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Coexistence of two types of short-range order in
Si-Ge-Sn medium-entropy alloys

Xiaochen Jin® !, Shunda Chen® ' & Tianshu Li® ™

Short-range chemical order (SRO) has been shown to play a decisive role in modulating a
wide range of physical properties in medium-entropy alloys and high-entropy alloys. The
enormous configurational space of these alloys implies multiple forms of SRO may exist, but
such structural diversity has not been reported. Here, ab initio-based sampling reveals that
Si-Ge-Sn medium-entropy alloys have two distinct forms of SRO, which carry different
energies, distinct degrees of local ordering, and dissimilar electronic structures, and co-exist
across a wide range of Si-Ge-Sn compositions. We rationalize the co-existence of two SROs
through their virtual degeneracy of thermodynamic stability, due to a subtle balance in the
change of enthalpy and configurational entropy upon transformation between the two SROs.
Such co-existence of SROs suggests an inherent structural heterogeneity, a diffuse electronic
structure, and a new route for band engineering in Si-Ge-Sn medium-entropy alloys. More
generally, this study indicates possibility of the co-existence of multiple forms of SRO in
medium- and high-entropy alloys.
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chemical nature often develop a short-range chemical

order (SRO), where certain types of elements either attract
or repel each other, leading to a distribution of atoms apart from
a perfect randomness. Although SRO has been long conceived to
exist in alloys!, the explicit roles of SRO have been identified only
recently, including, for example, modulating mechanical prop-
erties in metallic alloys®3, enhancing thermoelectric figure of
merit in semiconducting alloys*>, and controlling ion transport
in oxide alloys®. In particular, very recent breakthrough in
atomic-resolution imaging has led to direct observations of SRO
in metallic alloys®7-8, confirming prior theoretical predictions®-11,
and more importantly, explicitly demonstrating the impact of
SRO on alloys’ properties.

The development of ordering in random alloys can be ratio-
nalized through the energy gain when certain types of neighbors
form more (or less) frequently than in a truly random distribu-
tion. As a result, an alloy can effectively lower its enthalpy of
mixing AH, through adopting an ordering. However, the
development of ordering also leads to a deviation from a random
distribution, thus lowering configuration entropy of mixing
ASix. Therefore, depending on the magnitude of the change in
AH, i and AS,y;,, three possible scenarios may occur: First, when
enthalpy gain due to ordering |SAH ;| significantly overweights
entropy loss |—T6ASxl, alloy strongly favors ordering, and
possibly even develops a long-range order (LRO), i.e., formation
of compound or intermetallics; Second, when enthalpy grain
cannot compensate entropy loss, a random distribution is ther-
modynamically preferred; Third, when enthalpy gain becomes
greater than entropy loss but not by too much, alloy develops a
thermodynamic driving force sufficient to favor a local ordering
but not enough for a LRO. This is where SRO emerges.

Therefore, the occurrence of SRO in an alloy strongly depends
on the free energy landscape in alloy’s configurational space. For
such, some binary alloys can already develop an SRO even though
their configurational space is relatively small”>!>13. A ternary
alloy, particularly a medium-entropy alloy (MEA), has a sig-
nificantly larger configurational space, and the corresponding free
energy landscape becomes much more complex. Accordingly,
SRO is expected to be more likely in MEA and high-entropy alloy
(HEA)!4-17, More importantly, the increasing complexity of the
free energy landscape may also well indicate SRO can bear more
complex forms!8, Indeed, very recent simulation study!® showed
the existence of SRO in CoCuFeNiPd HEA can lead to a pseudo-
composite microstructure upon mechanical deformation, imply-
ing the complexity of SRO. Nevertheless, regardless of the con-
jecture, it is unclear whether SRO itself can explicitly exhibit
structurally distinct forms, which, despite their unique local
environment, may co-exist in one alloy.

