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Band picture of the spin-Peierls transition in the spin-- linear-chain
cuprate GeCuoa
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(Received 15 October 1993)

The results of electronic-structure calculations for GeCuOs feature a pair of narrow ( 1 eV)
half-filled, one-dimensional e' conduction bands that originate from two edge-sharing CuOq linear
chains in the orthorhombic cell. Unusual transport properties are predicted since the confined carrier
motion along the chains (at any band filling) requires tunneling through nodal charge-density regions.
At the spin-Peierls transition, the dimerization of the CuOq chains can open a band gap at E~,
provided that the Cu displacements in neighboring chains are staggered.

Recently, Hase, Terasaki, and Uchinokurai have iden-
tified GeCuOs as an inorganic compound that undergoes
a spin-Peierls transition, a phenomenon that previously
has been associated only with organic systems. Specif-
ically, Hase, Terasaki, and Uchinokurai have observed
an abrupt decrease in the GeCu03 magnetic suscepti-
bility near 14 K which they interpret as a phase tran-
sition &om a uniform antiferromagnetic spin-2 Heisen-
berg chain to a system of dimerized chains with a singlet
ground state and a 24-K energy gap. They argue that
the magnetic-field dependence of the structural transi-
tion temperature confirms the spin-Peierls interpretation
and excludes the possibility that an unrelated structural
transition is involved. Subsequent studies have shown
that the GeCu03 spin-Peierls transition temperature is
also reduced by Zn~Cu doping, and the transition dis-
appears entirely when the Zn-doping levels exceed 3%.

Single crystals of GeCuOs are translucent and blue
in color. Transport measurements show that single-
crystal samples exhibit insulating behavior, with room-
temperature resistivities as high as p300 K 10 0 cm.
However, ceramic samples that have been reduced in a
H2/N2 atmosphere yield much lower (pspp K 30 Ocm)
values and evidence for a modest ( 0.02 eV) activation
energy. According to structural studies, ' GeCu03 pos-
sesses an orthorhombic cell (see Fig. 1) that contains two
vertex-linked Cu06 octahedra which form edge-sharing

GeCu03

Q ~ ~
Ge Cu 0

FIG. 1. Primitive orthorhombic cell for GeCu03 which fea-
tures a pair of vertex-linked Cu06 octahedra that share edges
along c to form symmetry-related CuO& chains with Ge spac-
ers.

Cu02 chains along the c axis. These chains, which are
uniform above the spin-Peierls transition, presumably be-
come dimerized by the distortion near 14 K. However,
the details of the low-temperature structure have not yet
been determined. The present study predicts a speci6c
model for the GeCu03 spin-Peierls distortion.

Although a spin-Peierls picture of the electrical and
magnetic properties of GeCu03 implies that electron-
correlation effects play an important role in determining
the electronic properties of this material, it is nonetheless
valuable to investigate the applicability of standard band
methods and the local-density approximations (LDA) to
systems of this type. With this viewpoint in mind, a
scalar-relativistic version of the linear augmented-plane-
wave (LAPW) methods has been applied in the present
investigation to calculate the nonmagnetic band struc-
ture of orthorhombic GeCuOs. Exchange and correlation
effects have been included in the LDA with the use of the
Wigner interpolation formula. io

The present LAPW implementation imposes no shape
approximations. The LAPW basis has included plane
waves with a 13.8-Ry cutoff ( 350 LAPW's per for-
mula unit) and spherical-harmonic terms through I = 6
inside the muffin-tin spheres. The charge density and
potential are expanded in terms of 6000 plane waves

(60 Ry) in the interstitial region and lattice-harmonic
expansions (l „=4) within the muffin tins. A six-
point k sample in the s irreducible wedge has been
used to perform Brillouin-zone (BZ) integrations. The
atomic Ge(4s24p2), Cu(3d 4s ), and O(2s22p4) states
have been treated as valence electrons while a frozen-
core approximation has been applied to the more tightly
bound states.

As shown in Fig. 1, the room-temperature GeCu03
structure has orthorhombic symmetry [Pbmm (D25&)

space group] and contains two formula units per primitive
cell. The structuralresults show that the Cu06 octahe-
dra are stretched such that the Cu-O(l) bond distances
[where O(l) labels the apical oxygens], d[Cu-O(l)]= 2.77
A. , are significantly longer than the planar values, d[Cu-
O(2)]=1.94 A. Though less clearly depicted in Fig. 1,
the Ge-0 network also forms c-axis chains. Here, the
Ge's are tetrahedrally coordinated by 0's. The nearest-
neighbor Ge-0 bond lengths are unusually short [ 1.77
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and 1.72 A for O(1) and O(2), respectively], and this is
consistent with a formal Ge valence of 4+ in this mate-
rial.

