PHYSICAL REVIEW B 69, 144107 (2004

Raman spectroscopy and x-ray diffraction of phase transitions in C5O5 to 61 GPa
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Raman spectroscopy and x-ray diffraction measurements have been performed for,Qureo®@1 GPa at
ambient temperature with and without laser heating. Several changes were found at 15-30 GPa under cold
compression: splittings of twiy phonons, steep selective increase of some phonon intensities, softening of
low-frequency phonon modes, selective broadening of some diffraction lines, systematic deviation of diffrac-
tion positions relative to the corundum structure assignment, and eventual splitting of thg ¢liffi@ction
line at 58 GPa. These changes are consistent with those expected for a phase transition to the monoclinic
V,05-type (12/a) structure. Another phase transition has been found above 30 GPa after laser heating. This is
accompanied by considerable changes in Raman spectra and diffraction patterns, which implies that the tran-
sition is reconstructive. The diffraction patterns of this phase can be well explained by either of the ortho-
rhombic structures, perovskite or fg-Il type. This confirms the recent prediction of stability of an ortho-
rhombic phase in GO; at high pressure by first-principles calculations. Color changes gdL{were also
detected: from green to red at 14 GPa during cold compression and from red to green during the phase
transition to the orthorhombic phase above 30 GPa. Detailed analyses on diffraction patterns show that the
color changes are relevant to Cr-O bond-length change. Furthermore, the observed variation trends of bond
lengths in C5O; during cold compression are similar to those in@d with much more pressure sensitivity,
which is consistent with recent first-principles calculations, but are opposite to thosgOinavid FgO; at
high pressure.
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. INTRODUCTION Rh,O5-11 structures at 78 GPa was proposed on the basis of
first-principles calculation® A later x-ray diffraction study
3d-transition metal sesquioxides have attracted a greaieported changes at 100 GPa which could be interpreted as
deal of attention with regard to their electromagnetic propereyidence for this transition. However, the resolution of the
ties and structural changésVhereas many of these sesqui- giffraction patterns was not sufficient to be conclusive. In the
oxides M0z, M =Ti, V, Cr, Fe) have the corundum struc- ,ron0sed mechanism for the phase transition in r(®g
ture (R3c, ng) at ambient conditions, various types of doped AbO;), CrO; octahedra in the ruby structure are
transitions have been reported for different sesquioxides %ought to be the critical units that trigger the phase

high pressure and high temperature with different changes i, ition?0 since ruby is widely used as a pressure calibrant

crysta] structure, or eIectromagnet_|c properties: NO. crystalloin high-pressure studies, understanding the nature of ruby
graphic changes occur for the insulator-to-semiconducto

transition in TyO, at 390—470 K and ambient pressarin E)hase transitions is of broad interest. Another first-principles
(V,_.Cr )20312()(3:0 0-0.12), a structural transition fo a calculatiort! also predicts that pure gB; may transform to
_xCry .0-0.12),

X 6 x . . .~ the RRO3-1I structure at much lower pressure, 15 GPa.
monoclinic phasel@/a, C3,) is accompanied with a transi- . .
. ) . . While Raman spectta have shown clear evidence for an
tion from a paramagnetic semiconductor to an antiferromag-

netic insulator at low temperature or high pressure depending.rf]_fknor.vn sttrgptugzr% htransm(tjr; al:()jove 13. q GPa, f x-{r?y—
on compositiof:> Fe,0; transforms to a metallic ortho- iraction studie ave not found any evidence for the

thombic phase (RIDs-Il or perovskite typg at 55 GPa structural change to 30 GPa. This discrepancy has not been

(Refs. 6 and Y. Thus, investigation of GO at high pressure "€solved. .
is of interest to further explore structural changes in the tran- Hereé we present the results of measurements using Raman
sition metal oxides. spectroscopy and x-ray diffraction and visual observations
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heating. Several lines of evidence for a phase transition atured using the argon equation of state addition to the
15-30 GPa were found when L is compressed at 300 K. ruby scale. Some of samples were heated using a cw
We also report the Raman spectra and diffraction patterns dfid:YAG laser(where YAG stands for yttrium aluminum gar-
the orthorhombic phase observed after laser heating abowvet). The entire sample was scanned by the laser for 15-20
30 GPa. We will discuss the crystal structures of the highmin to anneal differential stresses or synthesize a high-
pressure phases and structural response gD{%0 stress. temperature phase.

Geometric corrections for the measured diffraction im-
ages were performed using the programpa.*® Integrations
to obtain one-dimensional patterns were carried out for the

Pure synthetic GO5; (Aldrich, 99.995% was used as portion of the rings {~60°) where the maximum @ angle
starting material. The purity and crystal structgcerundum range is achieved for the patterns measured with the
type) were confirmed using x-ray diffraction and Raman symmetric-type cell. Individual peak fitting using a pseudo-
spectroscopy at ambient conditions. PowderedOgrwas  Voigt profile function was performed to obtain the unit-cell
loaded in the 10Qum hole of an indented stainless steel parameters. Unit-cell refinements were performed using the
gasket and compressed between two R®0 culet low-  UNITCELL code!’ Gsas (Ref. 18 was used for Rietveld re-
fluorescence diamond anvils. A symmetric-type diamond celfinement and Le Bail fitting.
with 60° conical apertures and a Mao-Bell-type diamond cell We also performed energy-dispersive x-ray diffraction
with slot shaped apertures were used. Small ruby chips wer@easurements an situ high P-T (25-30 GPa and 1500—
loaded for pressure measurements using the quasihydrostaB800 K) at the GSECARS sector of the Advanced Photon
ruby pressure scafé.Argon was cryogenically loaded into Source. A double-sided laser heating systemith a cw
the sample chamber as a pressure transmitting and thermddd:YLF laser was used in this experiment.
insulating medium. For Raman measurements below 10 GPa,
we used a methanol-ethandl:1) mixture as a pressure me-
dium.