Here we investigate the SRO behaviors in Si-Ge-Sn MEA
alloys that have attracted a substantial interest as potential
candidates for mid-infrared photonics owing to their tunable
band gap, low-cost, and Si-compatibility?0-32, Although group
IV alloys have been commonly conceived as random solid
solutions, our recent studies showed both GeSn!2 and SiSn!3
binary alloys exhibit substantial SRO behaviors, albeit with
different forms. A natural question is how the SROs from GeSn
and SiSn binary alloys would interact each other upon the-
formation of a Si-Ge-Sn ternary alloy. Through extensive ab
initio-based Monte Carlo (MC)sampling studies involving > 1
million density functional theory (DFT) calculations, here we
demonstrate the mixing of GeSn and SiSn binary alloys creates
an entirely new landscape of structures in Si-Ge-Sn ternary
alloys that cannot be expected through a superposition of the
structures from their constituent sub-alloys. In particular, we
find that Si-Ge-Sn MEAs canexhibit two distinct types of SROs,

Q lloys composed of elements with distinct physical and

including a new structure of SRO that neither resembles the
ones identified in the binary alloys, nor any known stable
phases of Si-Ge-Sn. Remarkably, the two types of SROs are
found to display drastically different electronic structures but
can co-exist in the same Si-Ge-Sn alloys. Through explicitly
examining the free energy of Si-Ge-Sn MEA, we rationalize the
co-existence through confirming the virtual degeneracy of the
thermodynamic stability for the two types of SROs.

Results

Energy landscape and structures of two types of SROs. A few
theoretical approaches are available to explore SRO of an alloy,
including mean-field methods, e.g., coherent-potential approx-
imation, and explicit many-body approaches, e.g., cluster
expansion. Here we employ Metropolis Monte Carlo method
combined with Density Functional Theory (MC/DFT) to account
for both the needed level of accuracy for differentiating two types
of SROs (<9 meV/atom, as shown below) and the local relaxation
effect which was proven critical to SRO in GeSn and SiSn alloy
systems!3. Indeed, MC/DFT approach has been successfully
applied to investigate SRO in a variety of alloys>!1-1333, An
important point that should be taken into consideration when
applying MC/DFT is the significant configurational space of a
MEA alloy. To ensure sufficient sampling, for each alloy com-
position, we carry out 5-8 independent MC sampling studies,
each of which consists of 15,000-20,000 MC moves starting from
different initial random configurations. This leads to a level of
sampling ~2000 moves per atom, and a total number of over 1
million DFT calculations for the entire investigated composition
domain.

The large-scale MC/DFT study identifies the complex energy
landscape of Si-Ge-Sn MEA alloy. As shown in Fig. la, the
energy of Sig125Geg255n025 is found to rapidly decrease at the
initial stage for all the 8 MC samplings. Such decrease in energy is
usually indicative of the existence of an SRO, because rearranging
atomic configurations leads to optimized structures which are
energetically preferred over a random alloy structure. Indeed,
similar behaviors were shown in the alloys previously identified to
contain SRO>!1-13:19" Intriguingly, the MC sampling is then
found to converge into two energy levels, in contrast to the single
energy level reported in the prior studies®!1-13-19, The two energy
levels, denoted by high-energy basin and low-energy basin,
respectively, are both well below the average energy of a random
alloy, but are separated from each other by about 0.6 eV, as
shown in Fig. 1a, c. We note that this energy difference (~9 meV/
atom) is much greater than the typical magnitude of energy
variation due to thermal fluctuation at room temperature (~2
meV/atom) for a 64-atom cell34.

The large energy difference between the two energy basins may
thus well indicate a distinction in the structures associated with
the two energy basins. To examine the structural origin, we
examine the statistics of all the six types of first nearest neighbors
in Sig 125Geg 625510 .25, namely, Si-Si, Si-Ge, Si-Sn, Ge-Ge, Ge-Sn,
and Sn-Sn. Fig. 1b shows the variation of the instantaneous count
of each type of pairs closely follows the variation of energy along
the MC trajectory, thus confirming the strong correlation
between energy and structure. Importantly, the two energy basins
are found to correspond to two distinct combinations of bond
counts, respectively, indicating two different types of SROs in
Si-Ge-Sn alloy.

