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Structural basis for high-pressure polymorphism in CuGeO3

Przemyslaw Dera, Aiyasami Jayaraman, Charles T. Prewitt, and Stephen A. Gramsch
Geophysical Laboratory and Center for High Pressure Research, Carnegie Institution of Washington,
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~Received 5 July 2001; revised manuscript received 5 December 2001; published 19 March 2002!

Two unusual pressure-induced structural transformations in the inorganic spin-Peierls compound CuGeO3

have been studied using single-crystal x-ray diffraction and diamond-anvil cell techniques. CuGeO3-III was
formed after nonhydrostatic compression of the ambient pressure phase CuGeO3-I and the structure deter-
mined after quenching back to ambient pressure from 7.0 GPa. CuGeO3-III is orthorhombic, with space group
Pbam. The mechanism of the I-III transformation, which occurs exclusively under nonhydrostatic conditions,
involves a shift of half of the Ge atoms to tetrahedral sites adjacent to those occupied in the ambient pressure
modification. Hydrostatic compression of CuGeO3-III from ambient conditions to near 7.0 GPa results in the
formation of monoclinic CuGeO3-IV, with space groupP21 /c. Upon compression, the Ge atoms in
CuGeO3-IV adopt an approximately trigonal bipyramidal coordination environment, formed by the condensa-
tion of two tetrahedral sites. Our findings provide a basis for the formulation of a general mechanism explain-
ing the pressure-induced transformations in CuGeO3 and their sensitivity to deviatoric stress.

DOI: 10.1103/PhysRevB.65.134105 PACS number~s!: 81.40.Vw, 61.50.Ks
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I. INTRODUCTION

Copper metagermanate (CuGeO3) has attracted a grea
deal of attention in recent years, particularly because it is
first known example of an inorganic system exhibiting
spin-Peierls transition at low temperature.1 The crystal struc-
ture of the ambient pressure and temperature ph
CuGeO3-I, presented in Fig. 1, is orthorhombic~Pbmm! with
unit cell a54.8022(6) Å,b58.4739(7) Å,c52.9433(3)
Å.2–4 An electron paramagnetic resonance~EPR! study5 re-
vealed the existence of a spin pairing~antisymmetric ex-
change! interaction between Cu21 moments, which is forbid-
den in centric space groups. Re-examination of the struc
of CuGeO3-I with carefully annealed crystals revealed sup
lattice reflections, and a different, acentric structure mo
was proposed, with space groupP212121, and an eightfold
increase in unit-cell volume (aa52ac , ba5bc , ca54cc).

6

That proposal, however, has later been questioned, bec
no sign of a superlattice has been found in further neut
diffraction experiments.3 As a result of the interest in char
acterizing structural and physical properties relevant to
spin-Peierls phenomenon, the structure of CuGeO3 has also
been studied at different thermodynamic conditions.7–9 Pres-
sure was found to influence the spin-Peierls effect qu
strongly.10–13 A high-pressure–low-temperature pha
CuGeO3-Ib ~no spin-Peierls effect,T,180 K, 3,P
,6 GPa) was observed by Raman spectroscopy.14 Other
experiments15 have not confirmed the existence
CuGeO3-Ib, but revealed two other interesting high
pressure–low-temperature phases, CuGeO3-III sp and
CuGeO3-III, at pressures of 1.6-6.0 GPa, both of whic
transform to another phase, CuGeO3-II, at pressures greate
than 6 GPa. Ambient-temperature–high-pressure exp
ments revealed that structural changes taking place
CuGeO3 are strongly dependent on the hydrostaticity of t
pressure medium. Raman spectroscopy14,16–18indicates that
during quasihydrostatic compression CuGeO3-I transforms
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to CuGeO3-III, 19 near 7 GPa, and CuGeO3-IV, at about 8
GPa, while during hydrostatic compression there is only o
phase transformation in this pressure region, to CuGeO3-II.

A high-pressure x-ray diffraction study on CuGeO3 was
carried out using the energy-dispersive synchrotron pow
diffraction ~EDX! method.21 These authors observed the I-
phase transition near 7 GPa, and indexed the diffraction d
for the high-pressure phase on the basis of a monoclinic
cell, with space groupP21 /a. Later, hydrostatic compres
sion of phase I was studied using the angular-dispersive
chrotron powder diffraction~ADX !,22 and revealed the com
pression behavior of phase I, but left the structure of phas

FIG. 1. The crystal structure of CuGeO3-I viewed alongc.
©2002 The American Physical Society05-1
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unsolved. Neutron-diffraction experiments23 confirmed the
compression behavior of CuGeO3-I up to 6.2 GPa. Recently
based on synchrotron EDX studies of CuGeO3 powder, unit
cells for phases II, III, and IV, and for some higher-press
phases, were proposed.24 Most recently, results of a single
crystal XRD study under hydrostatic conditions we
reported4 and a model for the crystal structure of phase II
6.5 GPa proposed. Because of the problems with retain
the single-crystal character of nonhydrostatically compres
specimens, the structures of CuGeO3-III and CuGeO3-IV
have not been determined, despite the fact that CuGeO3-III
is quenchable. CuGeO3-II and CuGeO3-III have completely
different Raman spectra, yet form at essentially the sa
pressure, suggesting a metastability associated with
phase transformation of CuGeO3-I induced by nonhydro-
static compression, as well as the presence of other, per
equally accessible phases in the CuGeO3 system. The crysta
chemistry of these two phases is therefore of consider
interest, as is the behavior of quenched CuGeO3-III under
hydrostatic compression. The main objective of the pres
work was, through a very careful application of pressure a
using a suitable quasihydrostatic pressure medium, to iso
and quench a single crystal of CuGeO3-III, and solve the
crystal structure. In addition, a secondary goal was to inv
tigate the high-pressure behavior of CuGeO3-III under hy-
drostatic compression and to understand the crystal che
try of the phases present in this system.

