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Electronic-structure calculations have been carried out on the ordered delafossite-type superoxides
YCuO,,5(0.5<8=0.7) that Cava et al. have synthesized recently by inserting interstitial O into the tri-
angular Cu planes of YCuO,. The results exhibit a unique feature where each interstitial O inserts two
half-filled, cluster-derived Cu;0O, “impurity levels” into the ~2.7-eV semiconductor gap of YCuO,.
These levels evolve into half-filled “impurity bands” as adjacent clusters are corner-linked to form con-
tinuous one-dimensional (1D) linear (6=~ %) and 2D planar (5~§) networks that may exhibit interesting

transport and magnetic properties.

The family of ABO, delafossite-type compounds has
an ancestry which dates back to the discovery! of the
mineral “delafossite” (i.e., FeCuO,) in the late 1930s.
These ternary oxides, which form with several hexagonal
and rhombohedral (2H, 3R, and 6H) structural polytypes,
represent a growing family of compounds that now in-
cludes about 30 members.? ¢ The delafossite structure
consists of four-layer O-A4-O-B sequences in which the
coordination of the trivalent 4 atom is octahedral
whereas that of the monovalent B atom is linear. The
different polytypes result from variations in the stacking
and alignment of the O- 4-O-B subunits. Recently, Cava
et al.” have succeeded in further oxidizing the ordinary
delafossite-type compounds YCuO, and LaCuO, to form
new ordered superoxides YCuO,.s and LaCuO, s in
which extra oxygen (0.5 <8 <0.7) is inserted interstitially
into the triangular Cu planes. Structural studies’ show
that at least two distinct O-ordered superlattices occur,
including a monoclinic M(V'3X2) phase near §=1 and a
hexagonal H(V'3XV'3) superlattice near §=2.

These delafossite-derived superoxides represent an in-
teresting analog to the cuprate high-T, superconductors.
Since the formal valence of Cu is 1+ in undoped YCuO,
and LaCuO,, the insertion of additional O into the struc-
ture is expected to increase the Cu valence to 2+ and
beyond for 8= 1. As a result, these systems provide op-
portunities to investigate the magnetic properties of tri-
angular lattices of spin one-half Cu’" ions where the
“frustrated” nearest-neighbor antiferromagnetic interac-
tions may lead to novel magnetic phenomena. These
YCuO, 5 and LaCuO, , 5 superoxides present both simi-
larities and differences when compared with typical cu-
prate superconductor parent compounds such as
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YBa,Cu;0¢, where the spin one-half Cu®" ions are ar-
ranged on a square lattice and antiferromagnetic ordering
is observed® at 500 K. For example, the Y-Ba-Cu-O sys-
tem contains both Cu'" and Cu?" sites, and oxygen dop-
ing suppresses rather than promotes antiferromagnetism,
leading ultimately to metallic as well as superconducting
behavior.

The purpose of the present study is to analyze the
effects of oxygen doping on the basic electronic properties

YCuO,, 5
§=1/2
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FIG. 1. (a) Primitive unit cell for the undoped hexagonal de-
lafossite YCuO,. Basal-plane projection of atom positions for
ordered superoxides YCuO,, s, including the (b) 6=% mono-
clinic M(V3X2), and (c) §=2 hexagonal H(V'3XV'3) phases.
The Y, Cu, and O (interstitial) atoms are at heights 0, ¢ /4, and
¢ /4, respectively. Dashed Cu-O bonds identify the threefold-
coordinated Cu sites in the M (V3 X2) phase.
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of YCuO, by tracing their evolution as extra O is added
to form ordered YCuO, s superoxides. Although this
study has focused solely on YCuO,, 5, similar behavior is
expected in LaCuO,, 5. This investigation has involved
the combined use of the linear augmented-plane-wave’
(LAPW) and tight-binding (TB) methods. In the LAPW
phase, the electronic band structure of the ordinary 2H-
YCuO, compound™!© has been calculated along with that
for a hypothetical YCuO; phase in which the partially
occupied O sites of the YCuO, 5 superoxides!! are fully
occupied. Using TB parameters derived from accurate
fits (~0.18 eV rms error) to the YCuO, and YCuO,
LAPW results, a TB scheme has been applied to calculate
the band properties of O-ordered intermediate YCuO,
phases where the basic YCuO, subunit has either quadru-
pled [i.e., M(V'3X2) YCuO, ] or tripled [H(V3XV3)
YCuO, 4;].

