the point charges are
the nominal values (O?~, Y*>*, Ba’>") except for
Cu where Cu*?!® was used for La; gsSr.;sCuQ4
and Cu*?3? was used for Y;Ba,Cu;0;. In addi-
tion, for La, ,Sr,CuO, an averaged charge
Z = 3 — Vax was used for the LaSr system. The
number of explicit electrons was based on the
nominal charges [for example, (Cu;0,0)!'*~ with
three Cu"]. In all calculations, all occupied orbi-
tals are strongly bound (lowest IP = 5.4 V),

is favored by 0.39 e¢V. Each of these oxygens
has two pr orbitals perpendicular to the Cu-
O-Cu axis, but the p orbital in the plane of
structure I is the preferred one for oxidation
(by 0.4 ¢V). This leads to good electrical
conduction as discussed below. On the oth-
er hand, such a subtle change as replacing
part of the La’* with Sr** can shift the
relative ionization potentials (IP) of the
apex and sheet oxygens significantly. Thus,
with x = 0.3, we find that the apex oxygen
is preferentially oxidized (by 0.45 eV). We
believe that it is subtle shifts in relative IP
that lead to a loss in superconductivity
above x = 0.3 and that this is responsible
for the semiconductor character of systems
such as LasBaCusO;3 and LasSrCueO;s
(which have sheets or chains similar to the
2-1-4 and 1-2-3 systems). Thus, subtle
changes in the cations (charges or place-
ment) or in the structure (for example,
owing to higher pressure) might change
these semiconductors into superconductors.

For the Y;Ba,Cu307-, system, there are
three types of oxygens, Oc, Os, and Og for
chain, sheet, and bridge, as indicated in Fig.
1c, but we find a very strong preference for
oxidizing the chain oxygens. For y =0,
there must be one oxygen hole per central
copper and hence an idealized structure
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would have every bridging Oc¢ oxidized.
However, with sufficient positive charge
along the chain, it becomes favorable to
oxidize sheet oxygens. Holes in O¢ can hop
casily to adjacent O, leading to high mobil-
ity if the chain is perfect. Holes in Og would
lead to conduction in the sheets much as in
La,_,Sr,Cu;O4. These two-dimensional
sheets should be less sensitive to defects than
the chains. Holes in Op probably serve to
communicate between the O¢ and Oy sites.
Thus, we expect an equilibrium population
of holes among Og, Oc, and Os, with O¢
and Og important in electrical conduction.
Magnetic coupling in oxidized states. With
three singly occupied orbitals, the spins in a
Cu"-O*—Cu" triad can be coupled in three
ways (S = 3/2 and two § = 1/2). Since the
singly occupied oxygen pr orbital is orthog-
onal to the Cu" orbitals, there is ferromag-
netic coupling between the oxygen pm and
adjacent copper 4 orbitals. The spin cou-
pling between the Cu'' spins still prefers
singlet; however, the Cu-O exchange is
much stronger, leading to a ferromagnetic

(quartet) ground state. Thus the optimal

magnetism of a chain is as in
O-Cu'1-0*1-Cu'1-0-Cu"|-O (II)

We solved self-consistently for all possible
spin states of the various clusters and fitted
the results with Eq. 1 to obtain coupling
terms of Jocy = 383 K, J44 = —205 K, and
Jas = —139 K for sheets of La,_Sr,Cu Oy,
and ]OCu = 405 K, ]a'a’ = —244 K, and
Jas= —164 K for chains of Y;Ba,Cu;O;.
Here Jocu is for adjacent oxygen 2p and
copper 34 orbitals, Ji; is for two copper
atoms with the intervening oxygen oxidized
(the center and left Cu of structure II), and
Jaa is for a copper pair where the intervening
oxygen is not oxidized (the central and right
Cu of structure IT). Note that the J 4, with an
intervening O™ is smaller than that for a
normal oxygen (164 K versus 244 K); this is
because superexchange decreases when the
central atom (oxygen) is less negative (11).

In the accompanying report (12) it is
shown that the interplay between the O-Cu
and Cu-Cu magnetic couplings is responsi-
ble for the superconductivity in these sys-
tems.