This expectation of a Ge + valence is confirmed by
the LAP& results for GeCu03 which are plotted in
Fig. 2. The 28-band valence manifold consists of 18
lower-lying O(2p) states and ten Cu(3d) bands near E~.
The lowest pair of unoccupied bands have predominant
Ge(4s) character. This feature is in sharp contrast to the
corresponding results for another cuprate with a group-
IVA constituent (i.e., Pb in Pb2Sr2YCusOs) where the
calculated Pb(6s) bands occur at energies 7—9 eV be-
low E~. However, the Pb + valence in Pb2Sr2YCu308
is consistent with the fact that the average Pb-0 bond
length ( 2.6 A) is larger than typical values ( 2.2 A. in
PbOz) for Pb4+ compounds.

An eye-catching feature of the GeCu03 results in Fig.
2 is the presence of two nearly degenerate half-filled cr'

conduction bands with a surprisingly narrow ( 1 eV)
width. The fact that these 0' bands are split-off in en-

ergy ( 0.25 eV) from the fully occupied valence man-
ifold suggests that an isostructural Ni compound (i.e. ,

GeNiOs) would be an ordinary semiconductor; however,
eEorts to synthesize this phase have been unsuccessful
thus far. These split-o8' 0' bands contrast with the
now familiar results for typical cuprate high-T, super-
conductors such as Pb2Sr2YCu308, where vertex-linked
Cu02 planes produce cr' bands that overlap the valence-
band complex in energy and exhibit overall bandwidths
of 4 eV. As shown below, these differences have a sim-

ple geometric origin. In the high-T, cuprates, the pla-
nar (pdo ) interactions provide a (sin 2 k a + sin z k„a)-
type dependence on wave vector, vanishing at the zone-
center I' and reaching xnaxima at the BZ boundaries.
Despite their visual simplicity, a tight-binding (TB) de-
scription of the GeCuOs cr' bands is suKciently complex
to require a five-band model. The narrow width of this

kz= P k, = (ale)

subband is due, not to weak bonding, but rather to a
translation-induced switching between two sets of oxy-
gen orbitals with comparable (pdo) interactions.

A schematic representation of these eEects is shown in
Fig. 3. In a rotated coordinate system where x' is parallel
to the edge-sharing O(2)'s in Fig. 1, the Cu(3d) compo-
nent of the o' band has d(x'z) character. Since the CuOe
octahedra share edges along z that are separated by the
cell dimension c, translation symmetry imposes restric-
tions on the relative phases of the p-type orbitals at the
upper and lower O(2) sites in Fig. 3. In the two-center
approximation, the dominant Cu-O(2) interaction in-
volves nearly equal energy integrals (E, I, E I, )
with (coszk, c)- and (sin2k, c)-type factors, respectively.
These combine to produce hybrid (pdo') interactions that
switch from p(z) orbitals when k, = 0 to p(z') orbitals for
k, = (n jc) with little change in strength, thereby yield-
ing the narrow, molecular-orbital-type 0' bands shown
in Fig. 2.

According to this TB analysis, the individual E,
and E e, interactions depend on the geometric config-
uration of the O(2)-type oxygens that make up the base
of the Cu06 octahedra. For example, these interactions
would be equalis if the arrangement of O(2) atoms that
surround the central Cu site in Fig. 3 were square rather
than rectangular (i.e., elongated along c). For this sym-
metric geometry, the cr' bandwidth is reduced to zero,
at least in the simplest TB treatment. In principle, one
could even reverse the o' dispersion by increasing the
O(2) separations along z' relative to those along z.

These orbital characteristics of the GeCuOs cr' band
are confirmed by the charge-density plots in the z'z plane
that are shown in Fig. 4. The left-hand panel illustrates
the LAPW charge density in the 0' bands, averaged over
states in the k, = 0 plane. The right-hand panel presents
the corresponding k, = (n'/c) results, where the effect
of e-p hybridization is seen to enhance Cu-O(2) interac-
tions along the chain and diminish interchain coupling.
The contours for intermediate k, 's involve appropriate
averages of these results. The antibonding character of
the 0' bands adds a novel aspect to these charge-density
results in the form of nodes which are interspersed be-
tween neighboring sites along the chain. Intuitively, one
expects that such nodes would inhibit charge transport
along the chains, since itinerant carriers would have to
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FIG. 2. LAPW and TB energy-band results for GeCu03
along several BZ directions (FXSYT and ZURTZ) that are
perpendicular and one (FZ) that is parallel to the linear-chain
axes. LAPW bands with signi6cant Cu(3d) (wq ) 0.3) aiid
Ge(4s4p) (m, ,„)0.1) orbital weight in the mufFin tins are
identified by squares and triaagles, respectively.

