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Phase transitions of BaSi2 at high pressures and high temperatures
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In situ x-ray diffraction measurements reveal that BaSi2 has three high-pressure, high-temperature phases: a
trigonal, a cubic, and an additional phase, at pressures up to 7 GPa and temperatures up to 1300 K. The trigonal
phase exists at lower temperatures than previously reported, and the additional phase appears in the pressure-
temperature region reported as the trigonal region previously. The structures that appear at high pressures are
the same as those at ambient conditions of the other alkaline-earth-metal disilicides with a smaller atomic
number metal. This is different from structural sequence for pure elements or forAB2-type compounds such as
dioxides of 4A group elements.@S0163-1829~98!07841-2#
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INTRODUCTION

Silicides have attracted attention as potential constitue
of microelectronic and optoelectronic devices. Some silici
can have different crystal structures from the stable on
ambient conditions, and the electrical properties are dep
dent on their structure. BaSi2 has three crystallographi
forms at ambient conditions: orthorhombic, cubic, a
trigonal.1–4 Recently, it has been shown that the electri
properties strongly depend on the crystal structure: ort
rhombic and cubic BaSi2 are semiconductors, and trigon
BaSi2 is a metal which shows superconductivity with an o
set temperature of 6.8 K.5–7

The orthorhombic form is stable at ambient condition
and the others are metastable.4 The metastable phases a
synthesized by subjecting orthorhombic BaSi2 to high-
pressure, high-temperature conditions and subsequentl
turning it to ambient conditions rapidly~called quench ex-
periments hereafter!.2–7 Evers used this technique t
construct a pressure-temperature(p-T) diagram of BaSi2 in
the temperature range from 773 to 1273 K and press
range from 0 to 4 GPa, assuming that both observed ph
are high-pressure, high-temperature phases, and
quenched without a change in their structures.4 Recentin situ
x-ray diffraction studies have confirmed that both the trig
nal and the cubic phases exist as high-pressure, h
temperature phases, and are quenched without a chan
their structures.8 The p-T diagram of BaSi2 is, however, still
unclear. Thep-T conditions where the trigonal phase appe
in the in situ experiments~5.2 GPa, 673 K! are consistent
with those of our previous quench experiments,5–7 but the
temperature is much lower than that estimated from Ev
phase diagram. Since the previousin situ experiments were
carried out only at 5.2 GPa and temperatures from 300
873 K, further investigation in a widerp-T region is still
needed to clear thep-T diagram of BaSi2.

In this study, thep-T diagram of BaSi2 is investigated by
the in situ x-ray diffraction technique at pressures up to
PRB 580163-1829/98/58~18!/11922~5!/$15.00
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GPa and temperatures up to 1300 K. The observed struc
sequence at high pressures is discussed in comparison
those known already for the elements and otherAB2-type
compounds.

EXPERIMENT

Details of the experiments have been describ
previously.8 High pressures were applied using the multia
vil high-pressure apparatus MAX80, which is installed in t
beam line of the TRISTAN accumulation ring~AR-NE5! at
the National Laboratory for High Energy Physics.9,10 Pow-
dered orthorhombic BaSi2, the starting sample, was loade
into a h-BN capsule and the capsule was set in the cente
the boron-epoxy pressure transmitting medium.8 Tempera-
ture was measured by an alumel-chromel thermocouple
tached to theh-BN sample capsule. Pressure was evalua
from the lattice constant of an NaCl internal pressu
marker.11 X-ray diffraction patterns were measured by
energy dispersive method using synchrotron radiation fr
the bending magnet. X-ray diffraction patterns of CaSi2 and
SrSi2 at high temperatures were measured under He at
sphere with the conventional angle dispersive method us
a CuKa line.

RESULTS

When BaSi2 is compressed up to 7.1 GPa at room te
perature, the orthorhombic phase shows no phase transi
only the positions of the diffraction peaks shift to lowerd
values and the peak widths become broader. When
sample is heated at 0.8 GPa, it shows no phase transitio
to 873 K.

