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Abstract

Cubic SrSiz has attracted attention as a thermoelectric material or Weyl semimetal
candidate material. However, its physical properties have not been examined in detail.
High-quality samples are required for this purpose. A previous study on the Sr—Si phase
diagram reported that cubic SrSi: is a low-temperature phase and tetragonal SrSiz is a
high-temperature phase based on little experimental evidence, highlighting the difficulty
in synthesizing high-quality cubic SrSi> samples. Therefore, a new investigation of the
Sr—Si phase diagram is necessary. This study experimentally investigated the Sr—Si
diagram at Si contents of 55-100 at.% using arc-melted samples by performing
inductively-coupled plasma optical emission spectroscopy, electron-probe
microanalysis, powder X-ray diffraction analysis, and differential thermal analysis. Two
intermetallic compounds (SrSiz., and SrSi2) and two eutectic reactions existed in this Si
content range. The eutectic points were approximately 57 at.% and 1053.2 °C for Liquid
<> SrSi + SrSiz. and approximately 75 at.% and 1050.0 °C for Liquid <> SrSi, + Si.
SrSiz had no high-temperature phase and melted congruently at 1121 °C. SrSiz. existed
at Si contents of 62.4—65.0 at.%, and it is formed by the peritectic reaction Liquid +
SrSi» < SrSia.. SrSia. crystallized into a monoclinic variant of the V5 x V5 x 1 o-
ThSix-type superstructure with ordered Si defects at the body-center position of the cell
(space group: /121, No. 5). SrSiz.x is the first example of the a-ThSiz-type

superstructure.

Keywords: silicides, phase diagrams, crystal structure, thermal analysis, X-ray

diffraction, scanning electron microscopy SEM



1. Introduction

SrSis has attracted considerable attention as a thermoelectric conversion material
because of its relatively large dimensionless thermoelectric figure of merit (Z7 = 0.15)
at 300 K [1]. SrSiz crystallizes into a SrSi>-type structure (cubic, space group P4132,
No. 213, or its enantiomer, P4332, No. 212, Z = 4) [2,3]. It is considered to be a narrow-
gap semiconductor [4] or Weyl semimetal candidate material [5,6]. However, its
physical properties have not been investigated in detail. High-quality samples are
required to examine physical properties, and a Sr—Si phase diagram is necessary for
synthesizing high-quality samples.

The first Sr—Si phase diagram was constructed by Itkin and Alcock in 1989 [7] on
the basis of the experimental data reported by Obinata et al. in 1965 [8]. This diagram
included three intermetallic phases: Sr>Si, SrSi, and SrSi>. Two intermetallic compounds
were discovered after 1964, i.e., SrsSiz with a CrsBs-type structure (tetragonal, space
group /4/mcm, No. 140, Z = 4) [9,10] and Sr4Si7 with a deficient a-ThSi>-type structure
(tetragonal, space group /41/amd, No. 141, Z = 4) [11]. Furthermore, cubic SrSi>
transformed into a high-pressure (HP) phase with a tetragonal a-ThSi>-type structure at
HPs and high temperatures (HTs). Moreover, SrSi» with the a-ThSi, phase was
quenched under ambient conditions [12-15]. A second phase diagram was constructed
by Palenzona and Pani on the basis of their experimental work in 2004 [16]. Fig. 1
illustrates the Sr—Si phase diagram at Si contents of 50-100 at.% reported by Palenzona
and Pani [16] and the experimental data reported by Rygalin et al. [17]. Palenzona and
Pani claimed that SrSi» contained two phases: a room-temperature (RT) phase with a
SrSiz-type structure and an HT phase with an a-ThSiz-type structure. They referred to
the RT and HT phases as the o and B phases, respectively. Furthermore, they claimed
that Sr4Si7 with a Si-deficient a-ThSi2-type structure was the § phase of SrSiz. These
results were computationally examined by two groups [18,19].

The main problem in the report by Palenzona and Pani is that they did not observe
the transformation from the SrSi>-type structure to the a-ThSi>-type structure (and vice
versa). Instead, they used a transition temperature from the quenched a-ThSi> phase to
the SrSi> phase at ambient pressure (400—450 °C for a HT X-ray diffraction (XRD) and
590-690 °C for differential thermal analysis (DTA)) [13] as the transition temperature
for the RT-to-HT phase transition. We previously observed that the SrSi> phase is stable
up to 600 °C in vacuum, 798 °C at 1.1 GPa, and 1098 °C at 3.0 GPa [15,20,21].