To understand the nature of the two types of SROs, we sample
in both energy basins and compute the corresponding average
tetrahedral structures around a center atom and the SRO
parameter aj for the pair between element i and j (see “Methods”

for its definition). Figure 2a compares the local structural motifs
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Fig. 1 Variation of energy and structure due to different types of SROs in Sig 125Geg 6255Nn0.25- @ The overlay of eight independent MC/DFT trajectories
shows the total energy fluctuates around two well-defined energy levels: the high-energy basin (blue dashed line) and the low-energy basin (red dashed
line) that are separated by ~0.6 eV. Both are well below the average energy (magenta dashed line) from random sampling (magenta dots). For clarity, the
energy variation of MC 4 is shown separately in (€). In accordance, b displays the corresponding variation of bond counts for each type of nearest
neighbors. For a truly random distribution, the number of each type of bond with a 64-atom cell (denoted by the horizontal solid lines within the gray-
shaded area) is determined only by the overall alloy composition. R-SRO leads to a different combination of six types of bonds (blue-shaded area), yielding
a deviation from a random distribution, whereas E-SRO (magenta-shaded area) enhances such deviation. d The atomic configurations of random, R-SRO,
and E-SRO structures obtained from MC 4. Si, Ge, and Sn atoms are represented by yellow, purple, and silver, respectively.

of a truly random alloy with those identified in the two types of
SROs. A truly random alloy was modeled by an ensemble of
>2000 randomly generated configurations, each of which was
created by randomly assigning the constituent elements to each
lattice site in accordance with the nominal alloy composition. For
a truly random Sig;5Gegr5Sn0,5 alloy, each center atom,
regardless of its type, is surrounded by 0.5 Si atoms, 2.5 Ge
atoms, and 1 Sn atom on average, as required by the nominal
alloy composition. When the configuration energy falls within the
high-energy basin, a major change is found to occur around Sn
center atoms: a significant portion of Sn-Sn bonds are replaced
by Ge-Sn bonds, leading to a Sn-Sn first coordination number
substantially lower than that of a random alloy. In comparison,
the local configuration around Si atom remains virtually intact.
Ge atoms, on the other hand, have a portion of their nearest-
neighbor Ge atoms replaced by Sn atoms, as a result of
compensating the depletion of Sn-Sn bonds. The resulted SRO
parameter for each pair is shown in Fig. 2b, which clearly
indicates SRO occurs mainly through the Sn-Sn and Ge-Sn
distribution. We note that this overall structural signature is
similar to that identified in Ge,;5Sn 5, which is attributed to the
Sn-Sn repulsive interaction!?. Therefore we denote this type of
SRO by regular-SRO (R-SRO).

In comparison, when the energy falls within the low-energy
basin, all the structural motifs are found to undergo changes with
respect to a random alloy. The most prominent change occurs in
the first coordination shell of Sn atoms, where all the Si and Sn
atoms are found to be replaced by Ge atoms. As a result, each Sn
atom is surrounded by 4 Ge atoms. Since this change leads to a

local Sn structure more ordered than that in R-SRO, we denote it
by enhanced-SRO (E-SRO). The elimination of Sn-Sn and Si-Sn
bonds then yields the corresponding changes in Si and Ge local
structures. For Si, the complete depletion of Sn atoms from its
first coordination shell means the bond conservation can only be
achieved through Si neighboring with more Ge and/or Si atoms.
Our analysis shows that in the case of Sig125Gegg255n0 25, this
change is mainly achieved through the augmentation of Si-Ge
bonds. On the other hand, the increased number of both Ge-Sn
and Si-Ge bonds must be balanced by a depletion of Ge-Ge
bonds, as required by the conservation of total number of bonds
around Ge. Correspondingly, the Ge-Ge coordination number in
E-SRO is found to be lower than that of R-SRO. Therefore, all six
types of pairs in E-SRO are found to display substantial
deviations from the random distribution, with the most
significant deviations occurring in Sn-Sn, Si-Sn, and Si-Si pairs,
which lead to a severely distorted SRO polygon, as shown in
Fig. 2c. We note that E-SRO does not resemble any of the known
phases in Si-Ge-Sn ternary system. In particular, no Si-Ge-Sn
intermetallic compound is known to exist3>.