II. EXPERIMENT

A. Synthesis of CuGeO3-I and CuGeO3-III

Clusters of CuGeO3 crystals containing an assortment
sizes were made available to us by Dr. S.-W. Cheong
Lucent Technologies, Bell Laboratories. Single crystals
CuGeO3 were grown using a stoichiometric mixture of Cu
and GeO2. At 1150 °C CuGeO3 melts congruently; the mel
was cooled slowly in the range 1150–1130 °C and then m
quickly from 1130° to room temperature. The resulting cry
tals of CuGeO3-I were of a plateletlike habit, pale blue i
color and very soft. Three suitable single crystals of phas
were chosen on the basis of optical examination and tes
the quality of their diffraction patterns. Each crystal w
loaded into a Mao-Bell-type diamond-anvil cell containin
diamonds with 800-mm culets and a stainless steel gas
with a hole 300mm in diameter. To produce quasihydrosta
conditions in the sample chamber, glycerin was used as
pressure-transmitting medium. The sample was then pres
ized carefully until it changed color from pale blue to de
blue, indicating the transition from phase I to phase III. Pr
sure was then very slowly released to preserve the si
crystal.

B. Compression of CuGeO3-III

A Merrill-Bassett-type diamond-anvil cell was used
the experiments, equipped with 800-mm-culet diamonds
fixed to beryllium metal seats and a stainless-steel ga
with a 300-mm-diameter hole for the sample. A single crys
of quenched CuGeO3-III was then loaded into the sampl
13410
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chamber with a 4:1 ethanol-methanol mixture as the hyd
static pressure-transmitting medium. Three small ruby gra
were also included for the purpose of pressure determina
by the ruby fluorescence method. The diffraction data w
collected at 1.6, 3.2, and 4.5 GPa. At approximately 7.0 G
the sample abruptly changed color from pale blue to d
blue, indicating the transition from phase III to a new pha
(CuGeO3-IV). Diffraction data sets for CuGeO3-IV were
collected at 7.4 and 7.6 GPa; when the pressure was
creased above 8.0 GPa, the thickness of the stainless-
gasket became too small to contain the sample, and
single crystal was crushed between the diamond anvils.

C. Data collection

All diffraction experiments were carried out using
Bruker AXS P4 automated diffractometer and a SMART 1
charge-coupled device~CCD! detector. MoKa radiation was
produced by a graphite monochromator, with a sample
detector working distance of approximately 70 mm. Diffra
tion images were collected in a standard, predefined serie
six scans containing a total of 1650 frames~0.3° each! for
ambient pressure experiments and a custom series of e
scans~v scans atx50, 30, 60, and 90° withf50 and 90°,
2u525°! containing a total of 2200 frames for high-pressu
experiments. For the evaluation of lattice parameters, sho
runs with just two scans~x50 and 90°, withf50°! were
used. Diffraction data were collected for a counting time
10 s ~ambient! or 30 s~high pressure!. Data were corrected
for geometrical distortion, dark current and flood-field e
fects. For ambient pressure experiments, the crystal orie
tion was determined by a routine in theSMART program
~Bruker AXS!; for diamond-anvil cell experiments, the H
suite of programs~Dera, in preparation! allowed a determi-
nation of the sample orientation. An absorption correct
was applied with the programsSADABS ~Bruker AXS! for
ambient pressure data andDACabs ~empirical correction,
Dera, in preparation! for the diamond-anvil cell data.

D. Structure solution and refinement

Structures of both phases III and IV were solved us
direct methods capabilities of the programSHELXS,25 from
the SHELXTL package. Refinements were carried out us
theSHELXL program from the same package. Data from th
different sample crystals were analyzed independently to
termine the structure of CuGeO3-III, giving results consis-
tent within experimental error. Details of structure refin
ment are given in Table I. After solving the structure
orthorhombic space groupPbam with a510.052(2) Å,b
58.192(2) Å, andc55.795(1) Å (aIII 52aI ,bIII 5bI ,cIII
52cI), locating the positions of all the atoms resulting fro
stoichiometry, and refining the model with anisotropic d
placement parameters, the reliability factorR1 was still in the
vicinity of 10%. Moreover, two strong peaks with intensitie
close to 10eÅ23 remained in the difference Fourier ma
The structure model of CuGeO3-III resulting from this re-
finement involved a change in the geometry of Ge cha
compared to CuGeO3-I, with every other Ge tetrahedro
5-2
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TABLE I. Crystal data and structure refinements for CuGeO3-III and CuGeO3-IV.