Rygalin et al. reported the “S-shaped” liquidus curve for Si contents of 78.5-100
at.% [17]. However, this must be reinvestigated because the shape of the liquidus curve

was different from the generally expected shape.
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For the aforementioned reasons, a reinvestigation of the Sr—Si phase diagram at
Si-rich region is necessary.

In this study, we experimentally examined the Sr—Si phase diagram at Si contents of
55-100 at.% using inductively-coupled plasma optical emission spectroscopy (ICP-
OES), electron-probe microanalysis (EPMA), powder XRD analysis, and DTA. We
found two intermetallic compounds (SrSiz.x and SrSi2) in this Si content range, contrary
to the previously reported Sr—Si diagram. SrSiz had no high-temperature phase and it
melted congruently at 1121 °C. SrSi,., existed at Si contents of 62.4-65.0 at.%, and it is
formed by the peritectic reaction Liquid + SrSi» < SrSiz.. SrSiz., crystallized into a
monoclinic variant of the V5 x V5 x 1 a-ThSi,-type superstructure with ordered Si
defects at the body-center position of the cell (space group: 7121, No. 5). SrSiy., is the
first example of the a-ThSiz-type superstructure. Furthermore, we found that the

liquidus curve at Si contents higher than 75 at.% had a regular convex shape.

2. Experimental Methods

Samples were synthesized through the Ar-arc melting of (100-xs):xs molar mixtures of
Sr (Aldrich, 4N) and Si (Furuuchi, 10N) (45 < xs <90). Sr was weighed in an Ar-filled
glove box (02 < 1 ppm, H,O < 1 ppm). The chemical compositions of the starting
materials are listed in Table 1. Several samples were annealed at 1030 °C for 72 h. Each
sample was placed in a hexagonal BN (h-BN) capsule and sealed in an Ar-filled quartz
tube. Then, they were annealed in an electrical furnace, and the quartz tubes were
quenched in water.

The chemical compositions of the synthesized samples were determined by analyzing
powdered samples using ICP-OES. ICP-OES was performed using an ICP-OES system
(Agilent 720ES). The relative standard deviation (RSD) was estimated to be 1 wt.%,
which corresponded to 0.66 at.% of Si for SrSiz>. The Cu concentration of arc-melted
SrSi> was occasionally evaluated via ICP-OES; however, it was always below the
detection limit (0.001 wt.%).

The chemical compositions of the phases observed in the samples were determined
using EPMA with wavelength-dispersive X-ray spectroscopy (WDS). EPMA/WDS was
performed using an electron-probe microanalyzer (JEOL, JXA 8500F) at an acceleration
voltage of 15 kV and beam current of 50 nA. SrAls4 and Si were used as standard
materials. The chemical compositions were determined by averaging the compositions
measured at five points. The RSD was estimated to be 3 wt.%.

The crystal structures of the samples were examined by performing powder XRD

analysis using a Bragg—Brentano-type diffractometer (Rigaku, RINT-TTRIII) combined
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with a high-speed one-dimensional detector (Rigaku, D/tex) with Cu Ka radiation (40
kV, 150 mA) and a step size of 0.02 for 26 = 5.00°-100.00°. The powder XRD patterns
of several samples were indexed using BIOVIA Materials Studio (MS) X-Cell (version
2022 HF1, Dassault Systémes) [22]. Rietveld analysis [23] was performed using MS
Reflex (version 2022 HF1) [24].

Transformation temperatures were investigated using DTA. The samples (~20
mg) were placed in an h-BN capsule with an h-BN lid in an Ar-filled glovebox (02 <'1
ppm, H20 <1 ppm). The standard material (Al2O3) was also placed in the h-BN capsule
with an h-BN lid. The sample and standard material were heated and cooled in a
differential thermal analyzer (Rigaku, TG-DTA TG8120) at 10 K/min under Ar flow.
The temperature was calibrated using the melting temperature of Au (1064.58 °C) [25].

For comparison, the quenched HP phase of SrSi» was synthesized by pressurizing
and heating SrSi> with a SrSiz-type structure at 5.5 GPa and 1100 °C using a belt-type
HP apparatus [26].