Figure 1 shows x-ray diffraction patterns of BaSi2 for
various temperatures at 5.2 GPa. BaSi2 undergoes the
orthorhombic-trigonal transition at 673 K and the trigona
cubic transition at 873 K, as reported in Ref. 8. The trigon
cubic transition is sluggish. At 973 K, a large part of th
sample transforms into the cubic phase, but the trigo
11 922 ©1998 The American Physical Society
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phase still remains. When the sample is heated up to 107
there appears another phase that is different from both
cubic phase and the trigonal phase. Its crystal structure
not been determined yet. We shall refer to it subsequentl
BaSi2-IV. Details of BaSi2-IV are under investigation. A
similar series of phase transitions was observed when or
rhombic BaSi2 was heated at about 3 and 4 GPa.

At 7.1 GPa, orthorhombic BaSi2 transforms into trigonal
BaSi2 at 723 K. When the sample is further heated, the tri
nal phase transforms into BaSi2-IV. The cubic phase doe
not appear upon heating at this pressure.

Figure 2 shows thep-T diagram of BaSi2. In the p-T re-
gion investigated, BaSi2 has three high-pressure, high
temperature phases: trigonal, cubic, and BaSi2-IV.The ortho-
rhombic phase, which is stable at ambient conditions, ex
over a wide pressure range at temperatures below 673 K
pressures from 2.9 to 5.2 GPa, heating induces a se
of phase transitions: orthorhombic→trigonal→cubic
→ BaSi2-IV. When heated at 7.1 GPa, BaSi2 undergoes the
following phase transitions: orthorhombic→trigonal
→BaSi2-IV; the p-T region for the cubic phase disappears
this pressure. The presentp-T regions for cubic and trigona
BaSi2 are consistent with those for quench experiment s
thesis done previously by our group,5–7 as shown by the
solid square and triangle in Fig. 2. The broken lines sh
phase boundaries determined by Evers with quench sam
at temperatures from 773 to 1273 K and pressures from
4.4 GPa.4 The p-T regions for the orthorhombic and the c
bic phases are consistent with the diagram of Evers. On
other hand, thep-T region for the trigonal phase is differen
We find the trigonal phase at temperatures above 40
lower than those where Evers synthesized the trigo
samples. Furthermore, we observe BaSi2-IV in the p-T re-
gions where Evers synthesized trigonal BaSi2.

Figure 3 shows the volume per formula unit of BaSi2 as a

FIG. 1. X-ray diffraction patterns of BaSi2 for various tempera-
tures at 5.2 GPa. The symbol ‘‘B’’ represents reflections from the
h-BN sample capsule.
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function of temperature. When BaSi2 is compressed to 7.1
GPa at room temperature, its volume decreases by 17%
the orthorhombic-to-trigonal transition for a given pressu
the volume decreases by a large amount~7% at 5.2 GPa!. On
the other hand, the volume increases by a small amoun
the trigonal-to-cubic transition~1% at 5.2 GPa!. The volume
of the cubic phase is about 1% larger than that of the trigo
phase also in the region of coexistence.

DISCUSSION

BaSi2 undergoes the phase transitions when heated at
pressures. The resultant high-pressure, high-tempera
phases are quenched to the ambient conditions. Furtherm
it is reported that both the cubic and the trigonal pha
return to the orthorhombic phase when heated at atmosph
pressure.4 These facts suggest that the high-pressure, h
temperature phases are quenched as metastable phase
the energy barriers for the transitions from the high-press
high-temperature phases to the orthorhombic phase are
compared with room temperature. We think the energy b
riers for the orthorhombic to high-pressure, high-temperat
phase transition are also large. When BaSi2 is compressed a
room temperature, the diffraction peak height becomes lo
and the width becomes broader. When heated at high p
sures, the height becomes higher and the widths become
rower. This suggests that compression distorts BaSi2 inho-
mogeneously, and heating relaxes this inhomogene
distortion. It means BaSi2 needs higher temperature tha
room temperature even in order to relax distortion. The

FIG. 2. Pressure-temperature diagram of BaSi2. At the p-T con-
ditions where two phases are observed, the size ratio of symbo
proportional to the intensity ratio of the strongest lines in the d
fraction pattern. The solid square and the solid triangle show
p-T conditions where the cubic and the trigonal phases were s
thesized with our quench experiments, respectively~Refs. 5–7!.
The solid lines are visual guides. The broken lines are phase bo
aries determined by Evers~Ref. 4!.
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fore, BaSi2 is expected to need higher temperature to
dergo phase transitions where atomic configuration chan
more drastically. Thus we think pressure changes stabilit
the phases, and temperature plays an important role to o
come the energy barriers for the transitions. Probably thi
a reason why BaSi2 shows the phase transitions when heat