Pressure 0.1 MPa 7.6 GPa

Crystal system, space group orthorhombic,Pbam monoclinic,P21 /c
Unit-cell dimensions a510.052(2) Å a54.783(3) Å

b58.192(2) Å b56.718(4) Å
c55.795(1) Å c56.157(4) Å

b592.387(14)°
Volume 477.21(18) Å3 197.64(19) Å3

Z, calculated density 8, 5.126 Mg/m3 4, 6.188 Mg/m3

Absorption coefficient 21.219 mm21 25.617 mm21

Range 4.05 to 25.01° 6.07 to 23.40°
Limiting indices 211,5h,510, 22,5h,52,

29,5k,59, 26,5k,56,
26,5 l ,52 26,5 l ,56

Refl. collected/unique 1992 / 447 250 / 55
@Rint50.0719# @Rint50.0743#

Data/restraints/parameters 447/0/70 55/10/20
Goodness-of-fit onF2 1.036 1.629
Final R indices@ I .2s(I )# R150.0383, R150.0478,

wR250.0906 wR250.1309
R indices~all data! R150.0553, R150.0575,

wR250.0965 wR250.1320
Extinction coefficient 0.0022~6! 0.07~2!

Largest diff. peak and hole 1.176 and20.880eÅ 23 0.891 and20.875eÅ23
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shifted to a tetrahedrally coordinated site unoccupied
phase I. The arbitrary choice of which Ge41 ions stay in
place and which shift results in two possible mirror-imag
related Ge-layer structures, with very minor differences
oxygen atom positions. This phenomenon may lead to
mation of stacking faults, or macrodomains inside the cr
tal. The positions of the two extra peaks in the differen
Fourier map suggested that, indeed, they could belong
Ge41 in layers that are inverse with respect to the ones
scribed by the initial model.20 The revised structure mode
based on the assumption of inverse-layer existence, inclu
two additional partially occupied Ge41 positions @Ge~12!
and Ge~22!#. The structure refinement of this model broug
the R factor to the vicinity of 5%, with resulting proper-to
inverse layer ratioP/I 56.6 ~86.7% of proper layers!. For the
second and third sample of CuGeO3-III, the structure refine-
ments proceeded similarly to the first, each requiring
layer-disorder model, and giving a comparableP/I ratio. It is
interesting to note that the CuGeO3-I superstructure6 was
found to contain adjacent GeO4 tetrahedra in chains tilted
with respect to one another, the arrangement repeating e
fourth tetrahedron. This observation may be interpreted a
tendency of the chains of GeO4 tetrahedra to minimize
Ge-Ge repulsion by distortion of the ideal symmetry th
exists even in phase I at ambient conditions.

The structure of phase IV was also solved using dir
methods. CuGeO3-IV belongs to space groupP21 /c, with
unit-cell parametersa54.783(3) Å, b56.718(4) Å, c
56.157(4) Å, and b592.439~14!° at 7.4 GPa (aIV
51/2aIII , bIV5bIII , cIV5cIII ). As the number of
symmetry-independent reflections withI /s.2 was rela-
13410
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tively small, refinement was performed with isotropic di
placement parameters~IDP’s!, and included restraints relat
ing IDP’s of ions placed close together. Details concern
structure refinement of both CuGeO3-III and CuGeO3-IV are
given in Tables I and II. The specific layered structure
CuGeO3 crystals results in a plateletlike crystal habit. Th
crystal morphology combined with a restricted accessibi
to the reciprocal space in a diamond-anvil cell during anin
situ data collection results in large standard deviation of
fractional atomic coordinates determined from the struct
refinement for CuGeO3-IV. In addition to these effects, the
layered structure exhibits a tendency to high mosaicity a
development of stacking faults. Yoshiasaet al.4 mentioned
the difficulties in obtaining any reasonablein situ data ~it
was necessary to use an area detector!. They observed simi-
lar effects regarding experimental errors to be present in t
study of hydrostatic phase II. The standard deviations t
present, including much higher values forx fractional coor-
dinates, are analogous to ours.

III. RESULTS AND DISCUSSION

A. The crystal structure of CuGeO3-III
and its relationship to CuGeO3-I

The crystal structure of CuGeO3-I consists of one-
dimensional chains of distorted CuO6 octahedra sharing
opposite edges in the equatorial plane of the octahed
with neighboring chains then sharing apical vertices
form rippled layers, as illustrated in Figs. 1 and 2~a!.
Chains of this type have been found in Li2CuO2,26,30

La142xCaxCu24O41,27 Sr14Cu24O41,28 and CuSiO3.29,31 In
5-3
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CuGeO3-I individual chains of CuO6 octahedra are separate
from each other in the direction normal to the rippled lay
by chains of GeO4 tetrahedra The Ge chains are formed
sharing of all four tetrahedral vertices; two are shared w
the vertices of adjacent tetrahedra to form pyroxenelike o
dimensional chains of the ‘‘einer’’ type,16 and two are shared
with the vertices of two different CuO6 octahedra~the tetra-
hedral site will hereafter be referred to as theT1 site!. It is
worth noting that in CuGeO3-I there are two unoccupied
tetrahedral sites (T2 andT3) that share faces withT1 tetra-
hedra. These two unoccupied tetrahedra form o
dimensional chains with the same topology as theT1 chains,
and are also arranged in such a way that pairs of tetrah
form distorted trigonal bipyramids as a result of the fac
sharing orientation (TB15T11T2 andTB25T11T3).

