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Optical study of the piezochromic transition in CuMoO, by pressure spectroscopy
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The aim of this work is to investigate the origin of the piezochromism and thermochromism exhibited by the
copper oxide CuMo@ These optical phenomena are associated with structural phase tra(Bfjdrom the
triclinic « (green modification to they (brownish-red modification. The variation of the optical-absorption
spectrum with pressure and temperature indicates that the piezochromic and thermochromic transitions can be
reached from ambient conditions either by applying pressure at 2.5 kbar or by coolirg8@0 K. We show
that the change of color at the—y PT is due to the broadening of the first O—Cw?* charge-transfer band,
and the disappearance of an intense peak at 1.49 eV, related to the presence of pyramjdziniuléxes in
a-CuMoQy. The measured oscillator strength suggests that this peak correspondsete thecrystal-field
transition within CuQ rather than to an & — Cl?* charge-transfer band. The correlation between optical and
structural properties performed in this work confirms this interpretation, and also explains the strong dichroism
exhibited by the crystal in the high-pressureCuMoQO, modification.

I. INTRODUCTION 1). The isolated six-Cu cluster structure inCuMoQ, be-
comes interconnected ip-CuMoQ,, forming copper oxide
CuMoQ, is an interesting copper oxide, which exhibits layers spanned bj1,1,1] and[1,—5,1] lattice vectors.
piezochromic and thermochromic properties. pt§ phase In this work we investigate the optical-absorptic@A)
diagram has been recently determined in a wide range dfpectra of single crystals of CuMgQand their variations
pressure and temperaturAmong the four identified phases, with pressure and temperature. Attention is paid to changes
the stable phase-CuMoQ, at atmospheric pressure and undergone by the OA spectra around the vy structural PT,
room temperature transforms into theCuMoQ, phase ei- Which is responsible for the piezochromism and thermo-
ther by applying pressure or by cooling. The crystal is tri-chromism. The OA peak assignment is performed on the

o o : ; basis of the molecular-orbital diagrams within Gu@nd
clinic (P1 space groupin both « (green and y (brownish .
red modifications, and the corresponding first-or y CuQ; complexes, by correlating the OA spectrum and the

phase transitioPT) is accompanied by an intense green_to_crystal structure in each phase. The electronic structure for
brownish-red change of color. A salient feature of this ma-CU%s and Cu@ in y-CuMo, and a-CuMo®, modifica-

o : . tions has been calculated by means of extendeckelttype
9 ) - Y .
terial is the enormous volume reduction of 13% at this I:)T'calculatlons. This information is useful to explore electronic

This reduction correlates with an increase in the Cu-compleXi,ctre variations associated with coordination changes of
packing iny-CuMoQ,. In fact, the phase transition involves 4 complex: Cu@— CuQ.

a change in the copper coordination HfCl/?" ions from
square-pyramidal @4,) CuG; in «-CuMoQ, to octahedral
elongated D4,) CuQs in y-CuMoQ,. The remaining3
CW" displays an octahedral elongated coordination in both The greena-CuMoQ, was obtained at ambient pressure,
phases(Fig. 1). In the high-pressure or low-temperature as described elsewheté.The OA spectra under pressure
y-CuMoO, phase, however, all Cii ions display an octa- were obtained by means of a single-beam microspec-
hedral coordination Cupwith average Cu-O bond lengths: trometer! implemented for working with high absorbing ma-
Rx=2.38 A and Req=1.95 A. In @-CuMoQ,, average terials. A platelike CuMoQ single crystal of 10860
Cu-O distances arR,,=2.37 A andRq,=1.96 A for oc-  x20 um?® with a quasitrapezoidal base oriented nearly per-
tahedral coordinated CyQwhereas they ar®,,=2.34 A pendicular to thé direction, was employed for pressure ex-
and Rgq=1.93 A for pyramidal C,,) CuQs. Rather than periments in this research. The pressure was applied by
bond-length modifications of O-Cu and Mo-O, the displacivemeans of a DAQHigh Pressure Diamond Optics, Iincand
a—vy PT involves a rearrangement of the copper com-calibrated from the RubfR-line shift. The electronic energy-
plexes, in such a way that terminaf Oligands of CuQ in level diagram of Cu@ and CuQ polyhedra were studied
a-CuMoO, approach the pyramidal CuQomplexes lead- using extended Hkel calculations=’

ing to linked ligand-shared CuyQunits in y-CuMoO, (Fig. The polarized OA spectra of single crystals as a function