Raman spectra were excited using an argon-ion laser (
=514.5 nm) and recorded with a single spectrometer at
Princeton University and with a triple spectrometer at Liv-
ermore National Laboratory. A spectral range of
150-1250 cm?® was used for measurements to 62 GPa. The
spectrometers were frequently calibrated using Ne emissior
spectra over the course of the experiments. In order to prez
vent sample heating by the argon-ion laser, we loaded theS
sample directly in contact with a high thermal-conductivity 2
diamond anvil and measured spectra from this contact sur$
face. For laser heating experiments, we separated the samp2
foils from the diamond anvils by loading argon below and —
above the samples to reduce heat loss through the anvils‘%‘
Raman spectra were typically collected over 10 min. Peaksg
were fitted using a Lorenzian profile shape function. For E
asymmetric peaks we used a split Pearson VIl function.

Angle-dispersive x-ray diffraction measurements were (b) 13.6 GPa
performed at the B2 sector of the Cornell High Energy Syn-
chrotron SourcéCHESS and at the 10.3 sector of the Stan-
ford Synchrotron Radiation Laboratof$SRL) using mono-
chromatic x-ray beams\(=0.4959 A at CHESS and 0.7277
A at SSRL and imaging plates. Two diffraction patterns
were measured at each pressure at different distances froi
the sample. The sample-imaging plate distances were mee
sured using the diffraction lines of NaCl and MgO. The
backing plates of the symmetric cell restricted the maximum
value of 29 to ~16°. In order to obtain a wider angle range,
we tilted the symmetric type diamond cell with respect to the

|nC|doent x-ray beam. This allows U_S to r_neas_ure spectra IR without laser heating. Peak assignments for the corundum-type
~28°26. However, instead of full diffraction rings, we ob- phase follow from single-crystal measuremefRsf. 2. New fea-
tained partial rings (160° aradue to the tilting. With the  tyres observed above 15-30 GPa during cold compression are in-
Mao-Bell-type cell, since it has a slot aperture, we were ablgjicated by arrows#; , v,, andvg). An example for the peak fit for

to measure diffraction patterns to40°26 without tilting. E,4(2) using two peaksi(, andv;) is shown(dashed linestogether
However, the slot-type aperture only allows 8°—10° arc ofwith the observed spectrurfsolid line) in the inset. Pressure is
diffraction rings. In these experiments, pressure was meashown above each trace.

Il. EXPERIMENTAL TECHNIQUES
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FIG. 1. High-pressure Raman spectra 0@y measured at 300
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FIG. 2. Raman spectra of the mode at
400-450 cm?, which has been assigned as a
magnon in previous studiedRef. 21, and se-
lected phonon modes at 600—1000Chat high
pressures and ambient temperature. Examples for
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the peak fit forEy(5) using two peaksi; and

vg) are shown(dashed linestogether with the
observed spectrgsolid lineg in the insets. Nota-
tion is the same as in Fig. 1.
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Ill. RESULTS
A. Phase transition at 15-30 GPa and 300 K

1000

were not observed in our powder Raman spectra as was also
the case for other powder Raman studfes
With compression, we observed a relative intensity in-

Raman spectra were measured to 60.5 GPa at 300 K witlereasg Figs. Xa), 1(b), and 4 and frequency decreasEig.
out heating(Figs. 1-3. We compare the measured Raman3) of E¢(2) mode to 15 GPa. Above 15 GPa, two phonon

shifts at the lowest pressuf8.09 GPa with previous ambi-

modesE4(2) andEgy(5) become asymmetrisee the insets

ent pressure studies in Table I. The different studies are gemf Figs. 1c) and Zc), and Fig. 3. Upon further compression,
erally in agreement within a few wave numbers. Two differ-clear splitting ofE4(2) into a doublet ¢, and v3) was ob-

ent single-crystal polarization measuremé&htSagree on the

mode assignment except for a mode in the 290—-304%cm
range. We use the assignnfénwhich is consistent with that

for V,_,Cr,0O5 (Ref. 22. Two weak modes below 270 crh

5001 T — T T T T

served, and a broad bana,) also appears at 250 cni !
above 26 GP4Figs. 1d), 1(e), and 3. Mougin et al*? ob-
served this splitting as well, but incorrectly attributed it to
pressure gradients in the sample. While we were not able to

a /" Bloch's 10/3

/ Hypothesis

450

%) I
a o
o o

Raman Shift (cm'1)

W
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=]
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® Compress.
O Decompress.
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Eg 4) (= &l O Mougin
o
200 1 1 1 1 1 1 1 500 1 1 1 p 0 1 1 1
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FIG. 3. Pressure shift of Raman modes at high pressure and 300 K without laser heating. Solid circles are the data points for compression

and open circles are for decompression. Polynomial fits for compression data are shown as solid lines. The polynomigiofarcludes
decompression data points. Lower pressure Raman measurdiRehtd? are plotted for comparisofopen squargsAssignments follow
from single-crystal polarization measuremetRef. 21). The predicted magnon frequency change with compression by Bloch’s hypothesis

(Ref. 29 is plotted as a dashed line (@). The shaded area indicates where changes in Raman spectra were detected during cold compression

and decompression. Peak assignments are the same as in Fig. 1.

144107-3



SHIM, DUFFY, JEANLOZ, YOO, AND IOTA

PHYSICAL REVIEW B69, 144107 (2004

TABLE |. Raman modes of GO; at ambient condition.

