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BaSis-type disilicides and digermanides hold great promise for solar-cell applications, but their
structural stability and phase transition mechanisms remain unresolved. Here we present ab initio
calculations of pressure induced structural phase transitions of BaSiz, BaGez and SrGes and show
that Si-tetrahedra in orthorhombic BaSis tend to convert to corrugated layers in the trigonal phase
under high pressure with bond breaking along the b-axis, and a three-dimensional Si-net in the cubic
phase is stabilized energetically at low pressure. The orthorhombic semiconductor to trigonal metal
conversion is also preferred for SrGes by both energetics and kinetics. However, Ge-tetrahedra in
BaGes tends to convert to a ThSis-type tetragonal net with bond breaking around the c-axis. The
kinetic barriers are large for both the reaction (~0.43 eV under compression) and counterreaction
(~0.39 eV under decompression) for BaSiz, which explains the stability of the trigonal and cubic
phases at room temperature and the high-temperature requirement for the phase transitions.

PACS numbers: 61.50.Ks, 62.50.-p, 64.70.kg

BaSis-type disilicides and digermanides BaSiy, SrSis,
BaGes, and SrGes are semiconductors with larger
band gaps of 0.9~1.3 eV and high optical absorp-
tion coefficients,’™ which make them ideal candidates
as silicon-based solar cell materials. Great interest
in these materials has been reignited by recent suc-
cess in preparing well-crystalline a-axis-oriented BaSis
and Baj_,Sr,Sis epitaxial films on Si(111) and Si(100)
substrates.® ' It was demonstrated that the electronic
band gap can reach the ideal value of approximately
1.4 eV by replacing half of the Ba atoms with iso-
electric Sr atoms.® Meanwhile, there are a rich variety
of pressure-induced structural phase transitions similar
to those observed in Si and Ge.!!' At ambient condi-
tions, BaSis, BaGes, and SrGes all adopt the BaSis-
type orthorhombic structure, but SrSis has the SrSis-
type cubic structure.!? 12 Under high-pressure and high-
temperature (HPHT) conditions, orthorhombic BaSis
transforms into SrSis-type cubic and EuGes-type trigo-
nal structure,?® 22 and the trigonal phase can exist at
ambient conditions, showing a metallic and supercon-
ducting behavior.?? On the other hand, orthorhombic
BaGey; and SrGes?* 26 transform into tetragonal and
trigonal structure, respectively. Each phase of disili-
cides and digermanides is characterized by an unique
three-connected Si or Ge configuration: isolated tetrahe-
dra in the orthorhombic phase, two-dimensional three-
connected (2D3C) corrugated layers in the trigonal
phase, and three-dimensional three-connected (3D3C)
nets in both cubic and tetragonal phases. As far as we
know, a metallic phase formed under high pressure rarely
exists at atmospheric pressure and room temperature.
Past studies have explored the electronic, thermoelectric
and optical properties of these materials,2” 2 but the

more complicated and important atomistic mechanisms
for the phase stability and pressure induced phase trans-
formations remain unresolved.

In this paper, we present a comprehensive study on the
phase stability and transition of BaSis compared with
BaGes and SrGe; under a wide pressure range of 0 ~
10 GPa. We examine the energetics and kinetics that
govern the phase stability and drive the structural con-
version. In particular, we identify the pathways from the
tetrahedra configurations in the orthorhombic phase to-
ward the 2D3C corrugated layers in the trigonal phase
and the 3D3C nets in the cubic phase with the Si-Si
bond breaking and reconstruction parallel to the 5[010]
axis. The Si-tetrahedra in orthorhombic BaSis convert
to corrugated layers dynamically under high pressure,
which further convert to 3D3C cubic net under low pres-
sure (< 7 GPa) driven by energetics. Direct conver-
sion from the orthorhombic (semiconductor) to trigonal
(metal) structure is also favored for SrGey by both en-
ergetics and kinetics. Moreover, Ge-tetrahedra in BaGes
tend to form 3D3C tetragonal net structure with bond
breaking and rebonding around the ¢[001] axis. Pressure
plays a key role in enhancing the high-pressure phase
stability, but it has little effect on the conversion bar-
rier. The large counterreaction barriers (~0.39 eV) are
comparable to the compression process reaction barriers
(~0.43 eV) for BaSiy, which explains the high stability of
the HPHT metastable (cubic or trigonal) phases at room
temperature and the requirement of high temperature for
the phase transitions,?° in contrast to low-kinetic-barrier
cold-compressed phase transitions in Si and Ge.!!