The transformation of CuGeO3 from phase I to phase II
results in a doubling of thea andc unit-cell edges, while the
b axis remains unchanged. Thea in CuGeO3-III is 4.7%
elongated, compared to CuGeO3-I, while b andc are shorter
by 3.3% and 1.6%, respectively. The density of phase II
slightly higher~0.4%! than that of phase I. On the basis
Raman experiments, a ‘‘zweier’’ geometry of Ge chains h
been suggested for phase III.16 Indeed, in CuGeO3-III we
find corner-shared tetrahedral chains where Ge atoms oc
alternatingT1 and T2 sites. Consequently, the translation
symmetry between neighboring trigonal bipyramids is b
ken, as there are now two symmetry-independent trigo
bipyramids: one containing sites Ge~11! and Ge~12!, and the
other containing sites Ge~21! and Ge~22! both with the equa-

TABLE II. Fractional atomic coordinates and equivalent isotr
pic displacement parameters (Å23103) for CuGeO3 . U(eq) is de-
fined as one-third of the trace of the orthogonalizedUi j tensor. SOF
is the site occupation factor.

Atom x y z U(eq) SOF
CuGeO3-III at 0.1 MPa

Ge~11! 0.2082~2! 0.2615~2! 0.0000 9~1! 0.87
Ge~21! 0.2639~2! 0.1534~2! 20.5000 10~1! 0.87
Ge~12! 0.266~2! 0.154~3! 0.0000 42~8! 0.13
Ge~22! 0.211~2! 0.256~3! 20.5000 32~7! 0.13
Cu~1! 0.0000 0.0000 0.2501~3! 15~1! 1.00
Cu~2! 0.5000 0.0000 0.2498~3! 14~1! 1.00
O~1! 0.1029~10! 0.0934~12! 0.0000 18~2! 1.00
O~2! 0.3806~9! 20.0537~13! 0.0000 18~2! 1.00
O~3! 0.3106~7! 0.2619~7! 20.2477~10! 14~2! 1.00
O~4! 0.0940~9! 0.1069~11! 20.5000 13~2! 1.00
O~5! 0.3704~9! -0.0176~11! 20.5000 16~2! 1.00

CuGeO3-IV at 7.6 GPa

Ge~1! 0.500~8! 0.2958~7! 0.731~3! 6~4! 1.00
Cu~1! 0.000 0.5000 0.000 9~9! 1.00
Cu~2! 0.000 0.0000 0.000 9~9! 1.00
O~1! 0.110~40! 0.369~4! 0.749~11! 20~30! 1.00
O~2! 0.690~40! 0.188~5! 0.012~8! 22~19! 1.00
O~3! 0.360~30! 0.044~5! 0.690~6! 18~30! 1.00
13410
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torial planes located at thea glide plane~010!, as illustrated
in Fig. 3~b!. The apical oxygen atom in the trigonal bipyra
mids of phase I has now split into two symmetr
independent sites@O~2! and O~5!#, each serving as the apica
oxygen atom for the two symmetry-independent trigonal
pyramids of CuGeO3-III. Tetrahedra along the pyroxenelik
chains are oriented such that each tetrahedron sits with
edge along the line defining the chain direction, in a man
similar but not equivalent to the ‘‘zweier-type’’ pyroxen
chain. If the equatorial planes of the pseudotrigonal bipy
mids within a chain are taken as a reference, the structur
the chain may be described as an alternating pattern of G4
tetrahedra, one above the plane, and the next below
plane, as shown in Fig. 3~b!. Chains stacked one above th
other form layers perpendicular to the@001# direction. The
adjacent chains are not connected by any shared vertice
this arrangement, sites Ge~22! and Ge~12! are located inside
T1 tetrahedra, while the Ge~11! and Ge~21! sites sit in theT2

tetrahedral sites. Each GeO4 tetrahedron is also in contac
with four neighboring CuO6 octahedra;T1 shares all vertices
with four octahedra, andT2 shares two edges and four co
ners with three neighboring octahedra. Two addition
atomic positions partially filled by Ge atoms correspond
inverse Ge layers.

Rippled layers of CuO6 octahedra in CuGeO3-III retain
the same topology as in phase I, with all Cu atoms octa
drally coordinated, as shown in Fig. 2~b!. The I-III transfor-
mation affects the Cu atoms in two ways. First, the re

FIG. 2. The Cu-substructure in CuGeO3 viewed alonga @~a!–
~d!# for phases I~a!, III ~b!, IV ~c!, and II ~d!; ~e!–~g! present views
along c. The polyhedra represent Cu coordination, the small b
Ge41 ions.
5-4
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STRUCTURAL BASIS FOR HIGH-PRESSURE . . . PHYSICAL REVIEW B65 134105
rangement of layers of GeO4 tetrahedra dictates the degree
which the octahedral layers can fold. Second, the alterna
between occupation ofT1 andT2 sites introduces a distinc
tion between the two different types of chains that make
the whole layer. In CuGeO3-III there are two symmetry-
independent CuO6 octahedra forming separate chains. Oc
hedra at Cu~2! share two edges and all corners with neig
boring GeO4 tetrahedra, whereas Cu~1! octahedra, similar to
Cu~1! in phase I, share with only the corners with their a
jacent GeO4 tetrahedra. Apical oxygen atoms from the CuO6
octahedra of phase I retain their role in CuGeO3-III, whereas
the equatorial oxygen atoms from phase I become spli
phase III between O~1! and O~4! in the Cu~1! chain and O~2!
and O~5! in the Cu~2! chain.