3. Results and Discussion

3.1 Phase identification

Table 1 lists the nominal Si content, Si content observed using the ICP-OES analysis,
microstructure constitutions, observed phases, and Si content of the observed phases
determined by EPMA. The Si contents observed using the ICP-OES analysis were
higher than the nominal Si content because Sr vaporizes during synthesis owing to its
high vaporization pressure. Hereafter, the samples are indicated by the Si content
determined via ICP-OES. Fig. 2 shows backscattered electron (BSE) images of several
as-melted samples. The darker phase represents a higher Si content compared to the
brighter phase because the atomic number of Si is smaller than that of Sr. The BSE
images of the as-melted samples with other Si contents are shown in the Supplementary
Data. The samples with 63.3 at.% Si and 66.1 at.% Si consist of a single phase (Figs.
2(d) and (f)). We refer to the phase that appears in the sample with 63.3 at.% Si as SrSi.
x because this phase exists at Si contents of 62.4-64.8 at.%, which includes the Si
content of Sr4Si7 (63.6 at.%); this is discussed later. Powder XRD measurements show
that the phase in the sample with 66.1 at.% Si is SrSi> with the SrSiz-type structure; this
is described later. The sample with 56.1 at.% Si has a hypoeutectic microstructure of
SrSi and SrSiz.x. SrSi (white needles in Fig. 2 (a)) is a primary phase. The sample with
57.8 at.% Si exhibits a lamellar structure. Considering the spatial resolution of WDS,
measuring the chemical compositions of each phase that constructs the lamellar

structure was difficult. The lamellar structure is generally formed by a eutectic reaction,
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where the presumed eutectic reaction is Liquid <> SrSi + SrSiz.x. Because the size of
both phases is small, the Si content for this eutectic reaction is deduced to be close to
57.8 %. A DTA curve of this sample has two transformation temperatures of 1053.0 and
1060.1 °C, as shown in Fig. 5 (a). Therefore, it is highly probable that this
microstructure was formed by a hypereutectic reaction although the specific primary
phase was difficult to find in the observed sight.

The sample with 59.6 at.% Si has a hypereutectic microstructure of SrSi and SrSizx
with SrSizx primary phase (Fig. 2(c)). The sample with 64.4 at.% Si contains two
phases, i.e., SrSi>« and SrSi> (Fig. 2(e)). The sample with 68.1 at.% Si comprises a
hypoeutectic microstructure of SrSi> and Si with a primary phase of SrSi> (Fig. 2(g)).
The sample with 74.4 at.% Si exhibits a lamellar structure (Fig. 2(h)). Although the
chemical composition of each phase with different contrast was not measured in the
present study, the lamellar structure is deduced to be formed by the eutectic reaction of
Liquid < SrSiz + Si, considering the results of EPMA and powder XRD analysis of the
samples with 66.9-90.7 at.% Si. Because no noticeable primary phase was confirmed in
the microstructure observations, the eutectic composition is deduced to be close to 74.4
at.% Si, which is consistent with that reported previously, 74 at.% Si [16]. The sample
with 80.1 at.% Si contains a hypereutectic microstructure of SrSiz and Si with a primary
phase of Si (Fig. 2(1)).



Table 1. Nominal Si content, Si content obtained in the ICP-OES analysis, microstructure

constituents, observed phases, and Si contents of the observed phases determined by

EPMA in (a) as-melted samples and (b) samples annealed in Ar atmosphere at 1030 °C

for 72 h.

(a) As-melted samples

Nominal Observed Si content of
Observed phases
Si Si observed phases
Microstructure constitutions
content content Phase 1  Phase 2
) Phase 1 ~ Phase 2

(at%Si) (at%Si) (at%Si)  (at%Si)
45.0 51.8 Primary phase 50.1
49.0 52.9 + SrSi 48.3
54.0 56.1 Eutectic 1 (E1) 49.5
56.0 57.8 Eutectic 1(E1)
58.0 59.6 62.4

