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Raman-scattering observation of the rutile-to-CaCl, phase transition in RuO,
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Using a diamond-anvil cell, we have probed the pressure-induced rutile-to,@a@elastic phase transi-
tion in RuG, with Raman spectroscopy. The transition is marked by a splitting of the degefgratede of
the rutile phase into two nondegenerate components and by an abrupt change inrthisgdrparameters for
all the phonons. The behavior of this splitting shows good agreement with Landau’s theory for a second-order
phase transition, application of which yields a transition pressure of-Il. 8 GPa[S0163-18207)03326-7

[. INTRODUCTION bonded anion-anion separation distance decreases, which is
contrary to what is observed in the pressure experiments.
The low resistivity and reactivity of Ru9Qhave made it In this paper, we present a Raman study of the pressure-

technologically important as a strip-line conductor in inte-induced rutile-to-CaGl phase transition in Ru© Neutron
grated circuits, as a diffusion barrier in contact metalliza-and x-ray diffraction are also useful probes of this transition.
tions, and as a catalytic agérft.Further interest in Rug  In diffraction studies, measurements of the unit-cell param-
stems from its structural similarity to the geologically impor- €ters allow one to calculate the spontaneous strain,
tant mineral stishovitéSiO,) (see, for example, Haines and €ss=(a—b)/(a+b), which gives a direct window on the
Léger): here, the question of whether rutile-structuredorder parameter as a function of pressure. In Raman scatter-
stishovite transforms into a denser phase has significant cof?d, the onset of this transition can manifest itself not only
sequences in geophysics. As do several other metdhrough the softening of a vibrational modB,( in rutile,
dioxides! RuO, undergoes a pressure-induced rutileAq in CaCly), but also through the splitting of the degenerate
(D}‘ﬁ,P42/mnm) to CaCl (D%ﬁ,pnnm) second-order Eg mode of the rutile structure. The splitting of this vibra-
phase transition. tional mode, which is our primary measure of the transition
Under ambient conditions, mariyl X, compounds take pressqreg, rela.t(.as to the order parameter via th_e deformation
on either the rutile or the Caglstructure® The primary dif- potential? Additionally, we see abrupt changes in the slopes
ference between these two structures involves a rotatioff the frequency-vs-pressure curves for all the phonons at the
about thec axis of theMX, octahedra. From a symmetry phase transition. . _
point of view, the anions move from sites along the face Several groups'? have used Raman scattering to study
diagonals inab planes of the tetragonal rutile structure; to temperature-induced phase transitions between the £aCl
sites off of these diagonals in the lower-symmetry Gacl and rutile structures. In CaBrand CaC}, both the expected
structure. From an atomic packing point of view, the anionSOft-mode behavior ang, spllttmgl]zhave been observed in
layers more closely approach hexagonal close packing in th&€ir respective Raman spectrd: B-PtO, undergoes the
CaCl, structure than they do in the rutile structure. Pressuréame transition as the former materidisut its ambient
or temperature changes may induce a second-order phaBEESSUrdDs; structure is unique among the metal dioxides—
transition between these two phases, with the rutile structurgost of the latter, particularly the group-VIll metal dioxides,
favored at high temperatuftarger unit-cell volumgand the  have theD}J‘1 structure. Platinum dioxide can also exist in a
CaCl, structure at high pressut®wer unit-cell volumé. In  rutile phase,3’-Pt0,, which has been synthesized under
either case, soft-mode behavior is seen near the transition fafery high oxygen pressure conditiohsThis result indicates
the vibrational mode whose eigenvector connects the twghat oxygen vacancies may serve to stabilize the lower sym-
structures. Nagel and O’Keeffe discussed the soft-mode benetry phase.
havior of the rutile-structured compounds and its relation to In one of the first studies of the pressure-induced
the pressure-induced polymorphidniyde has argued that Dji-to-D3% phase transitions, Jorgensen, Worlton, and
the anion-anion, nonbonded interactions determine the relalamiesotf did neutron scattering on NiFand found the
tive stability of the two structureSywhich seems to account transition at 1.83 GPa. The first x-ray study of RuGnd
for the structural difference between CgBmd CaC} and a  other rutile materialsunder hydrostatic pressure by Hazen
number of rutile-structured fluorides and oxides. Howeverand Fingel® determined the structural changes that take
his model would favor the rutile structure when the non-place up to 5.0 GPa. Haines, ger, and Schulfeextended
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TABLE I. Correlation diagram between the Raman-active Ill. EXPERIMENTAL DETAILS
modes of the CaGlstructure and the corresponding modes in the