B. Geometry of coordination polyhedra in CuGeO3-III

Distances between alternative tetrahedral sites for Ge
oms ~corresponding to proper and inverse layers! in
CuGeO3-III are 1.06~2! Å for Ge~11! and Ge~12!, and
1.00~2! Å for Ge~21! and Ge~22!. These short distance
make the simultaneous occupation of the two adjacent s
unlikely as a result of the large electrostatic repulsion t
would certainly develop. Distances between neighboring
atoms on the same side of the equatorial plane of the trig
bipyramidal site~of which only one may be occupied at an
time, according to our model! are 2.898~1! Å for both
Ge~11!-Ge~22! and Ge~12!-Ge~22! pairs. These values ar
smaller than the Ge-Ge distance of 3.081~1! Å in the folded
configuration of the Ge chain in phase III, supporting t
conclusion that the main structural change in the transi

FIG. 3. The Ge substructure in CuGeO3 viewed alonga @~a!–
~d!# for phases I~a!, III ~b!, IV ~c!, and II ~d!. The solid polyhedra
represent Ge coordination, the transparent polyhedra unoccu
tetrahedral sites. The balls and sticks inside transparent tetrahed
~b! represent partially occupied Ge sites corresponding to inv
Ge layers.
13410
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from phase I to phase III, i.e., the rearrangement of
chains of GeO4 tetrahedra, is directed toward the eliminatio
of strong Ge-Ge repulsion. The resulting chains conseque
contain shorter Ge-O bonds, as can be seen in Fig. 4~a!.
Average values of bond angles for all GeO4 tetrahedra are
close to the ideal tetrahedral value. Divalent copper rep
sents a classic case of the Jahn-Teller distortion. Typica
the shortening of the four equatorial bonds is matched b
lengthening of the two axial bonds that is twice the distan
by which the equatorial bonds are shortened. In La2CuO4,32

for example, the equatorial bonds measure 1.907 Å, w
the axial distances are 2.465 Å. For comparison, the equ
rial and axial distances in CuGeO3-I are 1.942 and 2.756 Å
respectively. The coordination about the Cu atom
CuGeO3-I therefore appears to represent an unusual cas
the Jahn-Teller effect, due to the quite long axial Cu-O d
tances. Consequently, there has been some discussion
cent years concerning the nature of the distortion of
CuO6 octahedron,6,22 and whether or not the distortion of th
CuO6 octahedron is really an example of the Jahn-Teller
fect, or whether the coordination environment at Cu is si
ply a result of the unusual arrangement of tetrahedral G4
in the oxide structure. It is important to point out, howev
that perfectD4h symmetry is maintained about the CuO6
octahedron in CuGeO3-I, despite the strong electrostatic a
traction of the tetravalent Ge atom for the equatorial oxyg
atoms. In this regard, there is nothing unusual about the
ordination of the Cu atom in CuGeO3-I; it is possible, how-
ever, that lower-order structural effects, in addition to t
Jahn-Teller distortion, may contribute to the unusually lo
axial Cu-O distances in the structure. In CuGeO3-I the bend-

ied
in

se

FIG. 4. The coordination geometry of CuGeO3: ~a! GeO4 tetra-
hedra in CuGeO3-III; ~b! CuO6 octahedra in CuGeO3-III; ~c! GeO5

bipyramids in CuGeO3-IV; ~d! CuO6 octahedra in CuGeO3-IV.
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ing of the two-dimensional sheets of CuO6 octahedra along
the axial direction is quite severe at the apical oxygen a
@the Cu-O~1!-Cu angle is 100.5°]. This indicates that th
bonding interaction between Cudz2 and O 2p orbitals along
that direction will be reduced, since the bonding orbitals
the Cudz2– O2p band located at the oxygen atom will n
have their optimum 180 ° overlap. It is therefore expec
that the bond length will increase along with the bending
the CuO6 sheets in that direction. After the transition fro
phase I to phase III, the same topology of CuO6 octahedra is
preserved, but the average Cu-O axial length increase
2.797~7! Å, while the angle at the apical oxygen atom d
creases to 94.1(2)° accordingly, as illustrated in Fig. 4~b!. In
phase III, the octahedra are also somewhat distorted f
D4h symmetry as a result of the changing occupation p
terns of the GeO4 tetrahedra, which in turn affect the equ
torial Cu-O bonds. The O-Cu-O angles of the octahedra
main unaffected, however, and retain their ideal value
180°. In both phase I and phase III, it is thus clear that
Jahn-Teller effect plays a dominant role in determining
coordination environment of the CuO6 octahedron.

C. Isothermal compressibility

The elastic properties of CuGeO3-III have been studied
by monitoring changes in unit-cell parameters~four different
pressures for phase III and two pressures for phase IV!. The
results of fitting the Murnaghan equation of state,33 which
was used to calculate the elastic moduli of phase III, to
experimental data, are presented in Fig. 5. In our exp
ments the precision of pressure determination was abou
GPa. The availability of only four pressure points in t
phase-III region is sufficient to estimate the compressibil
but is rather too limited to reliably determine curvatur
Therefore, in our fits of the equation of state, theK8, which
describes the curvature, was fixed to 4.

There is a significant discrepancy between the value
elastic moduli for CuGeO3 phase I presented by differen
authors.4,21,22,24 The comparison of elastic properties

FIG. 5. Isothermal compressibility of CuGeO3-III, with phase
transition to CuGeO3-IV at about 7 GPa. The black triangles aft
phase transition correspond toa/2a0.
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CuGeO3-I and CuGeO3-III is presented in Table III. The
bulk modulus for CuGeO3-III is K0552.47~3! GPa, and
CuGeO3-III is more rigid than CuGeO3-I. We found that the
maximum compressibility direction in phase III is the cry
tallographicb direction, within the Cu plane, perpendicula
to the chain direction. The compressibility is significant
lower than in phase I, as a result of the change in the c
figuration of Ge chains. As in phase I the least compress
direction is along thec axis. The only direction that is more
compressible in phase III isa, the direction perpendicular to
the layers. The III-IV phase transition has almost no effect
the pressure dependence ofa, whereas the other lattice pa
rameters are affected strongly. As a result of the transfor
tion c expands by about 4%, andb contracts by about 10%
There is also a 3% drop in the volume of the equivalent u
cell.