Ref. 20 Ref. 21 Ref. 23 Ref. 12 This stddy ~ (V;_,Cr)O; (Ref. 22°
Eq 235 Eq 210
Agg 266 Agg 234
Agg 303 Eq 290 304 296 298 Eq 246
Eq 351 Eq 352 353 350 354 Eq 327
Eq 397 Magnon 396 401 397 Magnon 440
Eq 530 Eq 528 529 529 531
Ay 551 Ay 547 553 554 556 Ay 501
Eq 609 Eq 617 616 615 618 Eq 595

#Measured at 0.09 GPa.
PFor x<0.03 at ambient condition.
At 80 K for antiferromagnetic insulator phase.

observe splitting foilE4(5), theincrease of asymmetry and doped \4O; (Refs. 22 and 24 and the orthorhombic phases
the broadness of this mode compared to other observetRh,04-Il or perovskite type, Ref.)7which have been re-
modes imply that this band may be at least a doublet abovgorted for other sesquioxides. Relatively minor changes in
17 GPa(Fig. 2). In fact, fitting with a doublet improves the yiprational spectra can be expected for the monoclinic struc-
goodness of fit significantlysee the inset of Fig.() and e a5 it is essentially a slightly distorted corundum struc-
2(d)]. Together with thege changes, it is aiso obser\'/ed. .thatbre. However, it has been observed for, B¢ that a phase
the spectral background increases above 15 GPa. Significapl, \qjtion to the orthorhombic phase is reconstructive and is
intensity changes were also detected at 15-30 GPa fa ccompanied by extensive changes in Raman spkdtra.

E4(2), E¢(3), andE4(5) modes(Fig. 4) in agreement with . N
Ref. 12. All these changes are confirmed to be reversibléaCt’ the observed changes in Raman spectra at 15-30 GPa

upon decompressiaifrig. 3) except thatg survived down to and z?mb|fe{1r;[ terr:Eerﬂtureb_arehygnlflczijntly dlﬁerendt frt()) m the
ambient pressure. All phonon modes show significant nonSPectra ot the orthorhombic phase 0hOg measured above

linear behaviors at high pressure, which was also seen ifC GPa and after laser heatitgge Sec. Il B. Furthermore,
Raman spectra of 58 (Ref. 7). In addition, the four low- the changes in the Raman spectra of@rat 15-30 GPa are
frequency modesi—v,) show significant softening at high More consistent with those of the trigonal-monoclinic phase
pressure. transition in pure and Cr-doped (€0.03) V,O; where

Since powder Raman spectroscopy is not sufficient to dePeak splittings were observed for &, mOde_Sz-Z’M The
termine a crystal structure directly, we investigated analogplittings of E; modes are also consistent with the group
systems. We consider the monoclinic pha€§,) observed theoretical prediction for the transition.

at low temperature and ambient pressure in pure and Cr- In this study, we observed splittings for only twg,
modes(Figs. 1-3. In high-pressure experiments, stress in-

homogeneity increases upon compression resulting in a peak

—- Eg(2), v+v,+v .. . . .

o0l |-o-Eg@rv, ./ broadening, and this could prevent detection of small peak
@ Magnon? .’\,/ o splittings at high pressures. In fadty(4) is partly over-
*{:Egg; s ? . o/ lapped by a much strongéy;; mode. In CyO3, E4(2) be-

— f e comes a triplet instead of doublet as observed in pure or
u 6\"‘". A n Cr-doped O;3. Since arEy mode is doubly degenerate, one
\‘/ " L - of this observed triplet can be attributed to the appearance of

7 a new mode. In fact, group theory predicts not only new
Raman-active modes from the splitting of the Raman-active
phonons of the corundum phase but also the appearance of
new Raman-active phonons from the inactive modes of the
corundum phase.
A Raman mode was also observed at 397 &rat ambi-

ent pressure and this was also readily measured at high pres-
sures(Figs 2 and 3 This mode has been assigned to one-

FIG. 4. Normalized relative intensities of Raman modes at highagnon scattering based on a steep intensity decrease
pressure. Intensities are obtained by integrating areas under peaR§Served near the Meétemperaturg308 K) and its good
after subtracting background. Relative intensities are obtained bdreement with inelastic neutron scatterfi@’his mode is
dividing the intensities by thé,4(2) or v intensity (*). Normal-  continuously observed throughout the experimental range
ization is performed using the measurement at the lowest pressugd, moreover, the relative intensity shows a steep increase
(0.09 GPa, (1/1%),. at 15-30 GPdFig. 4). This increase is the greatest among

40 50 60
Pressure (GPa)
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the observed intensity jumps in this pressure range. In addi d-spacing (A)
tion, this peak becomes asymmetric above 20 Ghg. 2). T , ? . .

Bloch?® has proposed that the mode ‘Geisen parameter (
g) cal (R-3c) for (e)
vy for magnons may be close to 10/3. We calculated the ex- PN

pected variation of the Raman frequeneyf this hypothesis COA e ! L

is valid for Cr,O3, using the following equation:
(f) cal (12/a) for (e)
dinv Kyq/dv

Y _danZT ﬁ n " 11 TN MLL

The bulk moduluky ranges from 230 to 240 GRRefs. 26~ _ wmm GPa
and 27. The lower bound result for the pressure behavior of g A Payau

this mode is shown in Fig.(3d), provided that the mode is

due to magnon-photon interaction and follows Bloch’s hy- (@l (R30) for )
pothesis. The observed pressure variation of the mode is verg
different from what is expected from Bloch's hypothesis, and < e DN

brary

n -~ | 1

its Grineisen parameter is calculated to be @603 from :
our data. (c) obs at 36.1 GPa
Bloch's hypothesis is based on a variety of empirical £ A P

trends. However, the accessible pressure range was limited :

that time. Recently it has been shown that the magfon
ranges from 1.6 to 3.3 and may be material dependent ir {b cal (R-30) for (a)
contrast to Bloch’s hypothesis: 1.7-2 forJlGuQ, (Ref. 28, A A

ntensity

2.7+0.2 for CoO(Ref. 29, and 2.3-2.6 for NiQRef. 30. L AT
In fact, Bloch's hypothesis considers only up to second T 3