rutile structure. The samples used in this study were among those donated

to R. Ward of the University of Connecticut by Engelhard

Rutile (D) CaCl, (D,,) Co. in the 1950s for research on precious metal oxides. The
RuO, crystals, as large asXI2 mn?, were most probably
By, Aq formed using a vapor-phase transport mechanism. These
A B crystals were found to be quite similar to those prepared by
2 e Butler and Gillsor?® who give details of the growth proce-
A, A, dure using oxygen as the transporting agent. A subsequent
thermal-gravimetric analysiSTGA) on the resulting Ru@
B, By, crystals indicated an oxygen to metal ratio of 2:02022*
B Georg, Triggs, and Le/?® also describe the preparation of
/ 2 RuO, crystals by the oxygen transport method, and their
Eg TGA analysis gave an O:Ru ratio of 2.80.03. We there-
\ fore expect our crystals to be highly stoichiometric.
Bzg RuO, samples smaller than 5@m on a side were ob-

tained by fracturing larger crystals. A few of these small
the x-ray work to observe the pressure-induced rutilefragments, along with some ruby chips, were placed within
— CaChL— modified fluorite— orthorhombic PbQ phase the 200um hole of a stainless-stedtype 301 gasket
IV — cotunnite phase transitions, which occur in a variety ofmounted to the piston anvil. A Mao-Bell style DAC was
similar materials(only the first three transitions have been used to attain pressures of up to 30.0 GPRressure cali-
observed in Ru@).>**In RuO, they extracted a transition bration was done using the ruby fluorescence and was gen-
pressure of 5.0 GPa for the second-order, rutile-to-GaCl erally accurate tar 6% 2’ The piston and cylinder were as-
transition, and they observed a first-order, Catd-fluorite  sembled loosely together, and liquid Ar was flowed
transition beginning at 13.0 GPFa. cryogenically into the gasket and sealed within by applying
Merle et al® measured the uniaxial-stress dependence opressure to the piston. Note that the latter procedure pre-
the Raman lines in single-crystal, rutile-phase Ji@hd ob- vented us from choosing the crystal orientation of the
served the soft-mode behavior of tlBg, phonon and the sample.
splitting of the E; phonon, which occurred when an ortho-  Raman spectra were obtained with a Renishaw Raman
rhombic deformation of the crystal was imposed. In stisho-microscope, using-6 mW of HeNe(632.8 nm radiation. A
vite, Kingma et al!’ used a diamond anvil celDAC) to  long working distance 28 objective(Mitutoyo) was used to
observe both the softening of tiy, mode and the splitting focus the laser down to about 10n as well as to collect the
of the E; mode, which occurred under a hydrostatic pressurescattered radiation. This instrument favors the scattered light
of 50 GPa. to have the same polarization as the incident laser heam
parallel geometry According to the optical measurements
Il. EXPECTED MODE BEHAVIOR by Goel, Skorinko, and Poll&k on RuG, at ambient pres-
. _sure, the imaginary part of the refractive index has a value of
_ In the rutile structure_, the metal ator;s are_located at sitegpout unity near 2 eV. The penetration depth for the laser
with Do, symmetry (2 in the Wyckoff® notation and the  peam s thus about 500 A, and the sampling depth for the

oxygens at sites witlCy, symmetry (4). A factor group  Raman probe is-250 A, since the Raman signal must travel
analysig yields  four ~Raman active modes: pack through the sample.

Ai1gt+Bygt+BygtEy; the additional geradé,, mode is si-
lent. Table | shows the correlation diagram between the
modes of the rutile and Cagktructures, showing the origin V. RESULTS
’ H : 20 .

of the latter’'s six Raman active modes. Trayéral =" enu-
merate the eigenvectors for rutile, and Weber, Graham, and Figure 1 shows a typical ambient-pressure spectrum ob-
McBride!! give the eigenvectors for both rutile and Ca@s  tained in air from a randomly oriented facet on one of the
well as a discussion of the changes anticipated as the phaRuO, crystals. The facet was chosen so that all four modes
transition is approached. were observable. The lines observed here are very close to

Rutile transforms to CaGlvia a zellengleicherrotation  those reported by Huang and Polf&kexcepting theBy4
of the oxygen octahedra aboutcaaxis passing through the mode, which they found as a very weak line at
metal cationg? This distortion has the same symmetry as~97 cm *. We also see this line as being extremely weak,
the (rutile) B;; mode, and the latter softens as one ap-but the frequency is nearly 70 cm higher. Unfortunately,
proaches the phase transition. Moreover, in rutile materialshe B,;; mode, the soft phonon for the phase transition, was
the E4 splitting, defined as the difference divided by the sumtoo weak to observe inside the DAC. Note that there is a
of the two component frequencies, directly relates to thdarge inelastic continuum under the phonon peaks. Such a
orthorhombic lattice distortiofsee Table V of Ref. B Thus,  background is typical for the electronic Raman scattering
we would expect both the soft-mode frequency andEe from an opaque, conducting material.
splitting to be proportional to B—P.)¥? whereP is the We measured the temperature dependencies above room
hydrostatic pressure exerted on the solid. temperature of the lines in Fig. 1, in anticipation of possible