D. Crystal structure of CuGeO3-IV

Hydrostatic compression of CuGeO3-III results in the for-
mation of CuGeO3-IV, whose structure is closely related t
that of CuGeO3-II, the nonquenchable phase formed up
hydrostatic compression of CuGeO3-I.4 Upon decompres-
sion, both phase II and phase IV transform to their respec
precursor phases and not, as might be expected, to a s
energetically favorable phase.

In phase IV, the topology of the rippled layers of CuO6
octahedra is preserved, as shown in Fig. 2~c!. Because there
is no room in this compressed structure for the empty spa
~i.e., the unoccupied tetrahedral sites of CuGeO3-III) the
main structural feature driving the III-IV transformation is
change in Ge coordination from tetrahedral to pseudotrigo
bipyramidal. In this process, the Ge atoms assume an
proximately symmetrical position that lies in between t
two face-sharing tetrahedral sites of CuGeO3-III, causing the
inverse layers present in the structure of phase III to beco
identical with proper layers. The trigonal bipyramidal coo
dination of Ge41, similar to that reported for CuGeO3-II,4

although not very common, is not unusual. It has been fou
e.g., in some open-framework germanates.34–36 Correspond-
ingly, a formation of a five-coordinated silica phase up
nonhydrostatic compression has also been proposed by
oretical predictions.37,38 In CuGeO3-IV pressure has the
added effect of condensing the tetrahedral framework.
CuGeO3-III, the one-dimensional chains of GeO4 tetrahedra
are not connected, but in CuGeO3-IV, these chains now
share a corner, and there is only one symmetry-indepen

TABLE III. Comparison of elastic moduli for CuGeO3-I and
CuGeO3-III. Data for CuGeO3-I are from Braunigeret al. ~Ref.
22!.

Data K0 ~GPa!
CuGeO3-I CuGeO3-III

V 39.5~30! 52.47~3!

a 201~40! 141~12!

b 49.2~45! 66~1!

c 845~240! 1242~600!
5-6
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type of trigonal bipyramidal site, as is the case in phas
The topology of Ge chain can be described as ‘‘-TB1-TB2-9
chains, with the same -TB1-TB2- sequence of the adjacen
chains within a layer. The topology of Ge layers in phase
on the other hand, is based on the same type of -TB1-TB2-
chain, but adjacent chains have the inverse seque
-TB2-TB1-, as illustrated in Fig. 2 and summarized in Tab
IV. The repulsion energy that develops between Cu atom
compression, as well as the change in coordination of G
CuGeO3-IV, make it energetically unfavorable for phase I
to maintain a parallel configuration of the octahedral cha
As a result, the chains of CuO6 octahedra assume an eve
more folded form than in phase III, as pairs of equator
oxygen atoms are pushed away from the Cu atoms on e
side of the shared edge. Whereas in CuGeO3-III, the two
symmetry-independent Cu atoms form separate ch
~neighboring chains within the same layer are symmetry
dependent!, CuGeO3-IV contains two symmetry-
independent sites, but the chains are no longer compose
symmetry-equivalent octahedra, and neighboring polyhe
within the same chain are now symmetry independent. A
result, there is only one symmetry-independent pair of eq
torial ligands to be shared between neighboring edge-sha
octahedra.

E. Geometry of coordination polyhedra in CuGeO3-IV

As described in the preceding sections, Ge atoms in ph
IV are five-coordinated, corresponding to a distorted trigo
bipyramid. Each Ge polyhedron shares two edges with
of the octahedra in a neighboring chain of CuO6. Within each
trigonal bipyramid, equatorial bonds measure 2.05~9!,
1.94~19!, and 1.66~12! Å, while the apical distances ar
1.83~6! and 1.85~6! Å, as shown in Fig. 4~d!.

As in CuGeO3-III, there are two symmetry-independe
Cu sites in CuGeO3-IV, and the octahedral coordinatio
about each is maintained through the III-IV phase transiti
The distinction between the two sites is, however, more p
nounced in phase IV than in phase III, as illustrated in F
4~d!. While the coordination about Cu~1! strongly resembles

TABLE IV. Topology of Ge layers in different high-pressur
polymorphs of CuGeO3.