. . . . = (a) obs at 14.7 GPa
neighbor interactions, whereas it has been shown that the 1 . . o
relatively complicated corundum-type lattice requires to take A A B U
into account up to fourth neighbor interactiolist is notable s o oS A
that y=1.06 is the lowest ever reported for magnons and a 1/ d-spacing (A™)
significant nonlinearity of the pressure-induced shift is ob-
served. FIG. 5. Observed(a,c,g and calculated(b,d,f, x-ray-

However, we cannot rule out a phonon assignment for thidliffraction patterns at high pressure. The difference between the
mode. Its modey is very close to other phonon modes. observed and calculated patterns is also shown for each calculated
One possibility is that a new phonon mode appears due to tHRattern. Tick marks are the diffraction peak positions fopQhr
phase transition and its frequency coincides with the mag[Corundum phase at the top @), (d), and(g); monoclinic \,04
non. However, it should be noted thatis already very low phase at the top df)] and Ar[bottom of (b), (d), (f). ()]. Back-
eveﬁ below th,e phase transition press[llﬁ'@ 3a)] grounds were subtracted. Hexagonal Miller indices are given for the

We also observed a broad band near 7'00 Jcmllbove 30 major lines of C5O5 for the pattern measured at 14.7 G@a For

GPa duri . hich | d d the observed pattern at 57.8 G we show two different refine-
a during compression which 1S preserved upon aeCofMpqqs yith the corundum-typeRBc) (g) and the monoclinic

pression| vg in Figs. 2 and &)]. A similar feature was ob- v, 0,-type (12/a) (f) structures. The arrow indicates the peak
served near this range in (£§Cr,),0; (x=0.0-0.8, Refs  gplitting.

23 and 7 and assigned as an IR-active and Raman-inactive

mode that appeared in Raman spectra due to surface- ahen the corundum-type structure is assumed. The maxi-
pressure-induced defects. An IR measurement at ambiemtum errors occurred for (11Q)and (116), which are the
pressuré? reported features near this randé,(TO) broadest lines above 15 GPa and this increases with com-
=734 cm! and A,,(TO)=726 cm'1]. The extrapolated pression. At the maximum pressui&8 GPa, we were able
value at ambient pressure for this mode is 717 énwhich  to observe a peak splitting of the (110)ine [Fig. 5()].

shows a reasonable agreement with the IR-active mode con- We performed Rietveld refinements with two different

sidering its broad and weak nature. crystal structure modelécorundum typeR3c, and mono-
X-ray diffraction patterns have been measured at CHESSjinjc v, 0, type, | 2/a) for the entire x-ray data set measured
to 58 GPa at 300 K without laser heating. Below 15 GPa, nqyjthout laser heating. Below 15 GPa, the corundum type fits
significant change in diffraction patterns was found and allye|| the observed diffraction patterns. However, systematic
diffraction lines were well fitted with those of the corundum ifferences were found between the calculated and observed
structure R3c) [Fig. 5a)]. However, above 30 GPa, some intensities above 30 GPa after the refinements with the co-
peaks are selectively broadened: the full width at half maxivtundum structure: the corundum type predicts lowespac-
mum (FWHM) of (110), and (116), is a factor of 3 and ings for (012); and higher spacings for (104) and (110}
FWHM of (104)4 and (024), is a factor of 2 greater than than the observed patterffSigs. §b), 5(d), and %g)]. This is
that of (012), diffraction line. In addition, systematic errors the same trend observed in the unit-cell refinements for in-
were found above 30 GPa in unit-cell parameter refinementdividual peak fitting results. However, use of the monoclinic
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V,05 structure decreases the systematic differences betwee 136} i

the observed and calculated diffraction patterns, and the dif- SRR § Toona
ference is much more randofrig. 5(f)]. [ V. v - , LhehngEid 1

We also examined the R@3-1I-type structure Pbna), 13.4F O, Vv v Lewis i
which is proposed by first principles calculations for a high- __ | ‘é\g é az':f;im
pressure phase of g0, (Refs. 10 and 11 and the perov- < | B

skite structure Pbnn), which is proposed as a high-
pressure phase of j®; (Ref. 33, by calculating diffraction
patterns at corresponding pressures. However, neither @
these structures are consistent with the observed subtl
changes. Indeed, the observed diffraction patterns after lase
heating above 30 GPa, which can be well explained by an
orthorhombic unit cell, demonstrate that the diffraction pat-
tern of the orthorhombic phase is considerably different from I
the observed diffraction patterns above 15-30 GPa without  4-9f
laser heatindsee Sec. Il B.

The unit-cell parameters obtained from Rietveld refine- . [
ments were plotted in Fig. 6. To facilitate direct comparison, Lysg
we transformed the trigonal and monoclinic cell parameters ® [
to hexagonal and pseudohexagonal cell parameters, respe [
tively (the transformation matrix can be found in Ref. 5 47
Below 15 GPa, our refinement results with the trigonal lat-
tice (corundum structupe agree well with previous . . . .
studiest*?®**However, above 30 GPa, our results for both 0 10 20 30 20 50 &0
trigonal cell and monoclinic cell refinements start to deviate Pressure (GPa)
from the extrapolation of hydrostatic compression data mea-
sured at lower preSSU?I%‘ZY and other measurements to 32 FIG. 6. Pseudohexagonal unit-cell parameters gfograt high
GPa(Ref. 13. However, the experiments of Refs. 13 and 34Pressure. Trigonalsolid squares and monoclinic(solid circleg ‘
were performed without any pressure medi(eng, nonhy- unit-cell parameters were transformed to pseudohexagonal unit-cell

drostatic conditionsand hence are of lower quality. Our re- parameters to facilitate comparison. Error bars representricer-
inty. Linear fits for results from monoclinic cell refineme(gslid

sults are in reasonable agreement with Ref. 12 especiall
9 b %es) and trigonal cell refinementgdotted line$ are shown.