Primary phase + Eutectic 1(E1)
60.0 60.8 62.7
62.0 62.6 SrSir« 63.0
62.0 63.3 Single phase 64.5
63.0 63.8 64.8
64.0 64.4 64.6 67.1
64.0 64.8 Two phases SrSis.« SrSi, 64.8 67.3
65.0 65.5 64.5 67.1
66.0 66.1 Single Phase 67.0
67.0 66.9 66.6
68.0 68.1 SrSi; 66.7
Primary phase +Eutectic 2 (E2)
70.4 70.5 67.0
72.5 72.4 66.9
74.6 74.4
Eutectic 2*
75.8 75.3
80.0 80.1 Primary phase
83.5 84.0 + Si
90.0 90.7 Eutectic 2 (E2)
(b) Annealed samples



Nominal Observed Si content of

Observed phases
Si Si observed phases
Microstructure constitutions
content content Phase 1  Phase 2
) ) Phase 1 ~ Phase 2
(at%S1) (at%S1) (at%Si)  (at%Si)
63.0 63.8 Single phase SrSizx - 64.7 -
64.0 64.4 Two phases of 65.0 67.2
SrSis« SrSi,
65.0 65.7 phase 1 and phase 2 64.4 67.1
66.0 65.9 Single phase SrSi, - 67.2 -
67.0 67.5 Two phases of 66.7
SrSi, Si
68.0 68.1 phase 1 and phase 2 66.9

E1: Lamellar structure of SrSizx and SrSio. E2: Lamellar structure of SrSi, and Si.

*: Undefined whether hypoeutectic or hypereutectic.

Several samples with nominal Si content of 60.0—68.0 at.% Si listed in Table 1 (a) were
annealed at 1030 °C for 72 hours to investigate the relation among SrSi, SrSis.., SrSiy,
and Si in detail. The annealing slightly changes the Si contents of samples, as shown in
Table 1 (b). Fig. 3 is BES images of annealed samples. The sample with 63.8 at.% Si
consists of a single SrSiz., phase (Fig. 3(a)). The sample with 64.4 at.% Si consists of
two phases, i.e., SrSi>., and SrSi» (Fig. 3(b)). The sample with 65.9 at.% Si consists of a
single SrSi» phase (Fig. 3(c)). The sample with 67.5 at.% Si consists of two phases, i.e.,
SrSiz and Si (Fig. 3(d)).

We examined the microstructure of the sample with 64.4 at.% Si by measuring
the line profile using EPMA/WDS (Fig. 3(e)). The dark and bright gray areas contain
approximately 67 at.% Si and 64 at.% Si, respectively, which correspond to the Si
contents of SrSi> and SrSiz.., respectively. Thus, the sample with 64.4 at.% Si consists

of SrSi» and SrSiz., and it does not contain a eutectic microstructure.

Figure 4 presents the powder XRD patterns of the as-melted samples and the
XRD patterns of SrSi, Sr4Si7, and SrSi» simulated using the crystallographic data
provided in previous works [3,11,27]. The peaks observed for the sample with 56.1 at.%
Si can be assigned to SrSi and Sr4Si7. The main peaks for the sample with 63.3 at.% Si
can be assigned to Sr4Si;. However, this sample shows low-intensity peaks at 26 =
10.98° and 17.98° (indicated by asterisks), which cannot be assigned to Sr4Si7. This is
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discussed later. The peaks for the sample with 64.6 at.% Si can be assigned to Sr4Si7 and
SrSiz. The peaks for the sample with 66.2 at.% Si can be assigned to SrSi2. The sample
with 75.3 at.% Si shows the peak for Si in addition to the peaks for SrSis.

The chemical compositions and phases observed in the samples are summarized
in Table 1. SrSi, SrSi».«, SrSi», and Si exist at Si contents of 51.8-90.7 at.%. SrSi has Si
contents of 48.3-50.1 at.%. SrSi>« has Si contents of 62.4—64.8 at.%, which include the
Si content of Sr4Si7 (63.6 at.%). Moreover, SrSi> has Si contents of 66.1-67.3 at.%. The
Sr content in the Si phase of the arc-melted samples with 80.1-90.7 at.% Si was under
our detection limited (0.01 at.%). The Sr contents of the Si phase of the annealed
samples with 67.5 and 68.1 at.% Si were approximately 0.2 at.% Si, which is lower than
the Sr solid solution limit reported in Ref. 17 (1.15 at.%).