The essential features of the undoped H(1X 1) delafos-
site structure YCuO, are illustrated in Fig. 1(a). The
Bravais lattice is hexagonal (@ =3.52 Aand c=11.42 A)
and each primitive cell contains two formula units. The
Y at the origin is octahedrally coordinated by six O’s at
distances ~2.27 A while each Cu is linearly coordinated
by two oxygen neighbors at ~1.83 A to form O-Cu-O
sticks. The Y, Cu, and O constituents are located at the
(2a), (2¢), and (4f) sites of the P6,/mmc (D¢,) space
group.’ The observed!! O-ordered superlattices are illus-
trated to the right. The interstitial O occupies sites at the
centers of the Cu triangles in Fig. 1(a), producing a pla-
nar Cu-O bond length of ~2.03 A which is ~11% larger

YCuO,, 5 (LAPW)
8=0 d=1
4 'A 17 b ﬁ
2 RER" -
Eg=27eV 1L |
2 O bvise,digt :-»lm e
e R RN HTT
6 '”géa °eg Eﬂﬁi:BH o
o r—‘ geags” -
w |
&2

r M K TA T M K A

FIG. 2. LAPW energy-band results for YCuO, and (hy-
pothetical) YCuO; along three basal-plane symmetry lines
(CMKT) and one c-axis direction (I’ 4) of the hexagonal Bril-
louin zone. Distinctive symbols identify bands containing at
least 30% dxy'dxz,yz (squares), d,.~d,, (triangles), or d_,_ ,

(crosses) orbital weight inside the Cu muffin tins.
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than that of the O-Cu-O sticks. Completely filling these
planar interstitial sites produces the hypothetical YCuO,
phase mentioned above while partial filling leads to the
monoclinic M(V'3X2) superlattice for =1 that is
shown in Fig. 1(b) and the §=2 hexagonal H (V'3 XV'3)
superstructure of Fig. 1(c). The present study has con-
sidered idealized superstructures in which atom positions
are unrelaxed and inversion symmetry is assumed to
maintain the same O-ordering patterns in neighboring
Cu-O planes.

The present LAPW calculations for the H(1X1)
delafossite-type compounds YCuO, and YCuOj; have
been carried out self-consistently in the local-density ap-
proximation (LDA) using a full-potential implementa-
tion® that imposes no shape approximations on either the
charge density or the potential. Exchange and correla-
tion effects have been included via the Wigner interpola-
tion formula.!> The LAPW basis has included plane
waves with a 13.6-Ry cutoff (~350 LAPW’s per formula
unit) and spherical-harmonic terms through /=38 inside
the muffin-tin spheres. The charge density and potential
have been expanded using ~ 6500 plane waves in the in-
terstitial region and lattice harmonics with [ , =6
within the muffin tins. Brillouin-zone integrations have
utilized a 14-point k sample. The calculations treat the
Y(4d'5s?), Cu(3d'%s'), and O@2s%2p*) atomic levels as
valence states while a rigid-core approximation is applied
to the remaining inner-shell electrons.

The LAPW results for YCuO, in the left panel of Fig.
2 show that this undoped phase is a large-gap (~2.7 eV)
semiconductor in which the filled 22-band valence mani-
fold evolves from nearly degenerate Cu(3d) and O(2p) lev-
els while the lowest conduction bands are derived from
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FIG. 3. Evolution of TB Cu30; cluster levels into YCuO, 33
band states for a hypothetical H(V'3XV'3) phase in which the
uppermost cluster level is transformed into narrow impurity
bands in the crosshatched YCuO, semiconductor gap.
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Y(4d) states. Soft x-ray-absorption data’ indicate a gap
that is somewhat larger (~3.0 eV), thus suggesting that
the LDA may underestimate the optical gap. The corre-
sponding results for the hypothetical YCuO; phase are
shown to the right. The two extra O’s per cell add six
bands and eight electrons to the valence complex and this
leads to partially filled bands and metallic behavior. Both
systems exhibit three-dimensional (3D) rather than 2D
band characteristics.

The nature of the O-induced bands in the YCuO, 5 su-
peroxides is clarified by considering initially a hypotheti-
cal 8=1 compound in which the filled and empty O sites
in Fig. 1(c) are interchanged. This truncates the strong
planar Cu-O bonds that form the continuous 1D and 2D
networks of the M(V3X2) and H(V3XV3) superlat-
tices, leaving an array of essentially isolated Cu;0; clus-
ters. These Cu,0; clusters consist of three O-Cu-O sticks
[as seen, for example, in the upper part of Fig. 1(a)]
which are bonded together by a central O in the Cu
plane. The TB results in Fig. 3 trace the evolution of
these Cu;0, cluster levels into bulk 3D YCuO, ;; bands
as intercluster TB interactions are switched on. The
highest half-filled cluster level evolves continuously to
form a complex of split-off impurity-type bands in the
forbidden gap of undoped YCuO,. The remnant band-
width of this impurity manifold is due to small interclus-
ter O-O and Cu-Cu interactions.