o L
13.2+

13.0

when one notes that they report anomalous values of the > ! . .

lattice parameters above 30 GPa which require an increase fastenrgﬁggltirfg ;fs;g gfocr;ptgeisdg:;?f&%r;idpzit;?:;n?;?#éega;ﬁer
unit-cell volume for the corundum structure. Above 30 GPa, oints from previous. studieRefs. 12, 13, and 34are also shown
the a axis is Iarger_ than Sta.tlc compression measurements %r comparison. Dashed lines are the extrapolation of linear
lower press_ufés using the trigonal fitting by 0.7-2.7 %. For fits for unit-cell parameters measured under hydrostatic stress
the monoclinic fitting, the two pseudohexagomaaxes are  c,ngition (Ref. 26 below 10 GPa. Due to a severe peak overlap
no longer identical and behave differently: one axis is closgeqween cjo, and argon [Cr,04(110), + Ar(11) and

to previous studie$0.1-1.6 % larggrbut the other axis is  cr,0,(113), + Ar(200], only trigonal fit results are shown at
1.0-3.7 % larger. Except for Ref. 34, previously reported 15_27 GPa.

axis shows good agreement below 15 GPa. However, above
20 GPa the difference in theaxis from the extrapolation of it may be reasonable to compare the current observation with
lower pressure measureméhis generally greater than that the behavior of the pure and Cr-dopeglQ4 systems. In pure
in the a axis: 1.4-3.7 % for trigonal fits and 1.8—4.2% for and Cr-doped YO,, the c/a ratio increase is known to be
monoclinic fits. After the phase transition, the,Og struc-  associated with an insulator-to-metal transition: an antiferro-
ture becomes less compressible along bothctheda axes  magnetic insulator-to-metal transition at 150 K and ambient
of pseudohexagonal lattice. pressure in YO,;, and a paramagnetic insulator-to-metal
It has been known that the/a ratio for the corundum- transition at 1.1 GPa and 300 K in 4% Cr dopesDy (Ref.
type transition-metal oxides is sensitive to physical propertyd). In fact, this systematic trend is also found in,@i: a
changes:**® Below 30 GPa, ourc/a ratio in CLO; is  semiconductor-to-metal transition at 390—470 K is accompa-
slightly higher than those of other studies but still in agree-nied by a 2.1%from 2.646 to 2.70)Lc/a ratio increaséwith
ment within the experimental scatt€Fig. 7). However, temperature. It has been proposed that relative contraction
above 30 GPa we observed a 0.4% increase otthgatio  along the pseudohexagormlaxis leads to the formation of
for trigonal fits, and 0.5% and 1.5% increase for monoclinichonds between cations in the (0Q1plane of the corundum
fits. For the monoclinic case, the tveda ratios diverge with lattice, resulting in a decrease of resistiity/. In our study,
compression. the c/a ratio increases in GOz at 25—30 GP&0.4% for the
Since the monoclinic phase and b ratio change were trigonal cell refinement, and 2.0% and 0.5% for the mono-
also observed in the pure and Cr-dopesgD¥ systems and clinic refinemenkt
Cr,0; forms a complete solid solution with,@; (Ref. 36, However, it should be mentioned that the crystal structure
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FIG. 7. Thec/a ratio of CrO; at high pressure. Notations
are the same as in Fig. 6. For comparison, we also show the da
from lower pressure measuremeffefs. 12, 13, 26, 27, and 8A
data point at 36 GPa from trigonal fit was not included in the
linear fit for the c/a vs pressurgdotted ling. Due to a severe
peak overlap between @9; and argon Cr,0O3(110)y + Ar(111)
and CpO5(113)y + Ar(200], only trigonal fits are shown at
15-27 GPa.

15-27 GPa.

change from the monoclinic to the trigonal in,&; was
observed together with the increase of thia ratio, which is
the opposite of our observation for L); at high pressure.

Pressure (GPa)

FIG. 8. Volume of CyO; transformed to pseudohexagonal unit
gell (Z=6) at high pressure. Notations are the same as in Fig. 7.
The volume of the orthorhombic phase observed after laser heating
at 38 and 46.9 GPa is also showsolid triangle$. Dashed curve
is the extrapolation of hydrostatic compressi@Ref. 26 below
10 GPa at 300 K Ky=222 GPa ankK;,=4). Due to a severe
peak overlap between @D; and argon Cr,O3(110)y + Ar(111)
and CpO5(113)y + Ar(200], only trigonal fits are shown at

from 9 to 12 (Fig. 10. The latter could mean a structural
change to a lower symmetry phase: according to group
theory, a total of 24 modes for the perovskite type and 30

The driving force in O3 is a contraction of structure along modes for the RJO5-1l type are expected to be Raman ac-

thec axis and an elongation along thexis, while in CpO,
it occurs in the opposite fashion. Thus, it may not be appro-
priate to use the increase of théa ratio in CL,O3 as a sign
of an insulator-metal transition.