Therefore, the overall structural signature of E-SRO in
Sip125Geg625Sng2s can be characterized through the strong
repulsive interactions of Sn-Sn and Si-Sn nearest neighbors.
The Sn-Sn repulsion has been recently identified in both GeSn
and Si-Sn alloy, which was found to yield a substantially low
Sn-Sn coordination number in both alloys!213, Our current
study suggests that combining GeSn and SiSn binary alloys into a
ternary alloy may facilitate a further depletion of Sn-Sn bonds,
leading to a nearly complete elimination of Sn-Sn nearest
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Fig. 2 Structural signatures of R-SRO and E-SRO in Sig 125Geg,6255n0.25- @ The averaged local tetrahedral structural motif around each alloying element
when the alloy adopts a random distribution, R-SRO and E-SRO. b, ¢ Show the SRO polygons constructed from the averaged SRO parameter oc}j for each
type of nearest neighbor in R-SRO and E-SRO, respectively. The averaged SRO parameter oc}j for the pair i — j is depicted as a dot on the axis labeled as i — j,
with its location determined by the value of (x}j. An SRO polygon (purple solid lines) is obtained through connecting the six dots. The dashed-hexagon
represents a random distribution where a}j = 0. It is visibly clear that only Ge-Sn and Sn-Sn in R-SRO display substantial deviations from the random
distribution, whereas the six types of pairs in E-SRO all show strong non-random distributions.

neighbors in E-SRO. Such a strong Sn-Sn repulsion facilitates a
better dispersion of Sn, which works against phase separation. On
the other hand, the strong repulsive Si-Sn interaction in E-SRO
of Si-Ge-Sn alloys may appear to be at odd with the SRO
identified in SiSn alloy!3 at first glance, but we note that such
interaction in fact further reduces the number of Sn-Si-Sn local
motif, which is the major unfavorable configuration identified in
SiSn!3. Therefore, the E-SRO optimizes the structure of Si-Ge-Sn
alloy through reducing all the major unfavorable structures
collectively in both GeSn and SiSn sub alloys, which consequently
enables a further decrease of configurational energy with respect
to R-SRO. It is noted that the structural signatures of both types
of SRO are not specific to Sig 125Geg 6255100 25, but rather general in
a wide range of compositions, as discussed below and shown
in the Supplementary Fig. 2. To this end, we also note that
although an explicit experimental characterization of SRO has
proved challenging®3637, there do exist evidences suggesting
the existence of SRO in Si-Ge-Sn alloy. For example, both
atom probe tomography3® and extended X-ray absorption fine

structure (EXAFS) studies indicated a repulsive interaction
between Si and Sn in Si-Ge-Sn alloy, consistent with our finding
in E-SRO. In particular, the EXAFS study3® further showed that
Sn atoms prefer to be located at the second nearest neighbor of Sn
through a Si-Ge-Sn local bonding structure in Si-Ge-Sn alloys.
Consistently, our analysis clearly demonstrates a significant
preference of the Si-Ge-Sn triplet local configuration (Fig. 2a
and Supplementary Fig. 3) in E-SRO over that in random alloy
and R-SRO.

Thermodynamic stability and composition dependence of
SROs. An intriguing manifestation of the sampling study is the
spontaneous occurrence of both R-SRO and E-SRO, albeit E-SRO
clearly being energetically more favorable than R-SRO. In fact,
Fig. 1a, ¢ shows the configuration energy fluctuates between the
two energy basins in the same trajectories, despite the large dif-
ference (0.6 eV) between the two basins. This behavior indicates
that both structures contribute to the ensemble average of alloy’s
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total free energy of mixing AG,, = AH;i, — TAS2