3.2 Liquidus temperature and invariant reactions

3.2.1 Si contents of 5663 at.%

Figure 5(a) shows the DTA curves for the samples with 56.1-62.6 at.% Si. The
temperatures for the phase transition and eutectic reaction were determined from the
onset of endothermic reactions and the liquidus temperatures were obtained from the
peak of the curves, as shown by arrows in the figure. These temperatures were
determined from the intersection point of two fitted lines, as shown by the dashed lines
in the figure. The transformation temperatures are summarized in Table 2.

Figure 5(b) shows the phase diagram at Si contents of 56—63 at.% constructed using the
results of the DTA, powder XRD measurements, and EPMA. We determined the
eutectic point for the reaction (SrSi + SrSiz2x < Liquid) to be approximately 57 at.%
and 1053.2 °C on the basis of the DTA curves shown in Fig. 5(a) and the BSE images
shown in Figs. 2(a)—(c). A previous study reported the eutectic reaction (SrSi + SrSiz <
Liquid) at approximately 61 at.% Si and 1055 °C [16]. The eutectic composition for the
reaction observed in the present study is different from that reported in the previous
study although the temperatures were almost identical. We attribute this discrepancy to
the fact that the eutectic composition was determined based on the small amount of
DTA data without the observation of the microstructure in Ref. 16.

Unidentified endothermic reactions are observed at 1032.2 °C at Si contents of 56.1—

60.8 at.%, as suggested in the previous study [16].



Table 2. Transformation temperatures determined by DTA measurements.

Si content

determined by ICP- 56.1 57.8 59.6 60.8 62.6 63.3 63.5 63.8 64.4 64.4 64.8  Average

OES (at. %)

Anneal (Y/N) N N N N N N Y N N Y N

Transformation Temperature (°C)

Liquidus - 1060.1 1097.7 1104.6 1110.5 1112.3 1113.8 1112.8 1120.7 1119.8 1119.6

SrSiy, < L+ SrSi, 1106.5 1105.9 1106.2 1105.7 1106.1

SrSi + SrSi,, < L 1053.9  1053.0 1052.0 1053.8 1053.2

Unidentified 1030.3 1029.6 1029.6 1039.1 1032.2

Si content

determined by ICP- 65.5 65.7 65.9 66.1 66.2 68.1 70.5 72.4 74.4 75.3 78.1 80.1 84 90.7
OES (at. %)

Anneal (Y/N) N Y Y N N N N N N N N N Y Y
Transform Temperature (°C)

Liquidus 1120.0 1121.1 1121.4 1118.3 1118.4 1108.6 1089.1 - 1157.4 1207.6 1270.2 1338.6
SrSi, +Si< L 1048.7 1049.2 1049.9 1049.2 1049.3 1050.6 1050.8 1050.3 1051.1 1050.7 1050.3

Average

1050.0
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3.2.2 Si contents of 63—-67 at.%

As shown in Fig. 6(a), no endothermic reaction is observed at temperatures of 100—
900 °C for the samples with Si contents of 65.6—-68.1 at.%. This indicates that SrSi»
does not undergo the RT-to-HT phase transition.

Figure 6(b) shows the DTA curves for the annealed samples with 63.5-65.9 at.%
Si. The DTA curves for the as-melted samples are provided in the Supplementary Data.
Figure 6(c) shows the phase diagram at Si contents of 60—70 at.% constructed using the
DTA curves, powder XRD patterns, and BSE images. Two intermetallic compounds—
SrSiz. and SrSi,—exist in this Si content range. SrSi>., exists approximately between 62
and 64 at.% Si, and it is formed by the peritectic reaction Liquid + SrSiz <> SrSiz...
SrSiz has no HT phase and it melts congruently at 1121.4 °C. The difference between
the liquidus temperature and peritectic temperature is less than 13.6 K. Moreover, the
composition-temperature area for L+SrSi» is small.

The above results are contrary to the previously reported phase diagram, in which
only SrSiz exists in this Si content range and SrSiz contains the low-temperature and HT
phases [16]. The previously reported transformation temperatures [16] (indicated by
empty squares) are consistent with the phase diagram obtained in this study. Thus, the
discrepancies between the phase diagrams obtained in this work and the previous study
[16] may be due to the small number of data points used in the previous study.