The volume change in @D; at high pressure is shown
in Fig. 8. Our measurement is consistent with recent x-ray’s
diffraction experiment¢ and slightly higher than the ex-
trapolation of low-pressure hydrostatic measuremé&htye
do not observe a discrete change in volume of any signifi-g
cance, within the observed data scatter, during cold compres®
sion for the entire pressure range we studied at 300 K. A2
recent measureméntreported that GIO; becomes almost
incompressible above 30 GPa. Our data points at 28—36 GP£
can be interpreted as being consistent with this observation
However, the change at 28—36 GPa is still within the ob-
served scatter of the data poifEsg. 8). Due to the expected
subtle nature of the transition to the monoclinigQ4-type
phase and the finite resolution of the high-pressure techniquu
we used, it is difficult to detect the phase transition pressure
using the volume data.

rbitrary u

ensi

\

(a) 37.7 GPa

Vg

vd

Raman Shift (cm'1)

FIG. 9. High-pressure Raman spectra 0@y measured after

laser heatingb) and after decompression of the laser-heated sample

B. Phase transition above 30 GPa and high temperature

(c). Raman spectrum without laser heating measured at 37.7 GPa is

shown for comparison. New features observed after laser heating at
Drastic changes in Raman spectra were observed aft&.9 GPa are named in sequential order starting from the lowest
laser heating above 30 GRE&ig. 9). After heating, wave wave-number peak (N-N;,). New features observed above 15-30
numbers of Raman modes are different from those observe@pPa during cold compression are indicated by arrows ¢, and

before heating, and the number of observed modes increaseg. Pressure is shown above each trace.
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fr— T T Ty T The observed diffraction patterns after laser heating can
sook v b N?_,_,_-;;:.‘f--"“ vz o] be well explained by an orthorhombic unit cell. We also per-
L ’ formed Rietveld analyses for the diffraction patterns of the
orthorhombic phase. We used both the kIl type
[ 1 (Pbna D3;) and the perovskite-typePlonm D3f) struc-
700r Ve i tures as starting models for the analyses. Refinements with
I Vg ] both of these models show equally good fit to the peak po-
- Eg5) sitions observed after laser heating. However, when we re-
~ sook T Orthorhombic. i lease the constraints for atomic positions in Rietveld analy-
§ [ A S Dacmead |1 ses, we found very anisotropic Cr-O polyhedra for both the
= | e (4-)"" o lnearit ] space groups: maximum 42% difference of Cr-O bonds in
'(% L 0 --- Polynomial fit |- the octahedra of the RB-1l type and maximum 35% dif-
< Soor i ference for Cr-O bonds in the dodecahedra of the perovskite
g O/O/O"'.N7 --------------------- ] type (we considered nearest eight oxygens, since the perov-
g Magnon? T 1 skite structure withPbnm space group inherently has dis-
a0k T o._-—-o——-—O""‘. Ng ] torted dodecahedra such that eight oxygens are closely coor-
s v ] dinated around a Cr atom
By3)- O—O—0O—@ N, * These values are rather extreme compared with the re-
L o ] ported anisotropy of polyhedra in these structures. For ex-
800 --Eg@)--o sz " 1-\1-“-_ ---------------- Vg ] ample, for the RpOs-lI-type structures, 5% and 10%
o—O—O—O N TV anisotropies of octahedra are reported in,®h (Ref. 38
N TV T and FgO; (Ref. 39 at high pressure, respectively. In the
ool 1 N, v ] perovskite-type structures, 22% and 21% anisotropies of

0 10 20 30 40 50 60 dodecahedra are reported in GdRe@®ef. 40 and MgSiQ
Pressure (GPa) (Ref. 41) perovskites at ambient pressure, respectively. Thus,

. .the obtained atomic positions for the orthorhombic phase

FIG. 10, Pressure shift of Raman modes for the orthorhombig, . 1ot he realistic. In fact, for the measurements with laser

phase of CjO;. Solid circles are the data points measured afterheating we used a slot-type aperture of Mao-Bell-type dia-
laser heating and open circles are the data points measured durin ’ . o o - . .
ond cell. This allows only 8°—10° arc of diffraction rings.

decompression of the laser heated sample. Linear fits for data poin P - L9
P P P urthermore, recrystallization and preferred orientation in-

are shown as solid lines. For comparison, the positions of Rama . -
uced during laser heating can decrease the accuracy of the

modes of the corundum and the monoclinigO4-type CrO; are . ) . B 7
shown as dotted lines using the polynomial fits presented in Fig. 3neasured intensity considera fThese pose severe limits

Peak assignments are the same as in Fig. 1. in dgtermination of atomic positions using the measured in-
tensity.

tive, whereas only 7 for the corundum type and 15 for the We also performed refinements with quasirigid body con-

monoclinic \Lb0; type are expected to be Raman active.straints for Cr-O polyhedra in the structures: we set limits in

However, as shown for the orthorhombic phase of@=e the variations of Cr-O bond lengths. For the same allowed

above 55 GPa, not all Raman-active modes are obser{able/ariations, the weighted residual facy,, is slightly better

In addition, Raman scattering becomes much weaker aftévhen the perovskite type is used, but the difference is less

heating. It is interesting that decreases in Raman scatteririgan 0.2%. For space-group determination, more precise

intensities were also observed for the phase transition ifeasurements for diffraction intensities are required.

Fe,0; at 55 GPaRef. 7). We compare the volume of the orthorhombic phase with
Many of the modes appearing after laser heafisglid  those of the corundum and the monoclinigQ4-type phases
circles in Fig. 10 still remain during decompressidopen  (Fig. 8). Compared with the compressional curve extrapo-

circles in Fig. 10. However, the wave numbers for some lated from low-pressure measuremefitshe orthorhombic
modes coincide with those of the modes observed withoustructure decreases volume by 2-3 %, whereas the volume
heating (N, Ng, and N; in Fig. 10. Since Raman scatter- decrease is 5-6 %, if compared with that of the monoclinic
ing was much more intense before heating, a small amount,Os-type phase. The volume decrease for the corundum-to-
of the back-transformed material could show scattering witfRh,O5-1l transition is reported to be 3.2% for RB; (Ref.