II. EXPERIMENT
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FIG. 2. Optical-absorption spectra Bt=295 K corresponding
FIG. 1. Crystallographic structure of the and y phases of to a single crystal of CuMoQat P=0 (a phasg, and atP
CuMoQ, (triclinic, P1 space group For the sake of clarity we only =10 kbar (y phase. The latter spectrum is also obtained Rt
show the Cu@ and CuQ@ polyhedra. The lattice parameters ae =0 andT<150 K. The light is transmitted nearly parallel to the
=9.901 A b=6.786 A c=8.369 A, «=101.13°, 3=96.88°, direction. Crystal dimensions 1860x20 um®. The absorption
and y=107.01° @ phas¢, and a=9.708 A, b=6.302 A, ¢ coefficient is given byX =1/ In(I1,/1), wherel is the sample thick-
=7.977 A, a=94.76°, 3=103.35°, andy=103.26° (y phase. ness, and, andl, represent the transmitted light intensity through
the hydrostatic medium and the sample within the DAC, respec-

of temperature were recorded with a Lambda 9 Perkin-Elmefvely:

spectrophotometer equipped with Glan-Taylor polarizing

prisms, and operating with a fixed bandwidth of 1 nm. Thechanges from brownish red to dark brown when the light

sample thickness for the absorption was about 0.05 mm. Theolarization is rotated from one extinction direction to an-

crystals were mounted on an OFHGxygen free high con- other. The brownish red extinction is mainly associated with

ductivity) copper plate over a 0.3-mm hole. A proper thermalthe axial elongation of the CyQoctahedra, while the per-

contact was attained using crycon grease. Crystals were orpendicular extinction is in the layers. Although the peak

ented with the light polarization along the extinction direc- structures of spectra and y are independent of the polar-

tions with a polarizing microscope. The temperature was varization direction, the absorption backgroun@B) for

ied in the 10—300 K range with a Scientific Instruments 202y-CuMoQy, increases by about two optical density units de-

closed-circuit cryostat and an APD-K controller, providing a pending on whether the polarization is nearly along the elon-

temperature accuracy of 1 K. gated axis of the Cupoctahedra or nearly the equatorial
plane of the complex, respectively. The dark brown color is
just associated with the increase of the AB. The correspond-

Il RESULTS AND DISCUSSION ing OA spectrum could not be obtained due to high optical

A. Absorption spectrum of CuMoO, density values in this polarization.

Figure 1 shows the triclini®1 crystallographic structure ) , ,
of the a-CuMoOQ, and y-CuMoO, phases viewed nearly B. Piezochromism and thermochromism
along thef010] direction. The corresponding OA spectra ob-  Figure 3 shows the variation of the OA spectra of a single
tained from single crystals of CuMqQare shown in Fig. 2. crystal of CuMoQ as a function of pressure. The abrupt
The spectrum fore-CuMoOQ, is nearly isotropic, and was change undergone by the spectrum above 3 kbar reveals the
obtained at zero pressure aiid=-295 K, whereas the OA a—y PT, and therefore the associated OA spectra taken
spectrum fory-CuMoQ, was taken either aP=10 kbar below and above this critical pressure must correspond to
and room temperature, or below the phase transition teme-CuMoQ, and y-CuMoQ,, respectively. An analogous
peratureT=200 K at zero pressure. The spectrum is variation is also observed upon cooling the crystal in the
strongly dependent on the light polarization, and its color300—10 K temperature range. In this case, the OA spectrum
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FIG. 3. Variation of the OA spectrum of CuMQ@ith pressure FIG. 5. Variation of the CF peak energy with pressure in

in the 0-60-kbar range at=295 K. Crystal dimensions 10060 CuM904. Note t.he abrupt change undergone by the peak energy at
X 20 umd. The pressure was determined throughRHine shiftof ~ the piezochromic PTRc=2.5 kbar.

the ruby luminescence. A constant absorption background has be%n .
) ysteresis oA T=Tc_yeating™ T c-cooling= 20—30 K, could be
added to each spectrum for comparison purposes. estimated from the heating run, taking the temperature at

i . which the first optical density jump occurs as PT temperature
abruptly changes al'=200 K, as it is clearly evidenced (Tc-heating- DUe to crystal cracks, there are crystal regions
from Fig. 4. Figure 4 shows the variation of the crystal op-yith deficient thermal contact, thus undergoing the PT at
tical density a =540 nm as a function of the temperature, gjightly different temperatures. The three optical density
and the inset shows the corresponding polarized OA SPecti@mps observed in the heating-run curveTat 220, 247, and
atT=10 K from a(001) platelike crystal. We selected this 250 K are probably related to the occurrence of the
wavelength since the associated enef§y;2.30 eV, pro- o PT in different crystal domains.

vides maximum variations of optical density at the The OA spectra corresponding te-CuMoO, and

— vy PT. The curve was taken in the cooling run at a rate ofy-CuMoQ, (Figs. 2 and Bindicate that the piezochromism