properties, and more importantly, that R-SRO and E-SRO may
have comparable statistical weights towards the ensemble average.
The latter can be likely because, although E-SRO is lower in
energy, the further ordering of atoms leads to a loss of config-
urational entropy, which offsets the enthalpy gain. To explicitly
examine the thermodynamic stability of Si-Ge-Sn alloy with
different SROs, we compute the Gibbs free energy of mixing
AG,,x = AH, ;. — TAS:: for random alloy, R-SRO, and E-SRO.
The mixing enthalpy AHx defined as H(Si,Ge,_, ,Sn) —
xH(Si) — (1 — x — y)H(Ge) — yH(Sn) for Si,Ge;_,_,Sn,, can be
readily calculated through averaging the energy in the corre-
sponding parts of the trajectories from MC sampling (for R-SRO
and E-SRO) or from random sampling (for random alloy), while
the mixing configurational entropy AS,: is estimated based on
the extension to quasi-chemical approximation® (see “Methods”
for details). As shown in Fig. 3a, the random Sig 125Geg 625510 25
alloy yields an AH,,;; of 57.3 meV/atom, which is reduced to 41.7
meV/atom and 32.4 meV/atom for the R-SRO and E-SRO,
respectively. On the other hand, the random alloy leads to the
highest configurational entropy of mixing, which, at the room
temperature, corresponds to the lowest —TAS:: of —23.3 meV/
atom. Expectedly, SRO is found to raise —TAS;, through a
moderate increase to —20.8 meV/atom via R-SRO and a more
significant increase to —11.5 meV/atom via E-SRO. Remarkably,
the calculated AG,,;, are found to be nearly identical for R-SRO
(20.9 meV/atom) and E-SRO (20.8 meV/atom), which are sig-
nificantly lower than that of random alloy (34 meV/atom). It is
noted that the positive AG,;; indicates the Si-Ge-Sn alloy is not
the thermodynamically stable at room temperature. However,
many known phases, including high-Sn content GeSn alloy (with
a Sn composition 33 times its equilibrium solubility in Ge)*!, can
be grown and stabilized via metastability. More importantly, the
virtual degeneracy of AGp between R-SRO and E-SRO thus
explains the spontaneous co-occurrence of R-SRO and E-SRO in
810‘125G60_6258n0_25 from MC Sampling.

The analysis then leads to a question as to whether the co-
existence is of a general relevance at other compositions.
Obviously, an exhaustive search over the entire compositional
space of Si-Ge-Sn alloys can be computationally demanding. In
view of the active role of configurational entropy, we address this
question by limiting our investigation near the center of the
compositional space of the ternary alloy. We also note that this
composition range is also of special interest for mid-infrared
application (see Supplementary Fig. 4)*2. For each composition,
we carry out 5-8 independent MC/DFT samplings, with a total

with x. R-SRO and E-SRO are nearly degenerate in their AGpix.

number of MC steps comparable to that of Sip1,5Gep 25500 25.
The sampling study leads to a total of over 1 million DFT
calculations (see Supplementary Figs. 5-15). Through this
massive sampling study, we identify two types of compositions:
namely, the compositions that clearly demonstrate the co-
existence of both types of SROs, and those that display the sign
of coexistence but have not explicitly exhibited the behavior
within the length of the sampling. The compositions explored are
indicated in the Si-Ge-Sn pseudo phase diagram, as shown in the
Supplementary Fig. 4. From the compositions that show a clear
coexistence, we can obtain a meaningful average of energy and
structure within the corresponding high- and low-energy basins
in the MC trajectories, which enables a similar thermodynamic
analysis to compute AG,; for R-SRO, E-SRO, and random
distribution. The calculation indeed shows the co-existence of two
types of SROs is generally associated with the virtual degeneracy
of their AGp,iy, as shown in Fig. 3b.

Finally, it is noted that other contributions to AG;, also
include the vibrational Helmholtz free energy F'' and electronic
free energy F¢. , which are not included in MC sampling.
Although electronic contribution is typically small at room
temperature, vibrational contribution may not be always
negligible*>#4. To understand the role of vibrational free energy
on the relative stability of two types of SROs, we randomly choose
representative configurations from MC trajectories and compute
F'® by integrating the calculated phonon density of states
through harmonic approximation (see “Methods”). As shown in
Supplementary Table 2 and Supplementary Fig. 16, the difference
in F/® between R-SRO and E-SRO is found to be less than 0.2

meV/atom, indicating that F'® is nearly independent of the

degree of ordering, thus dose not affect the relative stability of
SRO structures.