significant intensities. 38) and 10% for FgO; (Ref. 39.
Considerable changes were also observed in diffraction
patterns after laser heatin§ig. 11): new diffraction lines IV. DISCUSSION

appear at 3.0, 2.4, and 1.7 A and intensities of the low

d-spacing lines change significantly. However, some major We observed the sample at each pressure step during Ra-
diffraction lines of the low-temperature pha@ither the co- man and x-ray experiments using an optical microscope. At
rundum or the monoclinic ¥O5 type) still persist even after ambient pressure, gD; has a green color. It becomes darker
laser heating, i.e., diffraction lines at 3.4 and 2.75 A. Thiswith compression and turns to dark red near 14 GPa. Above
implies that the phase transition to this orthorhombic phase i80 GPa after laser heating, the sample color changed from
very sluggish. dark red to dark green. However, below 30 GPa, the sample
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FIG. 11. Observeda,b and calculatedc,d)
x-ray diffraction patterns at high pressure. The
difference between the observed and calculated
patterns is also shown for each calculated pattern.
Tick marks are the diffraction peak positions for
Cr,O3 [monaclinic \,O3 phase at the bottom of
(c) and (d); orthorhombic phase at the top @)
and(d)]. Backgrounds were subtracted. For com-
parison, the observed pattern at 57.8 GPa is
shown in(a). Two different refinements with the
Rh,O5-1I-type (Pbna) (c) and the perovskite-

type (Pbnm) (d) structures are shown for the
pattern measured at 46.9 GPa after laser heating
(b). The data points at 0.378—0.382°A and
0.430-0.502 A were not used in the refine-
ments due to the overlaps with gasket peaks. The
arrows indicate distinct major diffraction features
of the orthorhombic phase.

WW@

0.3 0.4

&-M{A,_A./L____A/J\'\

Intensity (artibrary unit)

(a) obs at 57.8 GPa

0.6 0.7

05 1
1/ d-spacing (A ')

still shows a dark red color even after laser heating. Theskengths as a function of pressutieig. 12. These values are
visual observations, together with Raman scattering andbtained from Rietveld analyses of the diffraction patterns
x-ray diffraction, show that there exist changes in the commeasured at high pressure and 300 K, with and without laser
pressional behavior of @03 at high pressure. annealing, using the corundum structure. The monoclinic

Colors in 3-transition metal sesquioxides are related tov,0, structure can be thought as a distorted corundum struc-
the crystal-field splitting of their 8 orbitals™® This splitting  ture with small differences including the absence of three-
depends on cation-anion bond lengths and symmetry of thg)|d axes along the axis of the trigonal unit cell in the
cation site. In an ideal octahedron, degeneralatbitals  monoclinic structure. Unfortunately, our diffraction experi-
split into t,4 ande, orbital groups energetically. The energy ments do not cover sufficient reciprocal space to refine the
separation of these), can be expressed as a function ofjnqividual oxygen positions in the monoclinic structure.
average cation-anion separatign Thus, we use the results from the refinements with the co-
A Ro|® rundum structure, which has only one atomic position pa-
——(— , (2 rameter to be refined for oxygen, instead in the monoclinic

V,05 structure four oxygen position parameters should be

assuming that there is no change in the symmetry of theefined. Use of these results may lead to systematic errors in
octahedron. Using this relation, we calculated an averagthe measured bond lengths above 30 GPa where significant
cation-anion separation needed forQf to show same\ as  misfits of the observed diffraction patterns with the corun-
ruby (A=18150 cm?, Ref. 44. For A;=16670 cm®  dum structure are observégig. 5). However, the misfits are
(Ref. 49 andR,=1.986 A, we obtained®R=1.952 A. This  not significant below 30 GPa. Also the observed trend is still
corresponds to the Cr-O length at 14 GPa where the colgpreserved even after laser heating near 30 @Gfamond
change from green to red is obsenjé&dg. 12a)], implying  symbols in Figs. 1@ and 12c)] where differential stress
that the color change is induced by the compression of;CrOshould be much smaller. In addition, the trends observed in
octahedra. our data are very consistent with that observed in single-

However, the color of GIO; changes back to green after crystal diffraction experimentébelow 6 GP4Fig. 12a)].
laser heating above 30 GPa. We found that average Cr-O Oxygens in the corundum structure are hexagonally close
distance increases when,Cx transforms to the orthorhom- packed. Two-thirds of the octahedral interstitial sites are
bic phase. If ruby transforms from the corundum structure tdilled with cations and one-third of the sites remain empty.
the orthorhombic structure above 100 GPa as predicted Along thec axis, two cation-filled octahedra share one oxy-
and the phase transition is similar to that in,G5 as pro- gen plang“shared” by two cations above and below; repre-
posed by the first-principles stud¥this discrete change in sented by subscripts”) and one empty octahedron shares
crystal-field energy during the phase transition to the orthoan oxygen plane with one filled octahedr@funshared”;
rhombic phase could result in a significant change in theepresented by subscript” ). At ambient pressureyl-Og
ruby scale. (M: cation,M=Al, V, Cr, Fe) is longer thanM-O,. How-

In order to further investigate the source of the crystalever, in both single-crystal and our powder-diffraction mea-
structure change, we plot measured Cr-O and O-O bondurements, the Cr-Obond length decreases rapidly with
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2.00[%®
FIG. 12. () Cr-O and(c) O-O

bond lengths in the corundum-
type CprO5; measured at high pres-
sure and 300 K. Bond lengths be-
tween Cr and O in both shared
(subscript ‘s,” solid symbolg
and unshared (subscript ‘u,”
open symbols oxygen layers are
shown for measurements both
with (diamond$ and without
(squares laser annealing. The
measured values by a single-
crystal x-ray diffraction(Ref. 27
are also plotted for comparison
(circles. The dotted lines are for
guides for the eye. We compared
(b) cation-oxygen ¥1—0) and(d)
oxygen-oxygen (O-0O) bond
length ratios between oxygens in
shared and unshared oxygen
planes in different corundum-type
sesquioxides at high pressure and
300 K. The values are obtained
2ol ] from single-crystal X-ray-
“Hle o Fingor : . . . 0.85 . . | . . diffraction measurementgRefs.