Phase Ge14 coordination number Ge-layer topology

I 4 –T1–T1–T1–T1–
–T1–T1–T1–T1–
–T1–T1–T1–T1–

III 4 – T1–T2–T1–T2–
–T1–T2–T1–T2–
–T1–T2–T1–T2–

IV 5 – TB1–TB2–TB1–TB2–
–TB1–TB2–TB1–TB2–
–TB1–TB2–TB1–TB2–

II 5 – TB1–TB2–TB1–TB2–
–TB2–TB1–TB2–TB1–
–TB1–TB2–TB1–TB2–
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the CuO6 octahedra of phase III, Cu~2! has a rather unusua
distortion. It appears to be that the very dramatic distort
present in phase III is being suppressed. The two axial bo
are becoming noticeably shorter, and two of the equato
bonds are becoming longer with compression. Although
typical Jahn-Teller effect observed in divalent copper giv
rise to ‘‘four short1 two long’’ bond distortion of the ideal
octahedron, the alternative choice, the ‘‘two short1 four
long’’ arrangement is degenerate to first order with t
former. It is only second-order considerations that make
former choice almost universally observed in copp
oxides.39 Therefore it is possible to drive the Jahn-Teller d
tortion back to the alternative ‘‘four long1 two short’’ pat-
tern, if uniaxial stress is allowed by the atomic environme
around this Cu atom. As in phase III, the Jahn-Teller dist
tion of the CuO6 octahedron is modified by the coordinatio
requirements of the Ge polyhedra; in this particular case,
compression pathways of the two symmetry-inequival
CuO6 octahedra are also clearly different, and the applicat
of hydrostatic pressure to the whole crystal produces dif
ent behavior at the atomic level. While the Jahn-Teller d
tortion of the Cu~1! site is merely enhanced by pressure, t
distortion of the Cu~2! site appears to be dramatically a
tered. Yoshiasaet al.4 reported an unusually short O-O dis
tance of 2.14 Å in phase II. The shortest O-O distance
CuGeO3-IV @2.434 Å for O~3!-O~2!# is much more reason
able. Another striking feature of CuGeO3-II is the fact that
Ge bipyramids in adjacent chains share edges, which res
in a very short Ge-Ge distance of 2.917 Å, the short
among all the phases@2.943 Å in CuGeO3-I, 3.081 Å in
CuGeO3-III, and 3.139~26! Å in CuGeO3-IV]. It is not clear
to us why a structure with such a strong electrostatic rep
sion would be favored during hydrostatic compression o
more relaxed structures of nonhydrostatic phases. Tak
into account the topological similarity between phases II a
IV, the structure model for CuGeO3-II seems justified, but
the unusual geometry of this phase requires further confir
tion by more precise studies.

F. Effect of nonhydrostaticity and metastability
of high-pressure phases

The topology of Cu layers in CuGeO3 is preserved
throughout all the pressure-induced phase transformat
discussed in this paper. Therefore understanding the pro
ties of Cu layers is essential for explaining the high-press
behavior of CuGeO3. Cu21 is a strongly Jahn-Teller distor
tion susceptible ion and can participate in cooperative Ja
Teller effect-induced phase transitions.40 Also, the coordina-
tion sphere of Cu21 in octahedral complexes is known t
deform easily and this seems to be the underlying caus
their plasticity.41 Copper metagermanate is an extremely s
material and undoubtedly this property derives from the
formability of CuO6 octahedra in the structure. The fa
that the Ge ions can move from one tetrahedral site to
other~in phases II, III, and IV! and rotate with relative ease6

suggests that there should be more stable configuration
ambient pressure. It seems noteworthy that recent molec
dynamics calculations on silica37,38 indicate that in the pres
5-7
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DERA, JAYARAMAN, PREWITT, AND GRAMSCH PHYSICAL REVIEW B65 134105
ence of deviatoric stress new polymorphs can be obtaine
particular, these studies have shown that a silica polymo
with fivefold coordinated Si may be produced under cert
conditions. Although the existence of penta-SiO2 has not
been confirmed experimentally, these results show that
viatoric stress may cause configurations that are not ac
sible under isotropic compression, but become accessible
der nonhydrostatic conditions. We think that with very s
and highly plastic crystalline materials, such as CuGeO3, dif-
ferences in behavior under hydrostatic and nonhydrost
conditions may be a rule rather than an exception. In
experiments we were not able to quantitatively specify
deviatoric stress. We are, however, certain that a str
uniaxial stress was acting along the@100# crystallographic
direction, perpendicular to the layers in CuGeO3. Although
understanding of the effect of the uniaxial-stress direction
the phase transitions in CuGeO3 would require further de-
tailed studies, it seems possible that deviatoric stress
Jahn-Teller distortion may be working synergetically to s
bilize metastable phases.

All the pressure-induced transformations that CuGeO3 un-
dergoes at pressures lower than 10 GPa can be expla
with the use of a simple model. The basis of the mode
adiabatic effective potential energyEel of the crystal as a
function of configuration of the Ge chain. The Ge41 ions can
assume positions inside any of theT1, T2, andT3 tetrahedra,
as well as between two tetrahedra, in trigonal bipyrami
coordination insideTB1 or TB2. There are several possibil
ties ~polymorphic structures corresponding to local minim
of Eel) for Ge ions to form chains with different symmetr
and periodicity, but there seems to be a general rule. Nam
below about 7 GPa the structures with Ge41 in fourfold co-
ordination are more stable, whereas at higher pressure
trigonal bipyramidal coordination is favored. If we accept t
models of phases III and IV, it becomes apparent that ph
IV is actually an intermediate step of the I-III transformatio
because the Ge41 ions have to pass through the bipyramid
site occupied in phase IV in order to shift fromT1 to T2

tetrahedra. By analogy one may expect a hypothetical ph
IIa to exist, related to phase II. In phase IIa every other Ge41