Impact on electronic band structures. The occurrence of SRO
has been shown to substantially affect the band gaps in both
GeSn!2 and SiSn!3 alloys. In light of the greater variation in
alloy’s structures due to different SROs in Si-Ge-Sn alloys,
a significant change in electronic structures is expected. To
explore this, we compare the calculated band structures of
Sig125Geg 625510 25 alloy with a random distribution, R-SRO, and
E-SRO. As shown in Fig. 4, the calculated band structures display
salient distinctions among the three types of structures. A random
alloy is found to exhibit a direct band gap at I, with the mag-
nitude of ~0.25 eV. With R-SRO, the gap is found to increase to
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Fig. 4 Variation of the calculated electronic band structure with SRO in
Sio.125G€0.6255N0.25- @ Configurations b-d are extracted from Monte Carlo
trajectory 4 (see Fig. 1c). b A random distribution leads to a direct band gap
atI" of 0.25 eV. With R-SRO (¢), the direct band is found to increase to 0.5
eV. d Further ordering through E-SRO vyields an indirect band gap of ~0.75
eV, defined by a transition between I' and L. Band structures of alloy are
calculated by unfolding the wavefunction obtained from a 128-atom cell
(see "Methods") to recover the Bloch character of electronic eigenstates in
the Brillouin zone of a diamond cubic lattice. The corresponding Bloch
spectral weight is color coded in the bar on the right.

~0.5 eV, while maintaining the direct character. Remarkably,
when alloy adopts E-SRO, the direct gap at I' sees a further sig-
nificant increase so that the conduction band minimum at I' is
slightly above that at L, thus turning the band gap into an indirect
type. The corresponding indirect band gap is ~0.75 eV. This
significant change in band gaps and band characters thus high-
lights the substantial role of alloy structure, particularly the
degree of SRO, plays in the optoelectronic properties of group IV
alloys.

Discussion

The co-occurrence of R-SRO and E-SRO observed in our mod-
eling study, along with the analysis showing their nearly degen-
erate thermodynamic stability, thus may well indicate a co-
existence of both types of SROs in real Si-Ge-Sn MEAs. Since a
dynamic transition between the two SROs requires re-

arrangement of atoms in the lattice, which can be kinetically
prohibited at room temperature, such co-existence is more likely
to bear a static form. One possible scenario for static co-existence
is that Si-Ge-Sn MEAs are composed of iso-compositional
domains with different degrees of SRO. Although the sizes of
these domains are unclear, they are expected to be significantly
smaller than a typical grain, and possibly around nanoscale,
because the interface separating different SRO domains does not
involve energetically unfavorable structures such as crystalline
defects, thus the interfacial free energy is expected to be low.
Consequently, Si-Ge-Sn alloys at equilibrium are expected to be
structurally and spatially inhomogeneous at the microscopic level,
albeit being macroscopically homogeneous and isotropic.
Regardless of its spatial distribution, the identified co-existence
of two types of SROs has significant implications on the optoe-
lectronic properties of Si-Ge-Sn alloys. First, the prediction of the
key optoelectronic properties of Si-Ge-Sn alloy, e.g., band gap,
type of band gap, critical compositions for indirect-to-direct
transition, must take into account the significant role of SRO. We
note that in III-V semiconductors which were discovered to
exhibit a long-range, CuPt-type ordering, the role of ordering on
optoelectronic properties has been extensively studied>. In con-
trast, there is a lack of similar understanding in group IV alloys.
Given the large difference in the calculated band gap (~0.5 eV)
between a random and E-SRO model for Sij 155Geg 625500 25, it is
highly likely that a prediction based on a random structure model
may substantially underestimate the band gap. This has already
been shown in GeSn!? and SiSn!3 alloys, but is expected to be
even more significant in ternary alloys. Certainly, such under-
estimate may become small or even negligible for a low Sn
composition?®, where SRO becomes less prominent. However,
since the projected line of composition for indirect-to-direct
transition and the predicted constant bandgap contours for mid-
infrared wavelength in Si-Ge-Sn alloys*? cover high Sn content
(see Supplementary Fig. 4) and significantly overlap the compo-
sition range where the co-existence of two SROs is clearly iden-
tified, a subsequent revisit to the current model is deemed
necessary. Second, the measured optoelectronic properties of
Si-Ge-Sn alloys reflect an ensemble average over all the con-
tributions from the different structures with various degrees of
SRO. Given the large variation in the electronic structures of SRO
with different degrees that can co-exist, an averaged property
alone, e.g., band gap, may not be sufficient to characterize alloy’s
optoelectronic properties. For example, Si-Ge-Sn alloys may
exhibit smeared band edges, analogous to band tails in heavily
doped semiconductors?’, instead of a rather abrupt, step-like
onset of absorption coefficient as in a compound semiconductor.
Such optoelectronic properties may affect the performance of the
alloys, depending on exact types of potential applications. Third,
the significant variation in electronic structure, which is solely
due to the change in SRO, may also present an opportunity for
band engineering. A critical limitation in combining two dis-
similar band structures to create a heterojunction, e.g., quantum
well, is the lattice mismatch between two different materials,
which stands as one of the key challenges in epitaxial growth*s. In
this regard, a heterojunction composed of Si-Ge-Sn alloys with
identical composition but different SROs, for example, R-SRO
and E-SRO, can be advantageous, because the lattice constant of
Si-Ge-Sn alloys only displays a very weak dependence on
ordering (see Supplementary Table 3). Therefore, different types
heterojunctions with tunable band offset may be potentially
formed on demand through controlling SRO, not subject to the
limitation due to lattice mismatch. Such band engineering strat-
egy requires a control over the degree and type of SRO. We note
that such control may be potentially achieved through tuning
temperature in either growth or post-annealing, since the
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entropic part of free energy explicitly depends on temperature. As
a result, the free energy landscape of SRO can be effectively
modified by temperature to shift both the average degree of SRO
and the balance of coexistence. In particular, a higher tempera-
ture is expected to reduce the fraction of E-SRO, leading to a
structure dominated by R-SRO, while a lower temperature will do
the opposite. Indeed, SRO is being exploited to fine tune the
mechanical properties in MEA and HEA metallic alloys>!1:49.

