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Baddeleyite-Type High-Pressure Phase of TiO,

H. Sat0, S. ENDO,* M. SuGivaMA, T. KIKEGAWA, O. SHIMOMURA,

K. Kusasa

A high-pressure phase of TiO,, which had been observed by shock-wave experiments
and remained unresolved, has been studied by in situ x-ray diffraction. The single phase
was formed at 20 gigapascals and 770°C with the use of sintered-diamond multianvils;
it has the same structure as baddeleyite, the stable phase of ZrO, at ambient
conditions. The coordination number of Ti increases from six to seven across the rutile
to baddeleyite transition, and the volume is reduced by approximately 9 percent.

TUDY OF PRESSURE-INDUCED PHASE
transitions of dioxides provides an un-
derstanding of crystal structure and
bonding and mineral stability in planets.
The TiO, system provides an analog to the
Si0, system; for example, stishovite (a high-
pressure form of SiO,) has a rutile structure.
Many workers have investigated phase rela-
tions in the TiO, system (1). On the basis of
shock-wave experiments, McQueen et al. (2)
reported that TiO, underwent a phase tran-
sition beginning at 33 GPa and terminating
at 100 GPa, accompanied by ~20% volume
reduction. They found that the sample after
compression to 75 GPa was a mixture of
rutile and a-PbO, (columbite)-type struc-
tures. Mashimo et al. (3) observed a strong
dependence of the onset pressure of the
transition on the shock propagation direc-
tion. The transition began at 12.2, 17.0, or
33.7 GPa along the [100], [110], or [001]
axis, respectively. These results were con-
firmed by Syono et al. (4), who reported, in
addition, that this transition terminates at
~70 GPa and that another transition takes
place around 100 PGa. These two transi-
tions were not separately observed by either
McQueen et al. (2) or Al'tshuler et al. (5).
The determination of the crystal structure
of the phase beginning to appear at 12 to 34
GPa has been a problem for a quarter of a
century. The a-PbO, phase in the sample
recovered after compression beyond the
transition pressure cannot be a candidate,
because its volume is only ~2% smaller than
that of rutile (2); the a-PbO, phase has been
assumed to be a metastable modification of
the high-pressure phase, which might have a
structure such as that of fluorite. X-ray stud-
ies at room temperature have shown that no
apparent phase transition occurs up to 18
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GPa (2). However, in studies with a dia-
mond-anvil cell and a laser heating tech-
nique, two different high-pressure phases
were reported (6, 7); one was a hexagonal
phase with volume smaller by 10.5% than
that of rutile at 25 GPa and room tempera-
ture after heating up to ~1000°C (6), and
the other was an orthorhombic phase at 20
GPa after almost the same heat treatment
(7). In this report we describe the in situ
x-ray determination of the crystal structure
of this high-pressure phase.

High pressure and high temperature were
generated with so-called 6-8 type double-
stage multdanvils; sintered-diamond was used
for the second-stage eight anvils (8). The
synchrotron radiation used for the structure

Table 1. Observed (obs) and calculated (calc) x-
ray diffraction data of TiO, at 20.3 GPa and
room temperature. The sample was heated at
770°C for 30 min and then quenched to room
temperature while at 20.3 GPa. Monoclinic cell
parameters ~ were  determined to  be
a=464%001 A b=476+001 A
c=481+001 A B=992+04° Z=4,
and V'=104.8 =05 A3 by the least-square
method.

dy, Baddeleyite type
&) i & K k1
3.37 3.36 0 1 1
3.32 3.30 1 1 0
2.858 2.869 1 1 T
2.588 2.574 1 1 1
2.357 { 2.378 0 2 0
2.376 0 0 2
2.281 2.289 2 0 0
1.987 2.000 2 1 T
1.984 1 2 T
1.982 1 0 2
1.834 1.830 1 1 2
1.803 1.799 2 0 2
1.691 1.681 0 2 2
1.660 1.649 2 2 0
{ 1.639 1 2 )
1.629 1.617 2 2 T
1.532 1.526 3 0 0
1.503 0 1 3
1.494 1.498 1 3 0
1.497 1 1 3
1.453 3 1 1
1.440 [ 1.451 1 3 1
1.435 2 2 2