Electron covrelation. It is important to em-
phasize that the many-body electron correla-
tions implicit in the GVB wavefunction are
essential to a proper description of these
clusters (3). For example, an ordinary HF
calculation on the Cu,O7 cluster yields a
closed-shell singlet state 6.89 ¢V above the
triplet, while the GVB wavefunction puts
the singlet 0.04 eV below the triplet. The
problem with the HF description for these
systems is that separate singly occupied 4
orbitals as in Fig. 2, a and b, are not allowed:

Thus, for Cu,O7, the GVB wavefunction
has the form

Vvh: = A[D(bLdr + PrdL) (B — Bar)]

(4)
where ¢r, and ¢r denote d,2_—like orbitals
centered mainly on the left and right copper
(as in Fig. 2 for Cus), ® contains all other
orbitals and spins, and s is the antisymmet-
rizer (determinant operator). All orbitals are
calculated self-consistently with no restric-
tion on shape, overlap, or character of the
orbitals. Similarly, the triplet state is de-
scribed as

YEVE = A[D(dLdr — drbL) (B + BQ)S])
(

where all orbitals are solved for self-consis-
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Fig. 2. The GVB orbitals (amplitudes) of Cu;O;q
(@) and (b) show two of the three singly occupied
(d-like) orbitals located on the copper centers.
Atoms in the plane are indicated with asterisks.
Positive contours are solid, whereas negative con-
tours are dotted; the increments are 0.10 atomic
units. (€¢) The new singly occupied (oxygen 2pm—
like) orbital obtained by ionizing the Cu;Oqo
cluster. No noticeable change occurs in the other
orbitals shown in (a) and (b). (d) The corre-
sponding doubly occupied orbital at an adjacent

oxygen.
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Fig. 3. The upper oxygen 2pw band for the Cu-O
sheets of La,Cu;04 (based on GVB energy band
calculations). The contour lines are labeled in
electron volts. The Fermi energy for Lags
Sro.15Cu; Oy is at the boundary of the dotted and
undotted regions.

tently; however, the final orbitals are very
similar (indistinguishable in a plot such as
Fig. 2) from the optimum orbitals of the
singlet. As a result, the Heisenberg-type
description (Eq. 1) is suitable. In contrast,
the HF functions have the form

Dilnger = A[P(bedg) (B — Ba)]  (6)

Diiprer = A[P(Dgbu — budy) (B + B(x)])
(7

where all orbitals are calculated self-consis-
tently. For the optimum triplet state, the
final orbitals have the form

g = (¢ + dR) (8)
by = (b — dr) 9

(ignoring normalization), leading to a wave-
function identical to ¥SvE,. However, for
the singlet state, the HF wavefunction has
the form

bgdg = (GLOR + OrOL) + (drdL + ¢R¢8)
(10)

which includes equal amounts of covalent
and ionic character. These ionic terms corre-
spond to equal mixtures of Cu*"-Cu! charac-
ter into the Cu*-Cu"! wavefunction, leading
to an artificially high energy. This HF wave-
function also leads to strong mixtures be-
tween the copper do and oxygen po orbitals
(dy2—2 and p, in Fig. 2). To remove this
difficulty for HF wavefunctions, one can
relax the spin symmetry restriction and use a
wavefunction of the form

PUHE = sA[D(dre) (drB)] (11)

(the unrestricced HF or UHF wavefunc-
tion). This leads to much lower energy, but
the wavefunction is a mixture of singlet and
triplet character and hence one cannot di-
rectly obtain parameters for Eq. 1. (The
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UHF wavefunction leads to singly occupied
orbitals that are essentially pure 4,._, in
character.) The GVB wavefunction corre-
sponds to converting Eq. 11 into a singlet
state (leading to Eq. 4) and then reoptimiz-
ing the orbitals self-consistently. In terms of
band concepts, the HF description has a
half-filled band (¢, occupied and ¢, empty),
whereas the GVB description has every
band orbital half-occupied (¢y. and ¢g). For
the infinite system, localized, singly occu-
pied orbitals such as in Fig. 2 lead to very
narrow energy bands. It is well known that
such systems are not well described with
normal band theory, and an empirical modi-
fication (the Hubbard Hamiltonian) is used
to obtain UHF-like wavefunctions. For the
GVB method, an N-body approach to band
calculations is required.