56 RAMAN-SCATTERING OBSERVATION OF THE RUTILE- ... 531
T T T :' T T T T T
3L E 4 Rutile =———= CaCl, B,
g . 4
(526 cm™) 800 | : #/W—_
ww A
L2 e =¥ _
< |
=21 _ . 1% :
= o 700 |- : -
5 g |
° ~ LA /%4 : i
5/ % w :
z 5 [
P Y
5 3
1l B
(715 cm™) 600
A, 1
| Blg (646 cm™)
(165 cm™)
0 L L . L . 1 2 300 . . . M E. | . . . .
200 400 600 800 0 10 20 30

Raman shift (cm™) Pressure (GPa)

FIG. 1. Ambient pressure Raman spectrum from a single-crystal
facet of RuG with mode designations for the rutile structure.

FIG. 2. Plot of phonon frequency vs pressure in BuBee text

for description of mode assignments. The dotted vertical line at 11.8
GPa denotes the transition from rutile to CaCThe dashed lines
anomalous behavior of thB,4 phonon, i.e., an increase in following the data points are the linear regression lines from which
frequency with increasing temperature. No such behaviowe determined the Gneisen parameters.

was seen. All of the modes soften by2% as the tempera-

tured?tr?creased fromf16fto 3%? OCH indicating .thatv?/m?]ienhata for each line in both phases. Note the marked changes in
conditions are very far from the phase transition. We aVeslopes of these lines that occur at the transition pressure. The

not_ done polgrization measurements on oriented c.rys_tals tr?lode assignments on the low-pressure side of the figure are
verify the assignment of thB,, phonon. However, this line for rutile; those on the high-pressure side are for GaCl

was generally weakest when tBe m W tr t . . o o
9 y weakest when tBg mode was strongest, and In Fig. 3 we show the(rutile) Eq mode splitting into

its intensity showed an approximate 90° modulation period : .
when the sample was rotated. Both observations are consi CaCly) Byg andBgg modes. We have tentatively assigned
the lower-frequency peak to thBs;y mode, based on the

tent with B,y symmetry. ! ) ;

At pressures as low as 4.5 GPa, we noticed that some @HiScussion of Weber, Graham, an% McBrildeTh_ey argue,
the RuO, specimens appeared red under white light. Thisollowing the results of Merleet al,” that the sign of the
color change is likely caused by a small, pressure-induceerthorhomb'c distortion likely determines the ordering of the
shift in the optical properties, and it need not be related to thd2g and Bsg modes. Since the sign @& after the phase
structural phase transition. Goel, Skorinko, and Péflalave  transition in RuQ is opposite that ir3-PtO,, we might ex-
found that the reflectivity spectrum of RyChas a sharp pect the ordering of th®,, and B;; modes to also be re-
minimum near 2 eV, which means that small changes in theersed.
optical constants could easily induce an apparent color The changes with pressure shown in Figs. 2 and 3 are
change. reversible when the pressure is lowered. However, some-

The measured pressure shifts of the three strongest lindénes the linewidths broadened after lowering the pressure,
are shown in Fig. 2. The frequencies are determined by fitwhich we attribute to inhomogeneous strain in the pressure
ting each line to a Lorentzian shape, after subtracting thenedium. We were unable to salvage any of the crystal frag-
smooth background. This figure combines results from fouments for further study after a high-pressure run, since the
loadings of the DAC. Each data point represents an averageell depressurized explosively when the gasket seal released.
of two to five spectra obtained at different places on the Finally, in Fig. 4 we plot the square of the splitting vs
samples. The vertical error bars are the standard deviationpgessure. As mentioned earlier, the splitting is proportional
of these averages. The dotted vertical line indicates the trarie the orthorhombic lattice distortiore{s order parameter
sition pressure extracted from our dafsee below. The  We, therefore, anticipate that the splitting will follow Land-
dashed lines are straight line fits to the frequency-vs-pressu@u’s theory of second-order phase transitihshich means
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1 FIG. 4. Plot of the square of the dimensionldsg splitting
Raman Shift (cm™) (defined as the difference between the two frequencies divided by

. their sum vs pressure; the solid line is a linear fit.
FIG. 3. Raman spectra from Rydor a variety of pressures,

expanded so as to see only thg— B,g+ Bgg splitting. A linear . .

background has been subtracted from each spectrum and the intds-that the Ru@ crystals used in the other experiments could

sity has been scaled for readability. be slightly oxygen deficient compared with ours. The work

by Herrero-Fernandez and Chamberfsrah Pt dioxide sug-

it should be proportional toR— P.)Y/2. A least-squares fit of gests that oxygen vacancies tend to stabilize the ¢acCl

our data to this form, shown by the solid line in Fig. 4, givesphase. In3’-PtO, they found that the reduction of O vacan-