Lastly, and perhaps even more importantly, it is expected that
the observed phenomenon can exist generally in many other
alloys. The co-existence of the two SROs is essentially due to the
subtle balance between the enthalpy gain and the entropy loss
upon an enhanced ordering of alloy configurations. Certainly,
such balance cannot be always expected in any alloy, thus the
discovery of the co-existence of two SROs in Si-Ge-Sn MEAs can
be a fortunate case in this sense. However, we note that as the
number of alloying elements increases, the configurational space
of alloy increases combinatorially. As a consequence, both the
energy landscape and free energy landscape become inevitably
more complex. Therefore it is increasingly likely that there exist
multiple local free energy minima with comparable stability in the
SRO-parameter space. If this were true, multiple forms of SRO
could emerge at equilibrium. These forms of SRO can be reflected
by different combinations of various neighbors within the first
few atomic shells that are nearly equally favorable over a random
distribution. As a consequence, these alloys can be intrinsically
heterogeneous in nanoscale, which has profound implications on
the mechanical, optoelectronic, and thermal transport properties.
In this regard, we note that MEA and HEA are very probable
alloy systems to potentially exhibit this type of behavior. In fact,
some of the very recent studies have already provided the sign for
this. For example, a theoretical study on CoCuFeNiPd HEA!® has
demonstrated that SRO induces a composite structure consisting
of three different types of clusters. Experimental characterization
work has also observed concentration waves at nanoscale in both
CrFeCoNiPd HEA%® and VCoNi MEAS. Therefore, we expect
more discoveries to follow as SRO in MEA and HEA is being
intensively investigated.

Methods

Monte Carlo (MC) sampling. The Metropolis Monte Carlo (MC) method*® is
used to obtain the ensemble averages accounting for SRO, where the acceptance
probability for a new configuration j generated from a trial move in configuration i
equals to min{1, exp(f(Ej — E;)/kgT)}, where E; and E; are the total energies of
configuration i and j, respectively, kg is the Boltzmann constant, and T is tem-
perature (300 K in this study). Each trial move (MC step) involves randomly
selecting and swapping a pair of two atoms of different species to create a new
configuration j, which then undergoes a full relaxation to obtain its energy E.