E ~ = 0.65(pda) - 0.10(pdm) E&~ = 0.56(pda) + 0.11(pdn)

FIG. 3. Schematic representation of the five-band,
two-component O(2p)-Cu(3d) interactions that produce the
narrower molecular-orbital-type o bands in GeCuOq.
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TABLE I. Tight-binding parameters for GeCuOs (rms er-

ror = 0.46 eV).
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Cu-O(l)
Cu-O(2)

Distance (L)

1.77

1.72

2.77
1.94

Parameters
es) Cp

(sp~)
(pp~), (pp~)

(spa)
(pp~), (pp~)
(pdo ),(pdm)
(pdo ), (pdx)

Value (eV)
—1.02,5.0

—1.80
—4.73
—2.65
3.21

2.77,—1.53
2.91

3.72,-1.41
—0.44,0.17
—1.39,0.61
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FIG. 4. Charge-density contours for the GeCUO& 0' bands,
averaged over wave vectors k in the central (k, = 0) and top
[k, = (z/c)] BZ faces Th. e outermost contour values are
0.005 electrons/(a. u. ) and adjacent contours are doubled in
magnitude.

tunnel through these low-density nodal regions. This
could account for the extremely high room-temperature
(RT) resistivities that are observed4 in this system. In
more typical two- or three-dimensional materials (includ-
ing the high-T, cuprates), analogous efFects are dimin-
ished by the fact that such nodes are con6ned to points
on the Fermi surface and alternative conduction paths
(or bands) are available.

The GeCu03 density-of-states results, including pro-
jected contributions within the individual muffin-tin
spheres, are shown in Fig. 5. The Ge component is rel-

atively small over the energy range of the occupied va-

lence band. Thus, hke the Pb, Sr, and Y constituents

of Pb2Sr2YCusOs, Ge is an electronically inactive donor
(i.e. , Ge +) ingredient. This suggests that substitutional
doping (Ga, As+Ge) at these sites should be explored
as an alternative means for introducing carriers, since, in
contrast to Zn-+Cu substitutions, s the chain sites are less
directly afFected. The Cu(3d) weight in Fig. 5 is localized
within a narrow energy range near the Fermi level; this
divers from results for typical high-T, superconductors
where this weight is distributed uniformly over the entire
valence band.

Details of the low-temperature structural distortion in
GeCuOs are presently unavailable. To explore the effect
of a few selected distortions on the GeCuOs bands near
E~, a 15-parameter TB model has been set up, based
on a fit to LAPW results at eight BZ points (rms er-
ror 0.5 eV). The resulting TB bands are plotted in the
right-hand panel of Fig. 2 and the derived parameters are
listed in Table I. Since the spin-Peierls distortion is ex-
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FIG. 5. Total and muf6n-tin-projected density-of-states re-
sults for GeCu03.

FIG. 6. Comparison between(a) the folded GeCuOs TB
energy bands near Es for a undistorted nonprimitive cell (ie.
one that is doubled along c) with those involving dimerized
Cu's with vertical displacements in neighboring chains that
are either (b) antiparallel or (c) parallel.
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pected to involve a dimerization within the Cu02 chains
that doubles the unit-cell dimension along c, we plot in
Fig. 6(a) the appropriately folded GeCuOs TB bands
near E~. The Bat, fourfold-degenerate bands along the
RT line that are pinned at E~ provide a clear signature
of an electronic instability in this system. Indeed, a small

gap at E~ is opened in Fig. 6(b) when the Cu's in neigh-
boring chains are displaced vertically (h —0.05 L) with
opposite phases. However, when the Cu displacements
in neighboring chains have the same phase, band cross-
ings remain and a zero-gap semiconductor is produced
[Fig. 6(c)]. Thus, the present analysis of GeCuOs fa-
vors a staggered pairing of Cu's along neighboring Cu02
chains and predicts a basic structural feature of the low-

temperature spin-Peierls distortion in this system.
To summarize, the results of LAPW band calculations

for the spin-Peierls cuprate GeCu03 yield a pair of un-

expectedly narrow ( 1 eV) one-dimensional cr' con-
duction bands that originate from the edge-sharing fea-
ture of the Cu02 chains in this system. A TB analysis

shows that a semiconductor gap can occur within this
0. band when the Cu dimerization in neighboring Cu02
chains is staggered. It is expected that charge transport
in these sT' bands will be inhibited (at any level of fill-

ing) by the need for intinerant carriers to tunnel through
nodal charge-density regions along the chains. Finally,
this LDA treatment identi6es and provides the basic in-
gredients (five-band model, TB parameters) for future
studies of electron-correlation eH'ects in this system.

Note added in proof. In a recent publication, Nishi has
reported neutron-difFraction results on the spin-Peierls
transition in GeCuOs [M. Nishi, J. Phys. Condens. Mat-
ter 6, L19 (1994)] that confirm the present LDA-derived
band-structure prediction that the dimerization along the
two Cu chains in the cell is out of phase by x.
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