We observed a single SrSiz.x phase in the as-melted sample with 63.3 at.% Si (Fig.
2 (d)). However, two phases, SrSi»., and SrSiy, are expected to be observed in the case
that SrSiz., is formed by the peritectic reaction SrSiz» <> L + SrSiz, as shown in the as-
melted sample with 64.4 at.% Si (Fig. 2 (e)). At 63.3 at. % Si, the difference between
the transformation temperature for this peritectic reaction and the liquidus temperature
is considerably small, that is, 4.8 K. Furthermore, the amount of the precipitated SrSiz
phase is expected to be small at 63.3 at. % Si by the lever rule, and the cooling rate of
the arc-melting furnace is high. Therefore, we believe that we observed the single SrSi-

x phase in this as-melted sample by a combination of these three factors.

3.2.3 Si contents higher than 67 at.%

Figures 7(a) and (b) show the DTA curves for the samples with 68.1-90.7 at.% Si.
Figure 7(c) shows the phase diagram at Si contents of 70—100 at.% constructed using
the DTA curves, powder XRD patterns, and BSE images. The melting temperature of Si
(1414 °C) is taken from literature [28]. The eutectic point for the invariant reaction
(SrSiz2 + Si < Liquid) is approximately 75 at.% and 1050.0 °C, which is consistent with
previous results [16] (approximately 75 at.% and 1045 °C). The liquidus curve at Si
contents higher than 75 at.% is convex, which is in contrast to the results reported in

11



literature [17].

3.3 Phase diagram

Figure 8 shows the binary Sr—Si diagram at Si contents of 55-100 at.%. Two
intermetallic compounds—SrSiz. and SrSi>—exist in this Si content range. SrSiz.
exists approximately between 62 and 64 at.% Si, and it is formed by the peritectic
reaction Liquid + SrSiz> << SrSiz... SrSiz has no HT phase, and it melts congruently at
1121.4 °C. The eutectic point for the reaction (SrSi + SrSi>x < Liquid) is
approximately 57 at.% and 1053.2 °C. The eutectic composition for this reaction is
different from that for the reaction (SrSi + SrSi».« <> Liquid) reported in a previous
study [16]. The eutectic point for the invariant reaction (SrSiz + Si <> Liquid) is
approximately 75 at.% and 1050.0 °C, which is the almost the same as that reported in
the previous study [16]. The liquidus curve at Si contents higher than 75 at.% has a
regular convex shape.

This phase diagram indicates that a high-quality sample of SrSi> with the SrSiz-type
structure can be synthesized by melting and solidifying SrSi». As the Si content of SrSi
is close to that of SrSiz.r, SrSiz.x may be included in the SrSi> samples synthesized via
the simple melting and solidification of SrSi,. In this case, the vertical Bridgeman
method or floating-zone method are expected to be effective for growing high-quality

SrSiz samples without SrSi>...

3.4 Crystal structure of SrSiz..
Figure 9 shows the powder XRD patterns of SrSi>., and the quenched HP phase of SrSi,
i.e., a-ThSiz-phase SrSi>. The XRD pattern of the quenched HP phase of SrSi» agrees
well with simulated pattern of a-ThSi>-phase SrSi, [12]. The high-intensity peaks in the
XRD pattern of SrSiz.x agree with those in the simulated pattern of Sr4Si7 [11], which
consists of the a-ThSi>-type structure with disordered Si vacancies. The simulated XRD
pattern of SrsSi7 shows only the peaks of a-ThSiz-phase SrSi2 because disordered Si
vacancies exist in the Si-deficient a-ThSiz-type structure. However, the powder XRD
pattern of SrSi., contains three additional low-intensity peaks, as indicated by the
asterisks in the figure. The peaks at 26 = 10.98° and 17.98° (d values = 8.058 A and
4.934 A) are consistent with reports that powder XRD patterns contain two extra lines at
low angles (d values = 8.025 A and 4.910 A) [16]. Thus, the crystal structure of SrSiz-,
is different from the a-ThSi,-structure with disordered Si vacancies. These small peaks
cannot be assigned to the a-ThSi>-type superstructure proposed by Nentwich et al.,
which is a V2 x V2 x | tetragonal variant of the a-ThSi>-type structure [29].

Figure 10 shows the powder XRD pattern for SrSiz.x and the results of the
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Rietveld analysis [23]. In the final stage of analysis, the structure is optimized using the
“Rietveld with energies” mode in Reflex [24] with the COMPASS III force field [30].