Our calculations are carried out using density func-
tional theory as implemented in the Vienna ab initio sim-
ulation package (VASP)3Y with the spin-polarized gener-



TABLE I: Calculated equilibrium lattice parameters a,b,c
(in A),volume (in A® per atom), and bulk modulus (By in
GPa) for BaSiz, BaGez and SrGez in orthorhombic (ort), cu-
bic (cub), tetragonal (tet), and trigonal (tri) symmetry at 0
GPa, compared to available experimental data.'” 19:22:24:25

Phase Method a (A) b (A) ¢ (A) Wy (A%) By (GPa)
BaSiz-ort Cal 9.224 6.827 11.716 30.78  28.23
Exp!®?? 8.942 6.733 11.555 28.99  27.94
BaSip-tri  Cal 4.102 4.102 5.445 26.41  44.46
Exp'® 4.047 4.047 5.330 25.21
BaSiz-cub Cal 6.820 6.820 6.820 26.43  48.24
Exp'® 6.715 6.715 6.715 25.24
BaSio-tet  Cal 4.736 4.736 14.287 26.71  40.84
BaGey-ort Cal 9.471 6.942 11.861 32.53  25.14
Exp?* 9.078 6.829 11.653 30.10
BaGey-tri Cal 4.344 4.344 5435 29.59  38.60
BaGez-cub Cal 7.088 7.088 7.088 29.68  38.31
BaGea-tet Cal 4.882 4.882 15.031 29.86  35.64
Exp?®  4.769 4.769 14.737 27.93
SrGeg-ort Cal 9.058 6.674 11.351 28.61  29.12
Exp'”  8.739 6.567 11.215 26.82
SrGeo-tri  Cal 4.204 4.204 5256 26.83  41.50
Exp'® 4.104 4.104 5.165 25.11
SrGez-cub Cal 6.887 6.887 6.887 27.23  41.62
SrGea-tet  Cal 4.693 4.693 14.716 27.01  39.78

alized gradient approximation.?’ The all-electron projec-
tor augmented wave (PAW) method3? was adopted with
45%4p55s2 for Sr, 5525p%6s% for Ba, 3s523p? for Si, and
3d194524p? for Ge treated as valence electrons. A plane-
wave basis set with an energy cutoff of 500 eV was used.
The phase conversion barrier was calculated using a gen-
eralized solid-state nudged elastic band method®? with
the cell and atomic position optimization. Forces on the
ions are calculated through the Hellmann-Feynman theo-
rem allowing a full geometry optimization. Convergence
criteria employed for both the electronic and the ionic
relaxation were set to 1075 eV and 0.02 eV/A for energy
and force, respectively.

We first discuss the energetic stability of silicides and
germanides. The results show that the most favorable
structures are orthorhombic with relatively large volumes
of 30.78, 32.53, and 28.61 A3 per atom for BaSis, BaGes,
and SrGeq [see Fig. 1(a,c,e)], respectively. Meanwhile,
the second stable phases have distinct cubic, tetragonal,
or trigonal structures with a relatively small volume of
26.43, 29.86, and 26.83 A® per atom. Upon compres-
sion, for BaSiy as shown in Fig. 1(b), the cubic structure
becomes more stable than the orthorhombic structure
at 1.9 GPa, and the trigonal structure becomes more
stable than the cubic structure above 7.2 GPa. The
larger enthalpy change between the orthorhombic and
cubic phases shows a strong pressure dependence with a
large volume change, while the small enthalpy change be-
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FIG. 1: (color online) Energy versus volume per atom for
BaSiz (a), BaGes (c), and SrGez (e). Enthalpy per atom ver-
sus pressure for BaSiy (b), BaGez (d), and SrGe: (f), relative
to that of BaSis-type orthorhombic structure. The BaSiz-
type orthorhombic (ort), SrSis-type cubic (cub), a-ThSis type
tetragonal (tet) and EuGez-type trigonal (¢ri) phases are in
D3%-Pnma, O°-P4332, D}3-I41/amd, and D3;-P3m]1 sym-
metry, respectively. The enthalpy of CaSia-type structure (tr6
in R3m syl(nl(netry)22 is shown for comparison.

tween the cubic and trigonal phases has a corresponding
small volume change (see Table I). On the other hand,
for BaGey and SrGey as shown in Fig. 1(d,f), no stable
cubic phase exists up to 10 GPa. The tetragonal and trig-
onal structure become more stable than the orthorhombic
structure above 3.2 GPa and 0.52 GPa, respectively. The
enthalpy of the CaSis-type structure (tr6 in R3m sym-
metry) is also shown in Fig. 1(b,d,f) for comparison,?
but it is clearly unfavorable for BaSis, BaGes, and SrGes
under a wide pressure range of 0 ~ 10 GPa.