SCIENCE, VOL. 251



0(110)

L |
Pt Ka
M
Dia(111l)
+Mo(200)

Fig. 1 (A) X-ray diffraction pattern
of TiO, at 20.3 GPa and room
temperature after heating at 770°C
(26 = 4.5°). The diffraction lines of
the materials constituting the cell
(the graphite heater and molybde-
num eclectrode) and the sintered

o
(111)
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diamond anvils also appear in the

5 2 "o pattern. (B) Diffraction lines with
5 ) et calculated d-values for the mono-
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=3 38 X A Nw~ SIo clinic baddeleyite-type  structure
ez 3% % 03 ey 8 Rk listed in Table 1 and with the same
i dl TR | T intensities as baddeleyite (ZrO,)

20 40 60 80 100 (16).
Energy (keV)

determination was sufficiently intense for a
diffracted beam to pass through the sintered
diamond anvil containing Co metal as a bind-
er. Analysis was by energy-dispersive diffrac-
tometry. The starting material was a powder
sample obtained by grinding a single crystal
of rutile with 99.99% purity (synthesized at
Nakazumi Crystal Laboratory).

In a room-temperature experiment, some
diffraction lines in addition to the x-ray
pattern of rutile began to appear at ~12
GPa, and the intensities of these new lines
became greater than those of the remaining
rutile lines at 20 GPa. The sample released
from pressure was a mixture of rutile and
a-PbO, phase. In another run, the sample
was heated at 770°C for 15 min at 20.3
GPa. The lines of the rutile phase disap-
peared completely, and only the new lines
were observed. Some of the broad new lines
observed in the room-temperature experi-
ment became two or three sharp lines, with
heating. The pattern of the sample at 20.3
GPa after cooling to room temperature (Fig.
1A) was almost the same as that at 770°C.
We increased the pressure of the sample to
25 GPa and heated it again to 670°C, but
observed no appreciable change in the x-ray
pattern. The pattern of the sample brought
back to ambient conditions was identified as
a-PbO, phase and a small amount of rutile.

The pattern of Fig. 1A was used to deter-
mine the crystal structure. In this pattern
there is no single (111) diffraction line char-
acteristic of the fluorite structure, which
might be expected as a post-rutile phase.
Instead, there are two lines, which are as-
sumed to be the (111) and (11T) lines of a
monoclinic lattice. The pattern of the high-
pressure phase is most similar to that of
baddeleyite (space group P2,/c), the stable
phase of ZrO, at ambient conditions (Table
1 and Fig. 1B). The uniform pressure and
temperature generated with the multianvil
system enabled the formation of a single
phase, and the large sample volume (1.0 mm
in diameter and 0.6 mm in thickness) con-
tributed to the quality of x-ray patterns.
Although the present pattern resembles
closely the one obtained by Ming and
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Manghnani (7) using a diamond cell, they
did not observe the two weak (011) and
(110) lines in the low-energy region (Fig.
1), and this resulted in the incorrect deter-
mination of the crystal structure. The pat-
tern by Liu (6) is significantly different from
ours at 20 GPa and 25 GPa.

The volume reduction accompanying the
transition from the rutile to the baddeleyite
phase at 20.3 GPa is about 9% (Fig. 2) on
the basis of available data on rutile (4, 9, 10).
This value at the transition could not be
determined definitely in the shock-wave ex-
periments, in which the transition extended
over a wide pressure range.