The observed pattern is accurately reproduced by assuming that SrSi>.x has a monoclinic
structure, as shown in Table 3.

13



Table. 3. Crystal structure of SrSi,.,. Monoclinic. Space group: 12 (I 1 2 1) (No. 5,
unique axis b, cell choice 3). Lattice parameters: a = 9.8722 + 0.0004 A, b = 13.8971 +
0.0005 A, ¢ =9.8750 £ 0.0004 A, 0. =y =90.000°, b = 90.344 = 0.002°, V= 1354.8 A3,
Z=2. Ui, =0.029 £ 0.001 A2. The occupancy of each atom is 1. Chemical formula:
Sr10Sii9. R factors: Rwp = 10.70%, Ry = 20.91%, R. = 6.85%, S = 1.56. The definitions of
Rywp, Rp, Re, and S are provided in literature [23].

Multiplicity,
Label Atom Wycoff by y z
Letter
Srl Sr 4c 0.20095  0.64685  0.90319
Sr2 Sr 4c 0.9032 -0.09317  0.29203
Sr3 Sr 4c 0.29192 -0.10286  0.09846
Sr4 Sr 4c 0.59837  0.65432  0.69682
Sr5 Sr 2b 0 0.64945 0.5
Sr6 Sr 2a 0.5 -0.1139 0.5
Sil Si 4c 0.2446  0.07717 0.87824
Si2 Si 4c 0.61586  0.06251  0.69804
Si3 Si 4c 0.90029  0.31843  0.30107
Si4 Si 4c 0.69199  0.31571  0.90313
Si5 Si 4c 0.30856  0.48269  0.09945
Si6 Si 4c 0.92327  0.48421  0.28965
Si7 Si 4c 0.60106  0.22721  0.70337
Si8 Si 4c 0.77918  0.24057  0.11158
Si9 Si 2b 0 0.06759 0.5
Sil0 Si 2b 0 0.23582 0.5
Sill Si 2a 0.5 0.29748 0.5

Figures 11 (a)—(d) show the crystal structure of SrSi>... The lattice parameter a is
approximately equal to the lattice parameter c. The angle £ is 90.344°, which is slightly
deviated from 90.00°, whereas the other two angles are 90.00°. SrSi>., contains two Si
vacancies in the unit cell, which occupy the 2a site (0, 0, 0), as indicated by the red

spheres in Fig. 11(d). The chemical formula for this structure is Sri0Sii9, which
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corresponds to a Si content of 65.5 at.%. This agrees with the Si content of SrSiz.x in the
annealed samples (64.4-65.0 at.%) determined via EPMA/WDS within experimental
error.

The crystal structure of SrSiz.. can be related to that of the a-ThSi>-type SrSiz
shown in Figs. 11 (e)—(h). The comparison between Figs. 11 (b) and (f) shows that the
lattice parameter a of SrSis., is approximately the same as V5 times the lattice parameter
a of a-ThSi>-type SrSi>. The comparison between Figs. 11 (d) and (h) shows that the
crystal structure of SrSiz., is closely related to that of the a-ThSi>-type SrSiz although
SrSis.. has vacancies. Thus, the crystal structure of SrSiz.y is a monoclinic variant of V5
x V5 x 1 a-ThSi-type superstructure with ordered Si defects. This Sri0Sio-type
structure is the first observed a-ThSi>-type superstructure.

The Si net in SrSiz.x is slightly deformed compared with that in a-ThSiz-phase
SrSiz. The Si—Si bond-length deviations from the a-ThSi>-type structure are less than
6%. The three Si—Si—Si bond angles around defects (orange sections in Fig. 11 (d)) are
larger than the corresponding angles in the a-ThSi>-type structure by several degrees.
This may be because the Si atom at the vertex is pulled from the two neighboring Si

atoms.

4. Conclusions
The Sr—Si diagram is experimentally investigated at Si contents of 55-100 at.% using
as-melted and annealed samples by utilizing ICP-OES, EPMA, powder XRD, and DTA.
Two intermetallic compounds exist in this Si content range, i.e., SrSiz.x and SrSiz. SrSiz.x
exists approximately between 62 and 64 at.% Si, and it is formed by the peritectic
reaction Liquid + SrSiz> << SrSiz... SrSiz has no HT phase and it melts congruently at
1121.4 °C. SrSiz.x crystalizes into a monoclinic variant of the V5 x V5 x 1 a-ThSir-type
superstructure with ordered Si defects at the body-center position of the cell (space
group: /121, No. 5).