It is worth noting that all of the Si and Ge sublattices
satisfy the (8-N) rule that requires a formal transfer of
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FIG. 2: (color online) Top and side views of the structures
along the pathways to form cubic, trigonal and tetragonal
BaSi, starting from the orthorhombic phase at 4 GPa. (a)
Conversion process orthorhombic — cubic with bond break-
ing along the b[010] direction. The intermediate structures
along the pathway are in P2; (No. 4) monoclinic symme-
try. (b) Conversion process orthorhombic — trigonal with the
shortening in the aor+ and cor+ direction and elongation in the
bort direction. The intermediate structures along the pathway
are in P2;/C (No. 14) monoclinic symmetry. (c¢) Conversion
process orthorhombic — tetragonal with the shortening in the
aort direction and elongation in the cor+ direction. The inter-
mediate structures along the pathway are in P212:2; (No. 19)
orthorhombic symmetry. The small (blue) and large (green)
circles denote Si and Ba atoms, respectively.

valence electrons of the divalent metal atoms to Si or Ge
atoms,?* which then become isoelectronic with group V
elements. One can regard BaSiy formally as Ba?*[Si~ ],
and accordingly Si; tetrahedra is preferred in the or-
thorhombic phase, which is similar to the structural ar-
rangement in white phosphorus.?* Since the orthorhom-
bic phases have high compressibility with a larger vol-

ume and a smaller bulk modulus (see Table I), thus
the more densely packed cubic, trigonal, or tetragonal
phases can be produced under pressure. Here the cor-
rugated layers of Si in the trigonal phase are similar to
the crystal structures adopted by black phosphorus at
high pressures;?® and the cubic Si nets are congruent to

the pressure-induced structure of cubic gauche nitrogen
(cg-N).*

We next examine the kinetic process at the atomic
scale using a generalized solid-state climbing image
nudged elastic band method3? with the cell and atomic
positions optimization under a wide pressure range
of 0~8 GPa. According to above results, there are
three possible phase transformations from BaSis-type
orthorhombic structure toward the SrSis-type cubic,
ThSis-type tetragonal, and EuGes-type trigonal phases
under pressure. For the transformation of the orthorhom-
bic BaSis to the cubic BaSis phase [see Fig. 2(a)], bort =
6.827 A — aoup = 6.820 A, cppp = 11.716 A — V2acup =
9.645 A, and apr = 9.224 A — V2a0 = 9.645 A, with
about -18% shortening in the c,.; direction and about
+4.6% elongation in the a,,; direction. Meanwhile, four
Siy tetrahedra convert to four fourfold helices with bond
breaking along the [010] direction and rebonding with
torsion angles of 60° between the helical chains to form
the 3D3C cubic net.?” Throughout this pathway, the in-
termediate structures are all in P2; (No. 4) monoclinic
symmetry, and the /Si-Si-Si bond angle changes from
60° in Siy tetrahedra to 118° in fourfold helices. As a
result, one orthorhombic unit-cell is converted into two
cubic unit-cells with four fourfold helices. For the trans-
formation of the orthorhombic BaSis into the trigonal
BaSiy phase [see Fig. 2(b)], byt = 6.827 A = V3ay =
7.105 A, apre = 9.224 A — 2a4,; = 8.204A, and ¢y =
11.716 A — 2¢4; = 10.890 A, with about -7% shortening
in core, -11% shortening in a,; and +4% elongation in
the byt direction. Along this pathway, four Siy tetrahe-
dra convert to four distorted chains (parallel to the [010]
direction) with the bond breaking perpendicular to the
¢[001] axis, and then four chains rebond to each other to
form corrugated Si layers with distorted six-membered
rings. Throughout this pathway, the intermediate struc-
tures are all in P2;/C (No. 14) monoclinic symmetry,
and the /Si-Si-Si bond angle changes from 60° to 111.6°.
As a result, one orthorhombic unit-cell turns into four
hexagonal cells. On the other hand, for the transfor-
mation of the orthorhombic BaSi; into the tetragonal
BaSiy phase [see Fig. 2(c)], bort = 6.827 A = V2aer =
6.698 A, apry = 9.224 A — V2a4; = 6.698 A, and cope
= 11.716 A — ¢4 = 14.287 A, with about -27% short-
ening in the a,,¢ direction and about +22% elongation
in the ¢, direction. Along the pathway, four Siy tetra-
hedra convert to four flat Siy groups with bond breaking
around the ¢[001] axis, and then the four flat Siy groups
rebond to each other to form a 3D3C tetragonal net [see
Fig. 2(c)]. Throughout this pathway, the intermediate
structures are all in P271272; (No. 19) orthorhombic sym-
metry, and the /Si-Si-Si bond angle changes from 60° to
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FIG. 3: (color online) (a,c,e) Enthalpy versus transformation
pathways orthorhombic — cubic, trigonal, or tetragonal at
4 GPa for BaSiz, BaGez, and SrGe2, respectively. (b,d,f)
Enthalpy barriers versus pressure for orthorhombic — cubic,
tetragonal, and trigonal, respectively.

