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Pressure-Temperature Phase Diagram of the Spin-Peierls Compourt@uGeO3
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Using Raman scattering we have mapped out the phase diagram of uGéEnperatures from
3 to 300 K and pressures up to 11 GPa. At 300 K and above 6 GPa we identify three high-pressure
phases. Details of the phase transition behavior including reversibility depend on the shear strength of
the pressure medium. The present results do not support the recent claim that the structural behavior
is affected by intercalation. Low temperature (LT) Raman spectra show that the spin-Peierls transition
temperature (14.3 K aP = 0) increases to 25 K at 3 GPa. Above this pressure a new LT phase
is observed. The phase stable above 6.6 GPa (hydrostatic conditions) exhibits, upon cooling, an
additional Raman feature ne&6 cm™!, which we tentatively assign to a singlet-triplet spin excitation.
[S0031-9007(96)00784-3]

PACS numbers: 64.30.+t, 62.50.+p, 63.20.—e, 78.30.Hv

The recent discovery of a spin-Peierls (SP) phase ogbressure-transmitting media like alcohol mixtures as well
CuGeQ occurring below 14 K [1] has triggered a large as condensed He [9]. Our observations do not support the
number of investigations concerned with the characterrecently proposed hypothesis [9] that a pressure-induced
ization of its structural [2], thermodynamic [3,4], and intercalation is involved in the transition to phase Il near
magnetic properties [5] at ambient pressure. The uniqué.6 GPa. This transition, however, is suppressed in solid
orthorhombic crystal structure of CuGe(B] is charac- pressure media such as Xe or Csl. Instead, two successive
terized by chains of planar CuQ@inits and corner-sharing transformations to phases denoted lla and Ilb occur at 7.5
chains of GeQ@ tetrahedra running parallel to theaxis and 9.5 GPa, respectively, with no noticeable change in
(see Fig. 1). The chains are interconnected forming ripsample dimension but pronounced color changes.
pled layers stacked in thedirection and separated by long  From the changes of the low temperature (LT) Raman
Cu-O(1) bonds. For an open structure like CuGdle  spectra we have determined the pressure dependence of
application of high pressure provides a means of inducinghe SP-transition temperature up to 2.8 GPa. Above this
major structural changes involving a higher effective co-pressure we have found a new LT phase (Ib) characterized
ordination of the metal ions. X-ray powder diffraction [7] by the appearance of new Raman lines. Finally, we have
has revealed a first order structural phase transition occuobtained indications for magnetic spin-flip excitations in
ring at 6.6—7.3 GPaT{ = 300 K). This new phase was phase Il.
tentatively identified as monoclinic. The occurrence of a
phase transition near 6.5 GPa was confirmed more recently
by Raman scattering and by optical microscopy [8,9]. Fur-
thermore, between 14 and 20 GPa CuGe@dergoes a
sluggish transition towards an amorphous phase, as is in-
dicated by the disappearance of Raman activity [8,9].

In view of the strong relationship between structural,
magnetic, and elastic properties in spin-Peierls com-
pounds the study of the high pressure behavior of CuGeO
at low temperatures has become an issue of great interest.
For example, magnetic susceptibility measurements below
1 GPa indicate amcreaseof the SP-transition tempera-
ture Tsp with pressure, and evidence for the existence of
a ferromagnetic phase at 10 K and above 4.5 GPa was
also obtained [10]. The associated structural changes still
need to be clarified.

This Letter reports a detailed characterization of the dif-
ferent crystalline phases of CuGe®r pressures up to
11 GPa and temperatures between 3 and 300 K using Ra-

man spectroscopy. Atroom temperature CuGe@ns- FIG. 1. View of the crystal structure of CuGe@t ambient

forms reversibly at 6.6 GPa to a phase characterized bé’onditions. The orthorhombic unit cell is indicated. In this