The phase diagram constructed in this study indicates that high-quality samples of
SrSiz with the SrSix-type structure can be synthesized using the vertical Bridgeman
method or floating-zone method. This can help in growing high-quality single crystals
of SrSiz, which are required for a detailed examination of the physical properties of
SrSis.
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Figure Captions

Fig. 1. Previously reported Sr—Si phase diagram at Si contents of 50-100 at.% [16,17].

Fig. 2 BSE images of as-melted samples with Si contents of (a) 56.1 at.%, (b) 57.8 at.%,
(c) 59.6 at.%, (d) 63.3 at.%, (e) 64.4 at.%, (f) 66.1 at.%, (g) 68.1 at.%, (h) 74.4 at.%,
and (i) 80.1 at.%.

Fig. 3 BSE images of annealed samples with Si contents of (a) 63.8 at.%, (b) 64.4 at.%,
(c) 65.9 at.%, and (d) 68.1 at.%. (e) Composition profile measured along the white line
for the 64.4 at.% Si sample.

Fig. 4. Powder XRD patterns of as-melted samples and simulated patterns of SrSi,
Sr4Si7, and SrSi, [3,11,27].

Fig. 5. (a) DTA curves of samples with Si contents of 56.1-62.6 at.%. The arrows
indicate transformation temperatures. (b) Phase diagram at Si contents of 56—63 at.%.
The colors of solid rhombuses correspond to the colors of DTA curves in (a). The empty

squares, gray solid and dashed lines are representative of the data reported by Palenzona
and Pani [16].

Fig. 6. (a) DTA curves of as-melted samples with Si contents of 65.6 at.%, 66.1 at.%,
and 68.1 at.%. The arrows indicate transformation temperatures. (b) DTA curves of
annealed samples with Si contents of 63.5-65.9 at.%. (c) Phase diagram at Si contents
of 60—70 at.%. The colors of solid rhombuses correspond to the colors of DTA curves in
(b). The solid circles and triangles represent the Si content at which the samples
annealed at 1030 °C contain a single phase and two phases, respectively. The empty

squares, gray solid lines, and dashed lines represent the data reported by Palenzona and
Pani [16].

Fig. 7. (a) DTA curves of as-melted samples with Si contents of 68.1-74.4 at.%. The
arrows indicate transformation temperatures. (b) DTA curves of samples with Si
contents of 78.1-90.7 at.%. (c) Phase diagram at Si contents of 70—100 at.%. The colors
of solid rhombuses correspond to the colors of DTA curves in (a) and (b). The data

reported by Palenzona and Pani [16] and Rygalin et al. [17] are also plotted.

Fig. 8. Sr—Si phase diagram at Si contents of 55-100 at.%.
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Fig. 9. Powder XRD patterns of SrSiz. and the quenched HP phase of SrSi» and
simulated XRD patterns of Sr4Si7 [11] and a-ThSiz-phase SrSi; [12].

Fig. 10. Powder XRD patterns of SrSiz... The red points and blue line represent
observed and calculated intensities (Iobs and Ica) of SrioSiig, respectively. Peak positions
for Sr10Siy9 are labeled by green vertical bars located at —10000 counts. The difference
between the two intensities (Iobs - Lcal) 1s indicated by the black line shifted by —20000

counts.

Fig. 11. Crystal structures of (a—d) SrSiz.x. and (e-h) a-ThSiz>-phase SrSi>. (a) General
view, (b) view along the [010] direction, (c) view along the [001] direction, and (d) view
along the [001] direction rotated slightly around the a axis. (¢) General view, (f) view
along the [001] direction, (g) view along the [010] direction, and (h) view of 2 x 2 x 1
super cell along the direction where the b axis is rotated by 26.5° degree around the c
axis and slightly tilted around the b axis. The cell is shifted along the [001] direction.
The large green and small blue spheres represent Sr and Si atoms, respectively. Red
spheres in (d) represent Si vacancies. Red bonds are added to show the relationship

between a-ThSiz-phase SrSi> and SrioSijo.
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