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Abstract. Copper germanate has been examined by synchrotron x-ray powder diffraction at 
high pressure in a diamond anvil cell at pressures up to 2u) kbar , and by infrared spectroscopy 
to 162 kbar. These concur in showing a phase transition at 66-73 kbar: the x-ray powder 
diffraction data have been indexed successfully on the basis of a P 2 , / a  cell. deduced from a 
model of lhe phase change in which germanate chains slip relative to each other along their 
axes. 

Slow changes in diffraction pattern from 11C-220 kbar suggest existence of a further, 
very sluggish, phase change. CuGeO, turns black near 5 kbar due to a band shift. 

Contraction of the orthorhombic cell constants of the initial phase is markedly aniso- 
tropic, the principal changes being in the plane which contains the long Cu-0 bonds. These 
are twice as easily compressed as the short Cu-0 bonds. 

1. Introduction 

The current interest in high-T, superconductors has generated a need for better under- 
standing of copper-oxygen structures in general. Recently reported compression data 
on La,BaCuO, indicated almost no change in the ratios of the lattice parameters with 
pressure [l]. This is contrary to intuitive expectations based upon the known Jahn- 
Teller distorted geometry at Cu(II), with its four short plus two long Cu-0 bonds, 
although this particular result can be understood on the basis of La-0 repulsions. We 
have studied CuGe0, because of its particularly simple structure in which the effect of 
pressure upon the Jahn-Teller geometry at Cu(I1) can be seen in isolation from such 
complications. CuGeO, contains chains of vertex-sharing (GeO,) tetrahedra aligned 
along the b axis of an orthorhombic cell (Pmma, 2 = 2) with two chains per cell [2]. 
These are linked by copper atoms in classical Jahn-Teller tetragonal geometry, with two 
Cu-0 bonds of 2.766 8, and four of 1.942 A. There are no reports of x-ray diffraction 
from CuGeO, at high pressures but it has been shown to decompose into Ge02 and 
Cu,GeO, under high-temperature, high-pressure conditions, although the rate of dec- 
omposition is very slow below 700 "C and 35 kbar [3]. 

2. Experimental 

CuGeO, was prepared by mixing equimolar proportions of Aldrich 'Gold Label' 
(> 99.99% punty) CuO and Ge02, which were then fused at 1000 "C for three hours in 
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aplatinumcrucible. The productwasallowed tocool toroom temperaturein the furnace, 
and appeared as a turquoise-blue powder. It was then ground and heated to 1000 "C for 
a further forty hours. These conditions are known to yield a pure, monophasic product 

High-pressure data were obtained with samples in a diamond anvil cell, mounted in 
the synchrotron x-ray beam at the SERC Daresbury Laboratory. Samples were in 
stainless steel AIS1 316 gaskets with an initial hole diameter of 0.30 mm. The incident 
x-ray beam was 0.10 mm in diameter. 

Variable pressure infrared (IR) spectra (4"' resolution) were acquired with a 
Digilab FTS-40 FTIR spectrometer. The sample was diluted with KBr and placed in the 
0.40 mm diameter hole of thepre-indented gasket, together with a layer of 0.21% w/w 
NaNO, in NaBr. The pressure was estimated with respect to the frequency shift of the 
antisymmetric stretch of the nitrate ion [4]. All IR measurements were at 30°C. 
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3.  Results 

3.1. The EDXRPD euidence 

The initial orthorhombic phase was stable to 66 kbar. At this pressure three new peaks 
appeared in the diffraction pattern (d  = 2.906,2.751 and2.269 A). Concurrently, there 
wasasignificant decreasein intensityofthe (02l)peak. By73 kbarnosignremainedof 
the orthorhombic phase (Figure 1). The new phase, CuGeOs 11,  remained stable to 
110 khar, when a peak with d = 2.456 8, began to decrease in intensity, and completely 
disappearedby 180 kbar(figureZ).Atthispressureanewfeaturewasseen(d = 2.644 A) 
which became more prominent by 220 kbar, the limit of our observations. The final 
EDXRPD pattern is a simple one, indicative of high symmetry. 