a ~20% reduction of theb axis (denoted in the follow-  figure and throughout the paper axes are denoted according to
ing as phase Il). This transition is observed only in fluidspace grougPbmm.
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Needle-shaped single crystals of CuGefere grown enhanced corrugation of the layers in the planes (see
from a 1:1.2 mixture of Ge@and CuO as described else- Fig. 1). At the phase transition, the color changes from
where [11]. Samples were cleaved to a thickness of aboutlueish to greenish. Optical absorption experiments [8,15]
30 um, cut into pieces aboud0 X 100 wm? in size, and show that this weak color change is due to the shift of a
then loaded into a diamond-anvil cell (DAC). Room tem-near-UV absorption edge to lower energies as well as a
perature experiments were performed in different pressurelueshift by about 0.1 eV of overlapping €ucrystal field
media providing either fully hydrostatic (He, alcohol mix- (CF) transitions centered near 1.7 eV [16,17]. Although
tures) or quasihydrostatic (Xe, Csl) conditions. For LTthe phase transition is of first order, it is fully reversible
experiments only He was used as a pressure medium imith very little hysteresis.
order to ensure the best possible hydrostatic sample envi- We emphasize that the pressure value for the I-Il transi-
ronment. Pressure was measunedsitu using the ruby tion as well as the Raman and absorption spectra of phase
luminescence method with appropriate temperature coil are not affected by the chemical nature of the pressure
rection of the ruby calibration [12]. Raman spectra inmedium. In particular, the phase transition is also observed
backscattering geometry were excited with the 5145 Ain chemically inert helium. Therefore, we rule out the pos-
line of an Ar" ion laser and recorded employing a triple sibility that intercalation of the pressure medium (involv-
spectrograph coupled to a multichannel detector. ing a chemical reaction) plays a role in the phase transition

We first present results obtained for the phase stabilitpehavior. Also, the mode frequency vs pressure behavior
at room temperature. Figure 2 shows unpolarized Ramaof phase | shows no evidence for diffusion of helium into
spectra of a CuGefsingle crystal measured at 296 K the lattice.
for different pressures and using different pressure- The pressure-induced transition from phase | to Il is
transmitting media. At zero pressure we observe almostuppressed irsolid pressure media. Raman scattering
all the Raman-allowed modes expected for the orthorhomas well as optical microscopy studies indicate a different
bic phase | [13]. All mode frequencies increase withpressure behavior of CuGe@hen Xe or Csl is used. By
increasing pressure [14]. When a liquid or fluid pressureaising the pressure in the first run to about 7.5—-8 GPa the
medium like an alcohol mixture or condensed He is usedsample starts to turn deep blue (azuritelike) in transmitted
CuGeQ undergoes a phase transition at 6.6(2) GPa. Aight. With further increase of pressure it becomes dark
typical Raman spectrum of phase Il for 8.8 GPa is showmgreen (malachitelike) above 9.5 GPa. For both new high-
in Fig. 2. In the new phase the number of Raman modepressure phases, labeled hereafter as lla and llb, no change
is almost doubled, suggesting a doubling of the unit cell inn sample dimension is observed. Representative Raman
at least one direction. The I-ll transition is characterizedspectra of these phases obtained with a Xe medium are
by a 20% reduction of sample dimension in thaelirec- shown in the upper half of Fig. 2. Optical absorption
tion, which can be easily followed under the microscopemeasurements show that the change to blue color in phase
[9]. This macroscopic change is most likely related to anlla is related to the shift from 1.7 to 2.1 eV of an absorption
band arising from CF excitations of the €uions. In
phase llb the highest energy CF transition shifts back to
A © i about 1.7 eV, but a near-UV absorption edge moves into

296 K (solid) . .
- the blue spectral range. This explains the darker green
107 color of phase llb compared to phase Il. Upon releasing
the pressure, the sample transforms back from phase llb to
lla at pressures around 5 GPa. The blue phase lla persists
40 lla and is recovered in metastable formPat= 0.
The structural behavior of CuGe@nder pressure thus

L . ! . ! depends critically on the degree of hydrostaticity. The

- He large change in sample shape associated with the I-II
I (fluid) phase transition requires the pressure medium to flow.
8.8 In a solid medium this transition is apparently inhibited

due to the finite shear strength of the medium. This,
for instance, also explains why the I-1l transition was not
0 GPa Phase I observed neither when only CuGe@owder was loaded
into the DAC nor for solid Ar or HO as pressure medium
L . L . ! [9]. Obviously, in a solid pressure medium a different
0 500 1000 route of structural changes is imposed, which for the blue