Valence bond band structure—localized ver-
sus delocalized states. Consider the Cuz;Oyg
cluster modeling the chains of Y;Ba,Cu;0,.
Ionizing this cluster leads to two equivalent
localized wavefunctions, ¥y and Vg,

O0—Cu—Q«—Cu~—0Q<~—Cu-—0

v, I
¥, o—Cu—0—Cu—Q—Cu—0 IV

where structure IV is shown in Fig. 2, c and
d. The wavefunction is localized because the
shape of a doubly occupied orbital needs to
be more expanded (electron repulsion) than
that of a singly occupied orbital and because
in Wy, the other bonds polarize to stabilize a
charge on the left, whereas in ¥y they
polarize to stabilize a charge on the right.
These two wavefunctions overlap with a
sizeable matrix element between them,

OlR — (‘I’L|\I’R> = -0.1412
HLR = (‘I’]JH“I’R)

(12)
(13)

In the resonating-GVB description of these
states, the total wavefunction is written

Y, = (¥, +V)/VI + S
\Pg = (\PL + \PR)/\/]- - S

(14)
(15)

We calculate these states using the R-GVB
program (13), which allows every orbital of
¥, to overlap every orbital of Wg. This
many-electron resonating generalized va-
lence bond (R-GVB) hole description of the
ion states is equivalent to a polaron-hopping
description in which the hole is completely
dressed with polarization for each site. The
R-GVB states in structures III and IV lead
to a resonance stabilization of 0.33 eV for

W, and destabilization of 0.43 ¢V for ¥,,.
This leads to a one-dimensional band with
bandwidth = 1.62 eV. As a result, holes in
the oxygen 2pw bonds of the Cu-O chains or
Cu-O sheets lead to high mobility charge
carriers for electrical conductivity.

N-Electron band theory. We report here a
band calculations based on such localized N-
electron valence bond wavefunctions rather
than the traditional one-electron molecular
orbitals (MO) or band orbitals. The N-
electron band states ¥, are described as a
linear combination of localized N-electron
valence bond wavefunctions,

V= Cpu®y + CyPy + -+ = Zcikq)i
© (9
where each term ®; is an N-electron wave-
function describing a fully polarized descrip-
tion of the hole on a particular site 7. Here
the coefficients are calculated by solving
2 HyGy = 2. SyCy (17)
] j
where the Hj; are the N-electron matrix
elements (13) between oxidized sites ¢ and j
and §;; is the N-electron overlap for sites ¢
and 7, as in Eqs. 12 and 13. This process is
analogous to a tight-binding band calcula-
tion except that the matrix elements arise
from N-electron valence bond calculations,
(PLIHIWR), where H is the total N-electron
Hamiltonian rather than from one-electron
matrix elements, <<I>LIHHFICI>R), where HHF
is an effective one-particle Hamiltonian. A
wavepacket constructed from the band
states, ¥y in Eq. 16, describes the motion of
a fully dressed polaron.
This contrasts with the tight-binding MO
description where the coefficients describe a
particular one-electron band orbital

i = Cudpr + G + -+ = 2 Cady
(18)
(in terms of localized atomic-like orbitals
&), which is occupied along with the other

band orbitals to construct a many-electron
wavefunction,

WMO = [ (Y1) 2(2)? + + ] (19)

For the CuO sheets of La,Cu;O4, we
calculated the valence band shown in Fig. 3.
This represents the Bloch N-electron states
for a hole moving in the CuO sheets. The
most stable ion state is at the M point
(highest state in a standard band calcula-
tion). The least stable state is the X point.
The total bandwidth is 1.38 eV.

For La,_,Sr,Cu 04, the maximum transi-
tion temperature T, occurs for x = 0.15.
Assuming all these holes go into the oxygen
2pw band leads to the Fermi energy at 0.16
eV below the top of the band, as indicated
in Fig. 3. The density of states at the Fermi
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energy is N(0) = 1.14 eV™! per copper
atom. For Y;Ba,Cu;O; the band arising
from the chains would be half full if all holes
were in this band. This would lead to
N(0) = 0.21 eV™! per chain copper. These
results are used in the accompanying report
(12) to derive the T, for superconductivity
in cuprates.