Many investigators have supposed that
the high-pressure phase of TiO, has a fluo-
rite structure, in which a Ti atom is coordi-
nated by eight O atoms. Our data, however,
clarify that it has the structure of baddeley-
ite. Baddeleyite is considered as one of the
distorted fluorite structures, and in it, the Ti
atoms are coordinated by seven O atoms

19 T T L T
i Rutile
.- *
a-PbO, \‘3‘0
3 18 ‘\‘?\\ ]
~E. ..
()
E
s
[
5 17 F j
s J
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2
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. - 1 1 1
0 5 10 15 20 25

Pressure GPa

Fig. 2. Molar volumes of the rutile (@) and
baddeleyite (A) phases of TiO, as a function of
pressure at room temperature. X-ray data by Sato
(9) (O) and Ming and ManEhnam (®) (10) for
the rutile phase are shown; their highest pressure
data only are shown, and molar volume was
calculated from the relative volume change.
Hug}onio data by Syono et al. (4) are represented
by the dashed line. The volume of a-PbO, phase
in the pressure-released sample is shown by the
solid square.
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Fig. 3. Hypothetical phase diagram of TiO,. The
rutile-a-PbO, boundary is from (14), and the
stability range of a-PbO, phase is inferred from
datain (7), (12), and (13). Triangles represent our
data on the formation of the baddeleyite phase.

20 25

(11). At ambient conditions, HfO, also has
this structure; thus, the dioxide of Ti under
pressure takes the ambient-pressure struc-
ture of the dioxides of Zr and Hf, which are
in the same group as Ti (IVA) but have
larger ionic radii.

Jamieson and Olinger (12) observed the
transition from rutile to the a-PbO, phase
at 10.6 GPa and 400°C. On the basis of
Raman study, Mammone et al. (13) report-
ed that a small amount (10 to 20%) of
a-PbO, phase was formed from rutile at
about 7 GPa and room temperature. Ming
and Manghnani (7) also observed this tran-
sition at ~1000°C at a pressure between 9
and 18 GPa. If the a-PbO, phase is stable in
a limited pressure-temperature range, as
these results indicate, the following se-
quence of phases is likely as pressure in-
creases: rutile > a-PbO, type — baddeley-
ite type. A hypothetical phase diagram of
TiO, is shown in Fig. 3. The boundary
between the rutile and a-PbO, phases is
based on the experimental result by Akaogi
et al. (14). The boundary between the
a-PbO, and baddeleyite phases is tentatively
drawn as passing through the point 12 GPa
and 25°C, at which we observed the onset of
the formation of the baddeleyite phase.
However, the observation that rutile directly
transformed to the baddeleyite phase seems
to contradict the relations shown in the
hypothetical diagram. We attribute this ob-
servation to the extreme sluggishness of the
rutile > a-PbO, phase transition at room
temperature. Akaogi et al. (14) and Mam-
mone et al. (13) reported that this transition
occurred slowly below 800°C. The presence
of the a-PbO, phase in the samples recov-
ered from 20 and 25 GPa indicates that the
baddeleyite phase was transformed back to
the a-PbO, phase on decompression but
that the a-PbO, phase was scarcely trans-
formed back to rutile. The reverse transition,
a-PbO, — rutile, must be sluggish, too.
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This notion is consistent with the descrip-
tion by McQueen et al. (2), that the meta-
stable a-PbO, phase at ambient conditions
was transformed back to rutile by heating at
400°C. The rutile = a-PbO, type transition
may be a reconstructive-type transition with
large atomic displacement (15).

Thus, our work indicates that the first
transition observed by Syono et al. (4) cor-
responds to the formation of the baddeleyite
phase and that the second transition, around
100 GPa, may correspond to the pressure-
induced transition already observed in
ZrO,.
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Endothelial Expression of a Mononuclear Leukocyte
Adhesion Molecule During Atherogenesis

MyRoON I. CYBULSKY* AND MICHAEL A. GIMBRONE, JR.