RAMAN SHIFT (cm™) phase lla results in an oxygen coordination of Cu giving
FIG. 2. Room temperature Raman spectra of four differen{ISe o & significant modlf_lcatlon of CF splittings.
phases of CuGeQ For clarity the spectra are displaced W_e now turn to _the discussion of the LT results. At i
vertically. The 4.0 GPa spectrum of phase lla was taken whe@mbient pressure five new modes have been observed in
releasing the pressure in a run which went up to 11 GPa. the Raman spectrum of CuGe®elow Tsp, which are
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characteristic for the spin-Peierls phase [18]. The new800 cm™! are prominent, as shown in Fig. 3 for a spectrum
modes most probably correspond to vibrations involvingat 5.2 GPa. The observation of just a few new Raman
Cu and O(2) atoms, which become Raman allowed duenodes in addition to those of phase | is indicative of a
to a lowering of a crystal symmetry. Figure 3 shows twoslightly distorted crystal structure in the LT phase Ib. The
Raman spectra at 0 GPa for temperatures above and beldmnsition between phase | and Ib is reversible.
Tsp. In the SP phase three additional peaks, indicated Our results obtained by Raman scattering concerning the
by arrows, are clearly seen for this particular sampldifferent phases of CuGeQunderhydrostaticconditions
orientation in the 5 K spectrum. are summarized in the pressure-temperature phase diagram
We have used the appearance of the new modes bdisplayed in Fig. 4. The solid lines represent phase bound-
low Tsp to determine the pressure dependence of the spiraries and are drawn as a guide to the eye. At pressures
Peierls transition temperatufgp by Raman spectroscopy. above 4 GPa the I-lb phase boundary runs nearly parallel
In order to ensure the best possible hydrostatic conditionso the liquid-solid line of He [20]. Thus, we cannot rule
pressure changes were always made near 300 K. The redt the possibility that at these pressures the course of the
sults for Tsp versus pressure are displayed in the inset-Ib phase boundary is affected by the presence of a weak
to Fig. 3. We find thatTsp increases sublinearly with shear stress component in solid He.
pressureP. A quadratic fit yieldsTsp[K] = 13.8(5) + Recently, Takahaslet al. [10] reported evidence of fer-
5.5(8)P — 0.6(5)P?, where pressuré is in GPa. The romagnetic behavior in CuGeMear 4.5 GPa and below
large positive pressure coefficient, which is in good agreel0 K. Itis not clear at this point if ferromagnetism is char-
ment with results of magnetic susceptibility measurementacteristic for the phase Ib identified in this work, because
up to 1 GPa [10] and estimates based on ambient prethe magnetic susceptibility measurements were carried out
sure thermal expansion and specific heat experiments [4h a nonhydrostatic medium. In view of the sensitivity
cannot be accounted for by only considering a possible eref the structural behavior to nonhydrostatic stresses and
hancement of magnetic interactions. The increase undehe close relation between copper coordination and mag-
pressure both df'sp and of the spin-Peierls gap [19] speak netic interactions [21], the experimental observations may
for a decrease of the cost in elastic energy related to thdepend very much on the pressure medium used in the
three-dimensional lattice distortion, favoring dimerizationparticular study.
at higher temperatures. Evidence for magnetic excitations in the phase Il of
The additional Raman lines of the spin-Peierls phas€uGeQ is obtained from LT Raman measurements. Fig-
decrease in intensity with increasing pressure and arare 5 shows spectra taken at 8.2 GPa for different tempera-
no longer observed above 3 GPa. Instead, for pressurésres. An additional, relatively broad featuredatcm !
3 < P < 6 GPa and temperatur@ds< 180 K the Raman is apparent from the spectra. In contrast to the phonon
spectra indicate the existence of a new crystalline phase of
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FIG. 4. Temperature-pressure phase diagram of CyGaeO

FIG. 3. Raman spectra of the spin-Peierls phase (la) andetermined from Raman scattering under hydrostatic con-
the second low-temperature phase (lb) of CugGeOFor  ditions. Solid lines are a guide to the eye and represent phase
comparison, a spectrum taken at ambient conditions is alsboundaries obtained upon increasing pressure. The dotted lines
shown. Arrows point to additional Raman lines appearing inindicate the approximate width of hysteresis ranges. Each data
the spin-Peierls (SP) phase. The inset shows the SP transitigooint corresponds to a measurement of the characteristic Raman
temperature versus pressure. spectrum of each phase.
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