3.2. Infrared evidence 
There are five bands in the mid IR spectrum of CuGeO, [5]:  we have measured them 
under pressures up to 162 kbar (see figures 3 and 4 and table 1) and find that they behave 
similarly, indicating that all the Ge-0 bonds suffer equivalent shortening, 

Major changes were observed in the IR spectrum near 70 kbar, in agreement with 
the x-ray evidence. Thus, the band at 738 cm-l (69 kbar) decreased considerably and 
another at 642 cm-'increasedinintensity. Inaddition,followingaregionofintergrowth, 
two new bands appeared. 

3.3. Visual obseruarions 

CuGe03 turns from pale blue to black, reversibiy, at very low pressure (about 5 kbar). 
This band shift precluded Raman studies but indicates that electrical conductivity study 
should be rewarding. This is presumably an insulator-metal transition, although the 
conduction band is likely to be narrow. 

3.4. Conclusions from thex-ray and IR results 

CuGeO, exhibits a phase change which sets in at 66 kbar and is complete at 73 kbar. 
The insulator-metal transition near 5 kbar has no observable influence upon the EDXRPD 
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Figure 1. EDWD spectra of CuGeOl at 66 and 13 kbar. 
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pattern. Slow changes in diffraction pattern as the pressure varies from 110- 
220 kbar suggest a second, very sluggish, phase transition, probably to a phzse uf higher 
symmetry. 
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Figure 2. CDXRPD spectra of CuGeO, at 100.180 and 200 kbar 
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Figure 3. Infrared spectra of CuGeO, at various 
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Figure 4. Variation with pressure of the mid IR 
vibrational mudesof CuGeO,. 

Table [.Infrared bands(cm-')andmodeshilts(cm-' kbar-')forCuGeOpathighpressures. 

Phase I 
Assignment Y (0 kbar)3 v (12 kbar) dv/dP 

Y (Ge-O-Ge), 864 mi m 0.27 
y ( G A )  774 776 s 0.29 

720 773 s 0.27 
v(G&Ge), 625 629 m 0.27 
Y (Cu-0) 532 535 s 0.22 

Phase I1 
u(0 kbar)' Y (132 kbar) dv/dP 

87 1 923 w 0.40 
9 w  847 sh -0.40 
197.5 798 s 0 
734.9 746 sh 0.09 
635 651 m 0.10 
424 594 sh 1.3 
543 508 s -0.30 

a = intercept of line. 
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Fipre 5. Variation with pressureof the lattice constantsofCuGe0, 

3.5. Behaviour ofthe lattice parameters 

Data obtained at ambient pressure (28 = 9.56 and 10.24") refined to yield cell constants 
in close agreement with those from the single-crystal study. The same cell was used to 
refine data obtained up to 73 kbar (figure 5). These yielded uniaxial compressibilities: 

K,, = 17.9 x K~ = 3.2 x K~ = 11.0 x kbar-' 

with a volume compressibility of 14.75 x W4 kbar-'. Hence, the three lattice vectors 
compressanisotropically in the ratio 1:3.4:5.6forb:c:n. 

4. Discussion 

4.1. The lattice parameters 
The most important result from this work is that the lattice response to pressure is highly 
anisotropic. It is least compressible in the b (the chain) direction, as expected from the 
highly covalent bonding within the (Ge04) units. The long Cu-0 bonds lie in the nc 
plane at about 45" to the axes and account readily for the high compressibilities in these 
directions. 

Using the lattice parameters refined for the unit cell at 73 kbar (table 2) new bond 
lengths and angles were calculated (table 3). The atomic positions taken were those of 
the ambient cell as EDXRPD intensity data are unrealiable. However, the Cu atoms on 
Wyckoff sites 2d are constrained by symmetry; the Ge(2e) and Ol(2f) atoms may move 
along z; whilst 02(4i) atoms are free to move in thezz-plane. Despite these limitations. 
the model shows that the long Cu-0 bonds suffer twice the compression of the short 
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Table 2. Data for the orthorhombic unit cell of CuGeO, refined at 73 kbar. a = 7.78, 
b =2.90, e = 4.74 A, V = 107.0 A'. 