120°. As a result, one orthorhombic unit-cell is converted
into two tetragonal unit-cells.

Figure 3(a) shows the enthalpy along the pathways
starting from orthorhombic BaSis toward the formation
of the cubic, tetragonal, and trigonal BaSis phase at 4
GPa. The enthalpy increases initially due to the bond
twisting and breaking of the Siy tetrahedra in the or-
thorhombic phase, and then it decreases with the relink-
ing of Si-Si bonds. The conversion barriers are estimated
to be 0.424 eV for orthorhombic — cubic, 0.430 eV for
orthorhombic — trigonal, and 0.434 eV for orthorhom-
bic — tetragonal. These results suggest the strong com-
peting nature to form the cubic, trigonal and tetragonal
structures. Similar competing nature is also found in
the hypothetical conversion of orthorhombic SrSiy [see
Fig. S1 in Supplemental Material®®]. Among these re-

actions, however, the pathway toward the trigonal phase
has the lowest enthalpy up to step 8 as shown in Fig. 3(a).
Thus the orthorhombic-to-trigonal transition is more fa-
vored than the orthorhombic-to-cubic transition dynam-
ically. Experimentally, a two-stage reaction process of
orthorhombic — trigonal — cubic is shown at 5.2 GPa
up to 1133 K.2% To clarify this point, we have also exam-
ined the second stage trigonal-to-cubic conversion pro-
cess [see Fig. S2 in Supplemental Material®®] and the
corresponding enthalpy is plotted in Fig. 3(a). The con-
version barrier is estimated to 0.24 eV at 4 GPa, which
is smaller than 0.43 eV for the first stage orthorhombic-
to-trigonal conversion. Consequently, cubic BaSis can be
easily synthesized by a two-stage reaction process.

We plot in Fig. 3(b) the enthalpy barriers versus pres-
sure. With increasing pressure from 0 to 8 GPa, the
barriers undergo only small changes from 0.429 to 0.421
eV for orthorhombic — cubic, 0.411 to 0.452 eV for or-
thorhombic — trigonal, and 0.430 to 0.448 eV for or-
thorhombic — tetragonal, respectively. These results
show that pressure has little effect on the conversion bar-
rier, which means these phase conversions require high
temperature to overcome the large energy barriers. This
is similar to the situation of phase conversion of graphite
to diamond.3’

Experimentally, it has been reported that both the cu-
bic and trigonal phases of BaSis can be quenched to the
ambient conditions.?? To clarify this point, the counter-
reaction barriers are also plotted in Fig. 3(b). With
decreasing pressure from 8 to 0 GPa, the barriers de-
crease from 0.522 to 0.387 eV for cubic — orthorhom-
bic, 0.563 to 0.369 eV for trigonal — orthorhombic, and
0.529 to 0.398 eV for tetragonal — orthorhombic. These
results suggest that pressure has a considerable effect on
lowering the kinetic barrier upon decompression. How-
ever, the counterreaction barriers remain at high values
(~ 0.39 eV at 0 GPa) that are comparable to the barri-
ers encountered during the compression process (~ 0.43
eV). As a result, the cubic and trigonal phases can be
stabilized at ambient conditions due to a combination of
the large counterreaction barriers (~ 0.39 eV) and small
energy differences (~ 0.05 eV per atom) relative to the
BaSia-type orthorhombic structure [see Fig. 1(b)].

For BaGes, as shown in Fig. 3(c,d), the orthorhombic
— tetragonal conversion is clearly favorable by both ki-
netics and energetics. On the other hand, for SrGe, com-
pound, the cubic structure is unfavorable in enthalpy as
shown in Fig. 1(f) in a wide pressure range of 0~10 GPa.
There is a strong competing conversion pathway under
pressure to form the trigonal or tetragonal structure [see
Fig. 3(e,f)]; however, the orthorhombic — trigonal con-
version is more favorable dynamically, similar to the case
for BaSis shown above.

In summary, our ab initio calculations have revealed
the phase stability and transformation mechanisms for
several BaSis-type semiconductors. The results show
that the tetrahedra in orthorhombic BaSis and SrGes
tend to convert to corrugated layers dynamically under



high pressure with bond breaking along the 5[010] axis,
and the Si-corrugated layers in trigonal BaSis can further
convert to cubic Si-net under low pressure driven by ener-
getics. Moreover, Ge-tetrahedra in BaGesy tend to form a
tetragonal-net structure with bond breaking around the
c[001] axis. The large counterreaction barriers (~0.39
eV) are comparable to that for the compression process
reaction barriers (~0.43 eV) for BaSiy, which explains
the high stability of the metastable phases at the am-
bient conditions. Our results provide a comprehensive
understanding of the experimental findings by unveiling
the underlying energetic and kinetic mechanisms, which

may shed light on other disilicides and digermanides.
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