Normally, one would expect the interstitial O levels to
fall within the O(2p) bands. In fact, this is the first su-
peroxide system where self-doping is predicted to pro-
duce impurity-type states in the host semiconductor gap.
Analysis shows that each interstitial O introduces two
bands and two electrons into the gap region. For book-
keeping purposes, one can regard these as O-derived
Dx»P, impurity levels which are pushed into the gap by
planar o-bonding interactions with neighboring Cu
dxy'dxz_yZ orbitals, leaving the weaker bonding p, levels
buried in the valence-band manifold. In fact, the upper-
most Cu;O, cluster level in Fig. 3 has predominant
Cu(3d) character, including 43% d3z2~r2’ 15%

dxy'dx2,y2, and only 22% admixture of interstitial O

Dx>Dy character. These weights are changed only slightly
(i.e., to 43%, 15%, and 18%, respectively, at I') in the
YCuO, 3; crystal. The predominant Cu(3d) component
in these O-induced states is consistent with soft x-ray-
absorption data.’

The systematic impurity level-to-band evolution of
these YCuO,, 5 superoxides is illustrated by the TB re-
sults in Fig. 4 where the bands for three ordered superlat-
tices with intermediate compositions 0<d <1 are com-
pared. For 82 1, the neighboring Cu;0; clusters become
corner-linked to form continuous planar Cu-O networks
with 1D M(V'3X2) or 2D H(V3XV3) characteristics.
This systematically broadens the relatively narrow §=1
impurity band from its initial 0.37-eV width to 0.75 eV
(for §=1) and finally 1.04 eV (for §=2). It is clear that
these split-off bands will merge into the valence manifold
for 6> %, in agreement with the §=1 LAPW results in
Fig. 2.

An alternate picture of the impurity-band evolution
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FIG. 4. TB energy-band results for YCuO, 5 with §= 3, 2,
and 2 2 which illustrate the impurity level-to-band evolution with
increasing 8 within the crosshatched YCuO, semiconductor
gap-
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FIG. 5. TB density-of-states results for ordered YCuO,_.4
phases with 0<8=<1. The 8=0 results have been shifted by
—0.5 eV to line up its valence-band features with the corre-
sponding 870 results.
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with 8 is provided by the YCuO,,; density-of-states
(DOS) results in Fig. 5. These results show that, in addi-
tion to an increasing width, the shaded O-induced impur-
ity bands exhibit significant DOS structure, including a
sharp minimum for the 8=1 M(V'3X2) phase. Thus,
while normal metallic behavior is predicted for each of
these model phases in the absence of antiferromagnetism
or structural-relaxation effects, modest changes in the
M(V3X2) atom-position parameters (which are allowed
by monoclinic symmetry) could very well convert the cal-
culated DOS minimum into a gap, thus producing a
semiconductor. In fact, transport data’ on polycrystal-
line YCuO, 5, pellets at 300 K suggest semiconducting
behavior, with an estimated activation energy of ~0.23
eV. Though not shown here, the corresponding Cu(3d)
projected DOS results exhibit a &-dependent feature
where the Cu(3d) orbital weight, which is highly concen-
trated near the top of the valence band (~2 eV) at §=0,
gradually becomes more uniformly distributed for 6> 0.
These variations, which are reflected in the LAPW re-
sults in Fig. 2, may have important consequences for un-
derstanding the magnetic properties of these superoxides.
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To summarize, the results of a combined LAPW-TB
study of the electronic properties of the delafossite-type
YCuO,, 5 superoxides predict the occurrence of novel,
half-filled, O-induced impurity bands in the forbidden
gap of undoped YCuO, for all compositions 0<& < 1.
Analysis shows that these impurity bands originate from
the triangular Cu;0, clusters that represent the basic
building blocks of these superoxides. While metallic
behavior is predicted for the model O-ordered superstruc-
tures that have been considered here, real-world devia-
tions from these idealized structures may open a gap
within this impurity band, and thus change the 8=
monoclinic M (V'3 X2) phase from a semimetal to a semi-
conductor.
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