1 K/min. The observed variation clearly indicates that theor thermochromism accompanying the PT can be described
thermochromic transition temperaturelis=200 K. A pre- by changes in the crystal transmittance. The green color of
cise value of the thermal hysteresis associated withathe the a phase actually corresponds to the optical window be-
— 1 first-order phase transition could not be properly meatween 2 eV(600 nm and 2.5 eV(500 nm), formed by the
sured due to crystal cracking beldl . However, a thermal  tails of two absorption peaks placed at 1.49 eV and around 3

eV. On the other hand, the brownish red color of hmodi-
. Ui

fication is due to the narrowing and redshift of the optical
window, whose transmittance maximum is displaced to 2 eV
(600 nm. In terms of absorption bands, the red color is pro-
duced by the broadening of the UV band and the disappear-

T
0
2 10

Optical Density

2 A =540 nm 20 ance of the 1.49-eV absorption peak, both effects favoring a
2 0l S e shift of the transmittance maximum to the red. In addition
A~ 7 P this broadening is also responsible for the increase of the AB
= ‘ on passing from a-CuMoO, (Kag=100 cmi'l) to

= T=200K y-CuMo0Q, (Kag=800 cmi '), as shown in the OA spectra
5“ 10 L ‘ of Fig. 2. The peak energy variation around 1.5 eV with

AR pr pressure is depicted in Fig. 5. The peak energies have been

obtained through suitable programs for spectrum analysis us-
ing two Gaussian bands to describe the OA spectrum around

Temperature (K) 1.5 eV. The results clearly reveal the occurrence of the pi-

ezochromic PT aP-=2.5 kbar. Furthermore, the small en-
FIG. 4. Temperature dependence of the crystal optical density argy shifts observed in each phasel meV/kbar) reflect

A=540 nm E=2.30 eV). The abrupt jump &c=200 K indi-  the weak sensitivity of the OA peaks to pressure. The pres-
cates the thermochromic PT of CuMp@t P=0. The curve was ance of two components at 1.39 and 1.71 eV in the high-
obtained in the cooling run at a fixed wavelength. Cooling rate: lpressure phase should not be related to the splitting of the
K/min. In the corresponding heating run three jumpsTat220, 1.49-eV peak, but to the disappearance of this peak at the

247, and 250 K(not shown herehave been observed. The jumps PT, and the occurrence of two new peaks in fA€uMoQ,
are associated with the occurrence of the>a PT in different spéctrum 4

crystal regions, which were probably isolated due to crack forma-
tion during the cooling run. The inset shows the polarized OA spec-
trum corresponding to §01) platelike crystal aif=10 K. The
polarizations correspond to the two extinction directions, withathe
polarization close to the crystal layers. Optical densities above 3 The OA spectrum shown in Fig. 2 basically consists of
could not be properly measured aCuMoQ;. two peaks around 3 and 1.49 eV, which are characteristics of