The present results show that the structure of Ba2
changes from orthorhombic to trigonal and cubic at h
pressures, and that the cubic phase disappears but the
nal phase remains at the highest pressure of our experim
The structure of cubic BaSi2 is the same as that of stab
phase of SrSi2 at ambient conditions.3,4 The structure of
trigonal BaSi2 consists of layer-by-layer packing in whic
corrugated Si hexagonal layers alternate with hexagona
layers along the@001# direction,2,4 and this is the same as th
structure of stable phase of CaSi2 at ambient conditions ex
cept for a small difference in the stacking sequence of
metal and Si layers.12 This means that, in BaSi2, the struc-
tures that appear at high pressures are the same as tho
the other alkaline-earth-metal disilicides with a smal
atomic number metal. On the other hand, it is known that
element at high pressures transforms into the structure
elements with a larger atomic number in the same group.13,14

For example, in the case of 4A group elements, C with the
graphite-type structure transforms into the diamond-ty
structure at high temperature and high pressure, Si and
with the diamond-type structure transform into theb-Sn-type
structure at high pressure, and Sn has theb-Sn-type structure
at room temperature and atmospheric pressure. Although
investigation on structural sequence of compounds at h
pressures is scarce, this relationship is observed als
AB2-type compounds such as the dioxides of 4A group ele-
ments: SiO2,

15–17GeO2, SnO2,
18,19and PbO2.

20,21Therefore,

FIG. 3. Volume per formula unit of BaSi2 at various pressure
temperature conditions. Solid squares and triangles are the a
spheric pressure volume per formula unit of SrSi2 with the cubic
structure and CaSi2 with the trigonal structure, respectively. Th
broken and dotted lines are visual guides.
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the structural sequence of BaSi2 at high pressures is differ
ent, in fact opposite, from the structural sequence kno
already in elements or other binaryAB2-type compounds.

The solid triangles and squares in Fig. 3 represent
atmospheric pressure volumes of CaSi2 and SrSi2, respec-
tively. Since the atomic volumes of Sr and Ca are ea
smaller than that of the Ba atom, the replacement of Ba w
Sr and Ca should reduce the volume of the silicides. Ind
we observe that the volumes of SrSi2 and CaSi2 are smaller
than that of orthorhombic BaSi2 at atmospheric pressure. Th
volume of SrSi2 is in the volume region where cubic BaSi2 is
observed and that of CaSi2 is in the region where only trigo-
nal BaSi2 is observed. The same structure is, therefore,
served at the same volume in the alkaline-earth metal di
cides regardless of the kind of alkaline-earth metals.

Table I lists interatomic distances of the three know
polymorphs of BaSi2,

5 SrSi2,
22 and CaSi2 ~Ref. 23! at atmo-

spheric pressure. It shows that for the three polymorphs
BaSi2, the interatomic distance between Ba atoms and
between Ba and Si atoms change greatly compared with
between Si atoms. Comparison among orthorhombic Ba2,
SrSi2, and CaSi2 shows the same tendency: the metal-me
and metal-Si distances change largely while the Si-Si d
tance almost remains unchanged. Therefore, changes in
interatomic distances by replacement of Ba with Sr and
are similar to the changes made during the phase transit
of BaSi2 at high pressures and high temperatures. Among
alkaline-earth-metal disilicides, the decrease of metal-m
and metal-Si distances seems to reflect the reduction
atomic volume of the alkaline-earth metal, because
atomic volume of the metal decreases in that order. The
fore, the decrease of Ba-Ba and Ba-Si distances observe
polymorphs of BaSi2 can be considered as the reduction
atomic volume of Ba atoms by pressure. It indicates that
atoms are compressed selectively at high pressures. A
tionally, Fig. 3 shows that the same structure appears at
same volume. We believe, therefore, that the reduction of
Ba atom volume by pressure alters the interaction betw
atoms, and causes structural change when the Ba atom
ume goes below some value.