D (obs) D (calc) W O  

2.9911 30372 (120) 
2.4748 2.4740 (101) 
2.3221 2.3256 (021) 
1.6599 1.6597 (221) 
1.5297 1.5293 (141) 

Table3. Bond lengths (A) in CuGeO, at atmospheric pressure and at 73 kbar, 

0.001 kbar [2] 73 kbar %change 

Cud1 2.766 2.70 6 
Cud2 1.942 1.87 2.9 
Ge-01 1.769 1.73 2 
Ge-02 1.724 1.61 6.4 

ones. This establishes an important point and confirms that the isotropic response to 
pressure of La,BaCuO, is due to factors other than the local geometry of copper. 

As theac plane of the unit cell is reduced in size, compression of the stronger short 
bonds can be minimized by swinging the plane defined by the four oxygen atoms closest 
to Cu about the b-axis to align it more closely with the a-axis. Since the chains themselves 
are constrained on planes at $ and 2 along a, they move together symmetrically about 
Cu, preferentially shortening the long Cu-0 bond. Concurrently, the 0 1 - C ~ - 0 2  angle 
is reduced from 86". The geometry about the Cu atom, which was not accurately 
tetragonal in the first instance, is now even less so. Eventually, at 66 kbar, a structural 
transition is precipitated which must result in a less strained environment for Cu. 

4.2. The 70 kbarphase transition 

The structure of CuGeO, is unique among tetrahedral chain materials in having all the 
(MO4) tetrahedraorientedon thesame sideofthechain. In allothergermanates MGe03 
they pack alternately with a two-tetrahedron repeat [ 6 ] .  Nevertheless, it is instructive 
to note that orthorhombic MnGeO, exhibits a phase transition with pressure (at 15- 
25 kbar) in which the germanate chains slip relative to each other along their lengths [7], 
resulting in a monoclinic cell (P2,/m). We have used the same process in modelling the 
70 kbar transition in CuGe03. 

We note first that the IR evidence is also consistent with this model. Factor group 
analysis predicts the presence of fifteen IR-aCtiVe bands in the spectrum of this phase. 
This is four more than were observed for phase I [SI, for which two of the expected 
thirteen bands escaped detection. In transforming from the parent Pmma = D:h to the 
phase I1 P2,/a = C;, structure, two A,, modes of DZh become le-active: as these modes 
arise from motions of the Cu and 0 2  atoms, it is entirely reasonable that they might 
generate bands where we have found new ones, although it is equally possible that the 
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Tahle 4. Experimental and calculated peak positions (keV) and d spacings (A) using a 
monoclinic cell for CuGeOl at 73 kbar (0 = 10.24"). (1 = 2.90. b = 4.74, E = 7.78 A. 
y = 99,0', V = 105.6 A'. 

23.26 23.u 2.9915 2.9915 (012) 
28.01 27.85 2.4912 2.4942 (I  11) 
29.75 29.67 2.3412 2.3408 (020) 

30.98 30.99 2.2415 2.215 (021) 
30.23 30.35 2.2887 2.2887 (110) 

45.37 45.40 1.5300 1.5300 (031) 
47.83 47.96 1.4483 1.4483 (032) 

new bands correspond to the phase I bands which escaped detection. The IR evidence is 
therefore consistent with the change to the monoclinic structure proposed. 

The initial lattice parameters chosen were those of the 73 kbar orthorhombic cell, 
with y = 99". On this basis the seven observed lines could be indexed (table 4). The 
energy match is not exact but i t  is based upon a reasoned guess. These indices and 
energies were then used to refine a cell on d spacings, giving an excellent fit (table 4). 
We conclude that this model adequately describes this phase transition. 

4.3. The 110 kbarphase transition 

We note only that MnGeO, exhibits a second phase transition with pressure, forming 
MnGe03 I11 which has the ilmenite structure [7]. An analogous reconstruction may 
account for our 110 kbar phase change. 
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