140 160 180 200 220 240 260 280 300

C. Peak assignment and dichroism ine-CuMoO,
and y-CuMoO,
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x-ray diffraction (Ref. 1).
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0%~ —CW" charge transferCT) transitions and crystal- is also supported by the measured oscillator strentgh,
field (CH CWw" d-d transitions respective ' The =8x10"% and the electronic structure calculations per-
extended-Huakel calculations performed for Cy@nd CuQ  formed for Cu@ and CuQ@ using the bond distances ob-
complexes confirm this interpretatidfig. 6). We only ob-  tained from x-ray data:R,,=2.34 A andRg4=1.93 A for
serve the low-energy tail of the CT band in the OA spectrumCuQ;, and R,=2.38 A andR.=1.95 A for CuQ. It
due to the high oscillator strength of tkag—>blg(x2—y2) must be noted that although these calculations do not give
ligand to metal CT transitionfos~0.1-0.01) compared to precise values of the transition energies, they provide a use-
the CF ones fos~10%).2 In y-CuMoQ,, where all C4" ful method to estimate roughly peak energy variations due to
ions display an elongated octahedral coordination (§uO structural changes of the complex. From these calculations
the two components at 1.39 and 1.71 eV correspond to Ce conclude that the electronic structures for Guahd
transitions from the t,q parent octahedral, mainly CuQs; are very similar(Fig. 6. We obtain CF transition en-
Cu2+eg(xz,yz) and b,g(xy) molecular orbitals(MO's) to  ergies of 1.87 eV foe—b, in CuG;, and 1.87, 1.71, and
the half-filled b;y(x*~y®) MO's within a CuQ (Dg)  1.40 eV foreg—bygy, byg—byg, anday,—byg in CuG,
complex (Fig. 6). The CF transitions are weaker than therespectively, whereas the corresponding feestb, and e,
corresponding,—b,4 CT ones, since they involve MO’s of —b,4 CT transitions are calculated at 3 eV in both com-
the same parity. However, CF transitions can gain intensitplexes. It is worth noting that the first symmetry-allowed CT
through the electric dipole mechanism by noncentrosymmetenergy does not change significantly upon a change éf Cu
ric ligand field distortions of the complex induced either by coordination for Cu@ to CuQ;; hence we ascribe the
crystal anisotropy, by coupling to odd symmetry vibrations,1.49-eV peak observed in-CuMoGQ, to thee— b, CF tran-
or by the exchange mechanism in concentrated materials. Isition in CuG; rather than to a ligand-to-metal CT transition.
the vibrational mechanism, the enhancement of intensity i#oreover the oscillator strength measured for the 1.49-eV
thermally activated. The measured oscillator strength fopeak, fos=8x10 %, is about two orders of magnitude
these two CF transitions afig,s=7x 10 °, which are char- weaker than the CT valués?thus making the assignment to
acteristic of CF transitions in 3d-metdlransition metgl  a CT transition unlikely. On the other harfghs is somewhat
complexe$:® higher than the oscillator strength measured for the other two
Interestingly, the correlation between the crystal structureCF peaks iny-CuMoQ, (fos=7%x107°), as well as for
of the @ and y phases and their OA spectruffiig. 2) indi-  other d-d transitions® The intensity enhancement of the
cates that the intense peak at 1.49 eV is related tosCuO1.49-eV CF peak in Cuwith respect to Cu@is presum-
since it does not appear inCuMoQ,, where all Cd" are  ably due to the noncentrosymmetric character of the £uO
hexacoordinated CuQThis conclusion is in agreement with complex (C,,). Actually, e—b, is the only symmetry-
findings in the semiconducting green compoungBXCuQ  allowed CF transition irC,, , and therefore must be a major
and YBgCu;0g,'2*% and the superconducting YBau,O,  feature of the CF spectrum ia-CuMoG,. This fact explains
(x=6-7) series?! whose absorption spectra, associatedwhy the CF spectrum at ambient pressure is dominated by
with pentacoordinated Gti complexes, show a similar peak CuQ, and the presence of the two CF peaks associated with
at 1.5 eV. Nevertheless there was some controversy on the remainingg CuQ, are masked by this peak. The coordi-
assignment of this peak to a CF transitiblf or to an G~ nation change Cu-CuQ; at the a—y PT leads to the
—CU?* CT transition in Cu@.*® With the present results we disappearance of this peak, making the two peaks at 1.39 and
assign this peak to the—b,; CF transition. This assignment 1.71 eV visible in they-CuMoQ, spectrum.
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The CT band broadening observed at the PT is noteworof the w—y PT either atP=2.5 kbar andT=295 K or at
thy. It plays a key role in the piezochromic and thermochro-p=0 and T=200 K. The variation observed in the OA
mic properties of this material. This CT broadening is pre-spectrum at the PT is related to coordination changes from
§umably related to the compact_ness of t_he copper compIeX@,uoSH CuQ,in 1 Cw?* ions. The color change from green
in the high-pressure phase. This effect is probably a consgg prownish red is due to the disappearance of the 1.49-eV
quence of the larger overlap_ between fhexygen orbitals peak and the broadening of the CT band at 3 eV. This effect
forming the valence band iry- CuMoQ,. In contrast to correlates with the structural change undergone by the crystal

i T ; . .
a-CuMoQy, Cu? ions in the high-pressure brownish red passing froma-CuMoO, to y-CuMoQy, leading to an
phase are no longer isolated in six-copper clusters, but form

layers perpendicular t7,1,— 11,1 with the elongated axis increase of the AB and a redshift of the maximum transmit-

of all CuQy; complexes oriented along the same crystallo—tan.ce' The strong d|§:hr0|sm observgderuMo_OLl IS ex-
graphic direction(Fig. 1). This preferential orientation is im- pla_lned by the formg_ﬂon of copper oxide layers in this phase.
portant to understand the strong dichroism exhibited byl NS Work also clarifies the origin of the 1.49 peak as ¢he
single crystals ofy-CuMo0;. Either a brownish red color or —P1 CF transition in Cu@, and rules out the possibility as
a very dark brown crystal is observed depending on whethe? CT transition within Cu@ In fact, the first 3~ —Cu**
the light polarization is nearly parallel to the octahedral elon-CT energy in Cu@is similar to the first CT band in CuQ
gation or is close to the equatorial plane of the complexaccording to the OA spectra of both and y phases and
respectively. This effect has a great influence on the AB ané@xtended Hakel calculations.
hence on the crystal color, given that #g—b,4 CT band is
completely polarized in the equatorial plane of the complex.
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