P.=11.8+0.3 GPa. If we fit the critical exponenn) along  cies actually changed a normally Ca&itructured com-

with P, we obtainP,=12.1+0.7 GPa anch=0.47+0.06.  pound into one with the rutile structure. If the same mecha-
Table Il gives the Gimeisen parameterg obtained from  hism applies to Ru@, then an increased number of oxygen

the slopes of the phonon-shift versus pressure lines in Fig. ¥acancies in the rutile structure will decrease the transition

These parameters are defined as pressure and thus lower the frequency of the Bgftphonon
as measured under ambient pressure. The concept of small
¥i=(Bo/v;)dy;/dP, (1)  changes in O stoichiometry affecting the structure is well

known for the layered copper-oxide compounds such as
La,CuQ,_, and YB&CuO;_,,*3 but it has yet to be
femonstrated for the rutile-structured metal dioxides.

It is also appropriate to compare our Raman results with

whereBy is the isothermal bulk modulus arRlis the pres-
sure. For the low-pressure rutile phase we use the valu
Bo=270 GPa, measured by Hazen and FirlgeFor the

gigh-prbetssurz é:a%‘tlt_phase tW? rt]ats;t_ima:e t?] VaILFONI?’SO those from IrG,. Of all the metal dioxides that have the rutile
a obtained by fiting a straignt in€ 1o the Cell VOIUME VSqy 0416 and for which Raman data are known, ,li® the

pressure data of Hains anddes® for the CaC}, phase in the o :
range 10—20 GPa. Because of their uncertainty in pressure 8Pmpound most similar to Ruf Both materials have a

+2.5 GPa, the systematic error in the Geisen parameters

for the high-pressure phase may be as large as 35% TABLE II. Gruneisen parameters for the Raman modes of

RUO,.
V. DISCUSSION Rutile structure® CacCl, structure”
There are two significant anomalies in our work comparedAlg 2.19 A 1.21
with earlier results. First, we find a much higher frequencyB2g 213 Big 0.90
for the softB;, mode—165 cm* compared to 97 cm!, g 174 Bag 174

reported by Huang and Polldk.Second, we find a higher
transition pressure for the rutile-to-CaCtransition—11.8

GPa compared to 5.0 GPa, reported by Haines amgi’eA aUsing B,=270 GPa.
possible(and rather speculatiy@xplanation for both effects PUsing B,=350 GPa.

Bag 0.54
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nearly half-filledd-band electronic structure, and their unit-  In addition to the issue of the O stoichiometry, there are
cell parameters are equal to within 0.04%. By mode in  significant differences in the experimental techniques used
IrO, was reported by Huanet al>3to be at 145 cm?, close by us and by Haines and ger that may contribute to the
to our value of 165 cm?. Huanget al3 also described the discrepancies between our results. The x-ray studies used
B1g mode in IrQ, as being very weak and sharp, which is powdered samples, silicone oil for the pressure medium, and
consistent with our results. We found the full-width at half Ag diffraction lines for pressure calibration; whereas we
maximum of theB;; mode at room temperature to be 4.8 used single-crystal samples, argon for the pressure medium,
cm™1, less than half the width of any of the other lines. and ruby fluorescence for the pressure calibration. The dif-
Haines and Lger also observed an additional phase tranference in pressure media is particularly relevant, since
sition from the CaC} structure to the fluorite@®,Fm3m)  Ozaki, Saito, and Kond8 have shown that silicone oil be-
structure. New x-ray diffraction lines appeared at 11.0 GP&omes highly nonhydrostatic at pressures above 0.8 GPa. An
and the unit-cell volume of the new phase, extrapolated to it§1homogeneous strain, producing an orthorhombic distortion
ambient pressure value, was 8.6% below that for the rutil®n some of the grains, would cause tg;-to-D37 phase
structure. The Raman spectrum of fluorite would have dransition to occur at a lower effective hydrostatic pressure.
single, triply degenerate mode. Although a new mode did not
appear above 13.0 GPa in our experiments, this is not proof
of the absence of the fluorite phase. Since DWg-to-O;,
transition is first order, the two phases will coexist over a We are indebted to G. W. Graham for helping to initiate
range of pressures, and tBg; Raman lines should be ob- this work and for participating in its early phases, to B. D.
servable over this coexistence region. The fact thatthe  Poindexter for help in adapting the Raman microscope to the
mode gradually weakened and became unobservable abodeamond anvil cell and for performing the temperature-
30.0 GPa suggests that, indeed, this phase may be disappedependent measurements, and to R. Merlin for the use of the
ing. Alternatively, changes in the material’s electronic struc-diamond anvil cell. One of u$S.S.R) thanks Ford Motor
ture could also explain the decrease in intensity. Company for financial support.
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