The small change of the Si-Si distance is interpreted
follows. Each structure has a characteristic Si atomic c
figuration: tetrahedra in the orthorhombic structure, a thr

TABLE I. The interatomic distances in the three phases of Ba2

~Ref. 5!, in SrSi2 ~Ref. 22!, and in CaSi2 ~Ref. 23! at atmospheric
pressure. The numbers in parentheses are average interatomi
tances.

Metal-Metal Metal-Si Si-Si

Orthorhombic 4.25–4.76 2.95–3.68 2.32–2.47
BaSi2

a ~ave. 4.52! ~ave. 3.47! ~ave. 2.40!
Cubic BaSi2

a 4.11 3.37 2.45
Trigonal BaSi2

a 4.05 3.28 2.45
SrSi2

b 4.00 3.25 2.39
CaSi2

c 3.86 3.01–3.03 2.45
~ave. 3.01!

aReference 5.
bReference 22.
cReference 23.

o-
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dimensional network in the cubic structure, and corruga
hexagonal layers in the trigonal structure. Analysis of x-r
diffraction patterns of orthorhombic BaSi2 with the maxi-
mum entropy method revealed that a Si tetrahedron has f
centered bonding charge and Ba atoms make no bond
other Ba atoms.24 Ab initio calculations of the electronic
structure of CaSi2 with the same structure as trigonal BaS2
show that a Si atom forms three covalent bonds with th
neighboring Si atoms.25 Although the charge density distr
bution in trigonal BaSi2 has not been quantified, it is prob
ably similar to that of CaSi2 because both have the sam
structure. These facts suggest that a Si atom forms s
kinds of covalent bonds with neighboring Si atoms in t
polymorphs BaSi2. Covalent bonds have lower compressib
ity than metallic bonds generally. In fact, the bulk moduli
alkaline-earth-metal elements@8.93 GPa for Ba, 11.83 GP
for Sr, and 17.4 GPa for Ca~Ref. 26!# are much smaller than
that of Si ~97.88 GPa!,27 which is covalently bound. There
fore, covalent bonds between Si atoms are the reason
the change of Si-Si distance is smaller than that of me
metal distance.

Finally, we consider how pressure affects the structure
elements and otherAB2-type compounds, and compare
with BaSi2. In pure elements, the pressure is expected
affect all atoms equally because the solid consists of o
one kind of atom. Since amongAB2-type compounds, the
structural sequence of dioxides of 4A group elements are
well investigated, we compare it with BaSi2. The structure of
4A group dioxides can be represented by packing of one t
of unit.28,29 The 4A group-element atoms are surrounded
oxygen atoms and the resultant cluster is a polyhedron w
the oxygen atoms are at its corners. The polyhedra are jo
by a shared corner or a shared edge. For example,a-quartz
has a Si-centered tetrahedron as a unit and the tetrahedr
joined by a shared corner. The rutile-type structure, whic
a form of the high-pressure phase of SiO2 and low-pressure
phase of GeO2, SnO2, and PbO2, has an Si-centered octah
dron as a unit and these are connected at a shared ed29

Since the structure can be regarded as packing of one typ
g
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unit and the unit contains both 4A group-element and oxyge
atoms, pressure is expected to affect both kinds of atom
almost the same way. On the other hand, BaSi2 is considered
to consist of two types of units: Ba atoms, and Si units
either the tetrahedra, the three-dimensional network, or
corrugated layers of the three forms. Pressure affects the
kinds of units in different ways: Ba atoms are compress
more than the Si units under pressure. Therefore the resp
of the structure to compression in BaSi2 is expected to be
different from that in the elements and otherAB2-type com-
pounds such as the 4A group dioxides. For this reason, th
observed structural sequence of BaSi2 at high pressures is
found to be different from the structural sequence kno
already for elements and otherAB2-type compounds.

CONCLUSION

The in situ x-ray diffraction technique shows that BaS2
has three high-pressure, high-temperature phases at pres
up to 7 GPa and temperatures up to 1300 K. The trigo
phase exists at temperatures lower than those reporte
Evers and an additional phase, BaSi2-IV, exists at thep-T
region which was reported as the trigonal region. The det
of BaSi2-IV are under investigation. The observed structu
sequence at high pressures is different from that known
ready in the elements and otherAB2-type compounds. We
conclude that this is due to the fact that the same structu
observed at the same volume in the alkaline-earth-meta
silicides regardless of the kind of alkaline-earth metals.
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