0o 10 20 30 40 50 60 0 2 4 6 8 46 and 27.
Pressure (GPa) Pressure (GPa)

[ |[Cr-Og Cr-Oy
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4 3
1 1
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compression, whereas Cr; @& very insensitive to compres- It is interesting that there is difference in transition pres-
sion. In fact, these two Cr-O bond lengths are almost identisures detected by Raman scattering and x-ray diffraction for
cal near 15 GPa and the Crz0ond length becomes smaller the corundum-to-monoclinic 03 phase transition: whereas
than the Cr-Q bond length above 20 GPa. Although it is two new Raman modes are observed from 15 @Rg. 3),
difficult to see the trend in single-crystal diffraction measure-the c/a ratio measured by x-ray diffraction shows a discrete
ments due to their limited pressure range, the decrease of thecrease at 25—-28 GR&ig. 7). It should be noted that the
M-Os bond length relative to th#1-O, bond length can be expected changes in the phase transition are subtle. Further-
found in the data for GO; [Fig. 12b)]. more, we have a finite resolution in both Raman and x-ray-
In the corundum structure, cations are not at the center dfiffraction measurements, due to stress inhomogeneity, non-
octahedra, instead they are offset from the center along thenydrostatic stresses, and so on. In fact, the two new modes
axis. Thus, the shift of Cr with _compression toward the(,,2 and vg in Fig. 3 are not fully resolved to 30 GPa and
shared oxygen plane could result in the observed decrease fifoge appear only as asymmetricity of modasand v;.

Cr-O;. However, as shown in Fig. 19), itis the decrease of £ yhermore,w, is resolved above 30 GPa which is rather

the O-O bond length in the shared oxygen plane, i.e., deg) g0 4 \yhere the/a ratio change is found in diffraction
crease in the size of the plane, that gives rise to the decrea%e

. ) . eXperiments.
in Cr-O bond length. In other words, the shift of oxygens in . : -
the shared plane towards the center of the triangle results in We also investigated whether the monoclinigd4 phase

the decrease in Cr-Cbond length. Interestingly, the size of is induced by nonhydrostatic stresses in the sample. In fact,

the unshared oxygen plane is very insensitive to pressuréhere is some evidence for the existence of differential

Also this relative decrease in Os®ond length can be seen stresses in our experiments: the volume measured without
in single-crystal diffraction measuremeri&g. 12d)]. laser annealing above 15 GPa is 1% higher than that extrapo-

Recent first-principles calculatiofs have proposed that lated from low-pressure hydrostatic experiméhind that
Cr,0; will show a similar phase transition to that in/&, at ~Measured after annealing at 26 GHag. 8. Also, the
much lower pressure. It is difficult to compare the pressurdWHM of diffraction peaks measured during cold compres-
behavior of bond lengths in AD; with those in CjO3, sion is significantly larger than that measured after laser an-
since only a single-crystal x-ray diffraction measurementnealing(Fig. 11. In contrast, the bond distance charigey.
with a limited pressure range is available. However, Fig.12) in an annealed sample at 26 GPa is in good agreement
12(b) and 1Zc) show that the bond lengths in Ab; follow with those in cold compressed samples, and the Raman fea-
a more or less similar trend to those in,Og. In contrast, tures observed before annealing are still preserved after an-
Fe,05; and \,O3 show opposite pressure behaviors in bondnealing at 26 GPa. A measurement with quasihydrostatic me-
lengths. dium, e.g., helium, is warranted to resolve this issue. The
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monoclinic V,O,-type phase is metastable above 30 GPecolor change during this phase transition, from dark red to
where a 5—-6 % more dense phase, the orthorhombic phaggreen, is consistent with the fact that average Cr-O bond
exists(Fig. 8). length increases after the phase transition. Since the ortho-
rhombic phase has much smaller volume than the monoclinic

V. CONCLUSION V,05-type phase, the orthorhombic phase is more stable than

the monoclinic phase above 30 GPa. It is interesting that the

We have observed a color change, splittings of Ramamonoclinic \,0,-type phase survives metastably over a
modes, relative increases of some Raman mode intensitiegide pressure rang@0—60 GPa

selective broadening of some diffraction lines, and system- gince it has been proposed that the phase transition in
atic shifts of some diffraction positions in £0; at 15-30 ¢, 0, is similar to that expected in rub§;**the phase tran-
GPa. The Raman spectrum and diffraction changes are coRjtions found in this study may have important implications
sistent with a phase transition to the monoclinigdd struc-  for the ruby scale. This study shows that the phase transitions
ture (12/a), which has also been observed in pure and Crj, Cr,05 are accompanied with changes in both cation-anion

doped O3 systems, but the observed changes are nobond length and cation site symmetry, which are important
consistent with a phase transition to the orthorhombic structactors to influence the crystal-field splitting energy whose

ture (RRO;-Il or perovskite typg The phase transition may pressure variation is used in the ruby scale.
be induced by the different compressibility of cation-filled

and empty octahedra in &Ds.

We also find another phase transition above 30 GPa and
after laser heating. The high-temperature phase has an ortho-
rhombic unit cell as predicted by first-principles S. Speziale, C. Zha, K. Lee, and G. Shen assist x-ray
calculation$® and Rietveld refinement shows that this could measurements. This work was supported by NSF. S.S. and
be either the R§O;-1I or the perovskite-type structure. The R.J. thank the Miller institute for support.
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