ion would be shifted to the terahedral site in another half
the bipyramid occupied in phase II. For clarity we will n
consider all theEel minima, and will concentrate on the ma
five of them, corresponding to phases I, II, IIa, III, and IV. A
low pressureEel has the form of an asymmetrical five-we
function. The global minimum corresponds to CuGeO3-I.
The EII and EIIa minima are separated fromEIII and EIV ,
which means that the direct transitions such as II-III, IIa-I
II-IV, and IIa-IV are not plausible. As pressure increases
Eel changes shape, as schematically shown in Fig. 6.
compression~independent of the hydrostaticity! the relation
betweenEI and the rest of the minima changes, withEI
gradually becoming shallower. At pressure close to 6.5 G
EI is no longer the deepest minimum. Between 6.5 and
GPa,Eel minima corresponding to phases IIa and III beco
deepest, andEI shallowest. However, the energy barrie
EI 2IV andEI 2II are still higher than the thermal energyET .
At higher pressure the height of these barriers decreases
a phase transformation to eitherEII or EIV is thermally acti-
13410
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vated. The hydrostaticity seems to have an effect mainly
the height of the energy barriers, but also determines wh
of these two paths is assumed. If the transition point
reached during nonhydrostatic compression, the bar
EIV2III is lower than the thermal energyET and the structure
transforms through phase II to phase III. It is necessary
the thermal activation of the I-IV transition~and immediately
further the IV-III transition! becomes possible at pressu
when the energy levels are already reversed (EIII ,EI), and
not the opposite, because in the latter case CuGeO3-III
would not be quenchable. In the case of hydrostatic comp
sion the path throughEII is energetically favorable, but th
EII 2IIa barrier is too high and the transformation proceeds
a metastable phase II instead of IIa. On further slight pr
sure increase phases II and IV, with five-coordinated G
become deepest minima, and in the case of nonhydros
compression III-IV transformation occurs. On pressure
lease, CuGeO3-IV transforms first to CuGeO3-III, then
EI 2IV becomes higher thanET , and finally,EI regains the
global minimum role, but due to insufficientET the EI 2III
barrier cannot be crossed and CuGeO3-III is metastably
quenched. When phase III is subjected to increased temp
ture theEel does not change significantly. At a level whe
ET becomes higher thanEI 2III crossing of the barrier be
comes possible and the crystal assumes the configura
corresponding to lowest energy minimum of CuGeO3-I.
During hydrostatic decompression of phase II,EIIa is still
not accessible because of the high-energy barrier and tr
formation proceeds to phase I.

FIG. 6. The changes in effective adiabatic potential energy a
function of Ge-chain configuration during hydrostatic~gray line!
and nonhydrostatic~black line! compression. The circles describ
the structure stable~metastable! at given pressure during compre
sion at ambient temperature. The horizontal arrows indicate ph
transitions.
5-8
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STRUCTURAL BASIS FOR HIGH-PRESSURE . . . PHYSICAL REVIEW B65 134105
The metastability model presented above has import
experimentaly verifiable consequences for the press
temperature behavior of CuGeO3.

~i! If the temperature during nonhydrostatic compress
is low enough the formation of phase III should be s
pressed. There is already an experimental evidence for
phenomenon. In the high-pressure–low-temperat
studies14,15 formation of phases III and IV was not observe
at low temperature up to a pressure of 8.2 GPa, despite
use of different pressure media~He, Ar, alcohol mixture! all
of which were solid at the temperatures of the experimen

~ii ! If the hypothesis about theEel deepest minimum
change prior to thermal activation of I-III phase transition
correct, it should be possible to induce this transition at n
hydrostatic pressure lower than 7 GPa by just heating
sample~provided that heating will not anneal the sample a
restore hydrostaticity!. This effect has yet to be confirme
experimentally.

IV. CONCLUSIONS

It is evident from studying the evolution of CuGeO3 from
phase I to phase III and from phase III to phase IV that
two-dimensional layers of CuO6 octahedra remain intact, an
that the primary structural change accompanying the tra
tions among CuGeO3 polymorphs is the change in the occ
pation of the tetrahedral sites. CuGeO3-III is quenchable to
ambient conditions, and it is natural to conclude that, co
pared to the structure of phase I, the more open framewor
phase III is energetically favorable. When a crystal
pressure-quenched CuGeO3-III is heated to 600°, however
the kinetic energy is apparently high enough to allow the
atom to pass between the triangular face of the face-sh
pair of tetrahedral sites and on to the other tetrahedral v
At elevated temperatures in CuGeO3-I, the chains of GeO4
tetrahedra contain noticeably longer Ge-Ge distances, w
m

, G

Z

J.

-
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,
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in turn reduces the electrostatic repulsion, making phase I
global thermodynamic minimum, despite the fact that ph
III is quenchable to ambient conditions. In phase III, theT1

andT2 chains are occupied alternately, and since the tra
tion from phase III to phase IV with pressure requires
change in the Ge coordination number from 4 to 5, the
atom atT2 can only assume a position insideTB1 ~the trigo-
nal bipyramid formed between tetrahedral sitesT1 andT2),
as T2 shares a face only withT1. On the other hand, Ge
atoms atT1 sites can move to eitherTB1 or TB2 ~the trigonal
bipyramid formed between tetrahedral sitesT1 andT3). The
energetic preference in this case should be withTB2 since
this would allow an increased Ge-Ge distance along
chain of GeO4 tetrahedra to be greater than if onlyTB1

bipyramids were occupied. As a result, the structure of ph
IV contains only one type of trigonal bipyramid.

The crystal structures of CuGeO3-III and CuGeO3-IV
presented above throw interesting light on the understand
of the complicated phase behavior of copper metagerman
Based on this information, it should be possible to quant
tively interpret the available high-pressure Raman spectra
phases II, III, and IV. We also hope that the models propo
here will stimulate theoretical studies that may provide a
swers to the questions about the energetics of differ
phases and the effect of nonhydrostatic conditions.
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