An inducible rabbit endothelial adhesion molecule that is selective for mononuclear
leukocytes has been identified. This adhesion protein was expressed on the surface of
activated cultured endothelium in two forms, 118 and 98 kilodaltons, the amino-
terminal sequence of each being highly homologous to human VCAM-1. In dietary
hypercholesterolemic and Watanabe heritable hyperlipidemic rabbit models of athero-
sclerosis, this adhesion molecule was found to be expressed in a localized fashion by
aortic endothelium that overlies early foam cell lesions. This lesion-localized expression
suggests a potential endothelium-dependent mechanism for mononuclear leukocyte
recruitment during atherogenesis and may provide a molecular marker for early

atherosclerosis.

HE PATHOGENESIS OF AN ATHERO-

sclerotic plaque is a complex and

chronic process that involves the fo-
cal accumulation of lipid, leukocytes,
smooth muscle cells, and extracellular matrix
in the intima of large arteries. Adherence of
circulating monocytes and lymphocytes to
the arterial endothelial lining is one of the
carliest detectable events in human and ex-
perimental atherosclerosis (7). The subse-
quent transendothelial migration of these
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adherent leukocytes, their accumulation in
the intima, transformation of monocytes
into lipid-engorged “foam cells,” and secre-
tion of cytokines and growth factors are
important events in the initiation and pro-
gression of atherosclerotic plaques (1). As
atherosclerotic plaques increase in size,
mononuclear leukocyte recruitment contin-
ues to be evident, predominantly at the
plaque borders (1, 2). The localized nature
and mononuclear leukocyte specificity of
these cellular interactions may, in part, be a
consequence of changes in the adhesive
properties of the endothelial surface that
involve the expression of “ATHERO-
ELAMs” (inducible endothelial-leukocyte

adhesion molecules that are expressed in
atherosclerotic plaques). With the use of an
in vitro cell culture model and a monoclonal
antibody (MADb) strategy, we have now
identified, immunochemically characterized,
and purified a protein from lipopolysaccha-
ride (LPS)-activated rabbit endothelial cells
(ECs) that functions as a mononuclear leu-
kocyte—selective adhesion molecule. The lo-
calization of this molecule in developing
atherosclerotic lesions suggests a potential
pathogenic role.

We searched for ATHERO-ELAMs in
the rabbit because dietary and heritable
models of atherosclerosis are well described
in this animal (3). We established EC cul-
tures from the aorta and inferior vena cava
of normal New Zealand White rabbits (4) in
order to study leukocyte-EC interactions.
Treatment of ECs with bacterial endotoxin
(LPS) induced a protein synthesis—requiring
hyperadhesive surface change, which was
quantitated (5) with cells of the U937 hu-
man myelomonocytic line (6) (Fig. 1, A and
B). MAbs were generated to LPS-activated
ECs (7), and we selected three of these
antibodies—which are designated Rb1/9,

A =—a po EC |B

§% 2f o—s IVC EC |
'g £ 7 Control
£6 Hl CHX
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2 ]
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Fig. 1. U937 cell adhesion (A and B) and specific
MAD binding (C and D) to EC monolayers
(passage 2) derived from the aorta (Ao) and
inferior vena cava (IVC) of the same New
Zealand White rabbit. Activation of ECs with
LPS (Escherichia coli; 1 pg/ml) increased both
U937 cell adhesion (A) and MAb binding (C) in
a time-dependent manner. The binding profile of
MADb Rb1/9 was similar to the EC adhesive
change for U937 cells, whereas Rb2/3 recognized
a surface epitope with higher basal expression and
a sustained LPS-induced expression. Rb2/4 bind-
ing was virtually identical to that of Rb1/9 (12).
Cycloheximide (CHX) (10 pg/ml) abolished the
LPS-induced increase in U937 cell adhesion (B)
and Rbl1/9 cell surface binding (D) during a
5-hour incubation of IVC ECs with LPS. CHX
did not affect either the integrity of EC monolay-
ers or the binding of MAb Rb2/13 (specific for an
abundant constitutive EC antigen) (D, inset). In
each case, data points represent the mean + SD of
quadruplicate measurements.

Cell surface binding
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