The Hubbard model. As pointed out
above, standard HF methods lead to a very
bad description of systems such as these Cu'!
systems having weakly overlapping orbitals.
The result is a strong mixture of the singly
occupied do orbitals (4,2, pointing from
Cu to O) with oxygen po orbitals, leading to
a partially filled band of mixed copper do
and oxygen po character. With GVB, the
electron correlation effects lead to singly
occupied d,2_, orbitals on each copper. In
terms of band concepts this GVB descrip-
tion corresponds to half occupation of every
orbital of the band constructed from 42,2
on each center, whereas HF would start
with half occupation of the band. The Hub-
bard approximation (14) to UHF builds in a
similar improvement upon standard HF
band theory by introducing a repulsive one-
center term to split the HF band into up-
spin and down-spin bands on separate sub-
lattices (leading to spin waves). The GVB
approach treats the electron correlation
problem rigorously, leading to pure spin
states. However, this leads to the complica-
tion that the band states must be calculated
in terms of N-body wavefunctions (as pre-
sented above) rather than the usual one-
particle orbitals.

Several standard one-electron band calcu-
lations (based on local density functionals)
have been reported (15) on LayCuyOy.
These band calculations suggest an overall
population of 4° on each copper, in agree-
ment with the GVB results but, as expected,
they all involve strong mixing of copper do
and oxygen po character, leading to a par-
tially occupied band of o character. A prop-
erly parameterized Hubbard Hamiltonian
might mimic the GVB results (with the
copper do orbitals forming a narrow band
and a highest band that is oxygen pm—like).
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The Magnon Pairing Mechanism of
Superconductivity in Cuprate Ceramics

GUANHUA CHEN AND WiILLIAM A. GODDARD III

The magnon pairing mechanism is derived to explain the high-temperature supercon-
ductivity of both the La,_.Sr,Cu;0; and Y;Ba,Cu3O; systems. Critical features
include (i) a one- or two-dimensional lattice of linear Cu-O-Cu bonds that contribute
to large antiferromagnetic (superexchange) coupling of the Cu"" (4%) orbitals; (ii) holes
in the oxygen pm bands [rather than Cu™ (4%)] leading to high mobility hole
conduction; and (iii) strong ferromagnetic coupling between oxygen pw holes and
adjacent Cu" (4°) electrons. The ferromagnetic coupling of the conduction electrons
with copper 4 spins induces the attractive interaction responsible for the superconduc-
tivity, leading to triplet-coupled pairs called “tripgems.” The disordered Heisenberg
lattice of antiferromagnetically coupled copper 4 spins serves a role analogous to the
phonons in a conventional system. This leads to a maximum transition temperature of
about 200 K. For La gsSrg15Cu;O4, the energy gap is in excellent agreement with
experiment. For Y;Ba,Cu;07, we find that both the CuO sheets and the CuO chains

can contribute to the supercurrent.

HE EXCITING DISCOVERIES FIRST

of the 2-1-4 class of high-tempera-

ture superconductors (I) (best is,
La;_,Sr,Cu;O4 with transition temperature
T. = 40 K) and then of the much higher
temperature 1-2-3 system (2) (YBa,Cu304
with T, = 93 K) have led to a frenzied chase
after even higher temperature superconduc-
tors and more easily processed materials.
Simultaneously, the theoretical community

Arthur Amos Noyes Laboratory of Chemical Physics,
California Institute of Technology, Pasadena, CA 91125.

has struggled with how to understand the
origin of the superconductivity in these con-
ducting ceramics. The need for such a theory
is reinforced by the lack of any substantial
increase in T, despite an enormous effort by
materials scientists around the world (3).
The problem has been the lack of a theoreti-
cal framework within which one could rea-
son about the likely effects of various
changes in composition or structure. We
propose here such a model.

Recent calculations (4) indicate that the
La,_,Sr,Cu;O4 and Y;Ba,Cu30; classes of
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