DFT calculations. Our density functional theory (DFT) calculations were per-
formed with Vienna ab initio simulation package (VASP)>! based on the projector
augmented wave method>?=>%, Local density approximation (LDA)>> was
employed for the exchange-correlation functional, which has been shown to yield
the best agreement with experiment on pure Ge and Sn for geometry
optimization®®-%%. Different exchange correlation functionals were found to lead to
comparable energy differences, which is of central importance to MC sampling (see
Supplementary Fig. 17). As the number of configurations increases combinatorially
with the number of atoms, a simulation cell containing 64 atoms, obtained by
replicating a conventional diamond cubic (DC) cell containing eight atoms twice
along each dimension, is chosen to ensure a sufficient sampling at the DFT level is
feasible. We note that such system size is sufficiently large to accurately describe the
energies of the key structural units pertaining to SRO in Si-Ge-Sn alloys, as
validated through tests using larger cells (see Supplementary Note 1 for more
details). For a 64-atom cell, we used 2 x 2 x 2 Monkhorst-Pack k-points grid® with
a plane-wave cutoff energy of 300 eV. Each new configuration undergoes full
relaxation where both the cell geometry and atomic positions are relaxed. The
conjugate-gradient algorithm is applied for structural relaxation during each
energy calculation, with the convergence criteria of 1074 eV and 103 eV for
electronic and ionic relaxations, respectively. To cross-validate the identified SRO
structures against size and shape effects, we also carried out MC sampling based on

128-atom cells created by replicating the primitive cell of the DC structure four
times along each dimension (see Supplementary Fig. 1). In this case, only gamma
point is used to sample the Brillouin zone for higher computational efficiency. We
note that the choice of all these parameters has been carefully examined to ensure
the total energy difference between two configurations i and j (AE = E; — E;), which
plays a crucial role in MC sampling, is well converged.

SRO parameter. The SRO parameter o is defined as

N
m U
=1 M
! NG
where N, and N7 are the numbers of pairs between element i and j in the mth

coordination shell for a random distribution and the actual distribution, respec-
tively. By definition, a random distribution yields aff = 0. 0<aj’ <1 indicates a
depletion of i, j pairs, with o = 1 meaning a complete depletion, while

o <0 suggests a preference of i, j pairs. Note that &} is different from but related
to the commonly adopted Warren-Cowley SRO parameter!.

Quasi-chemical approximation. The configuration entropy of mixing AS:% is
estimated based on the extension of quasi-chemical approximation*’ from binary
alloys to multi-component alloys. For ternary system composed of species A, B, and
C with composition of x4, x5, and x¢, the configuration entropy per atom can be
approximated by

AS = —ky i:AZ,B.Cxi Inx; + ?(xj Inx; — x; lnxf)} , 2

where kj is the Boltzmann constant, x; is the concentration of species i, x;’ is the

concentration of the micro-cluster j in the random solution model, and x; is the
concentration of the cluster j in the real solution modeled by MC sampling through
taking SRO into account. Given the deviation of first-nearest-neighbor pair (Fig. 2
and Supplementary Fig. 2) and triplets (Supplementary Fig. 3) from random
solution due to SRO, here we choose triplets as micro-clusters to estimate con-
figurational entropy, which enables characterizing SRO through both triplets and
first-nearest-neighbor pairs (embedded as constituents of triplets).

Band structure calculations. For band structure calculations, we employ the
modified Becke-Johnson (mB]J) exchange potential®®, as implemented in VASP
code, with the c-mB]J parameter set to be 1.2, which has been demonstrated to
predict the correct band gaps of Si, Ge and a-Sn, in good agreement with
experimental data and much computationally efficient than hybrid functionals or
GW methods®0>7-%%. We apply the spectral weight approach®:92 to unfold the
band structures back into the first primitive Brillouin Zone of DC structure using
the code fold2bloch®2. Since the spectral weight approach as implemented in
fold2bloch®? requires the supercells built on the basis of primitive cells instead of
conventional ones, band structure calculations are carried out on 128-atom
supercells transformed from the 64-atom supercells generated from the MC/DFT
trajectories, with a transformation matrix [[0, 1, 1], [1,0, 1], [1, 1, 0]]. Relativistic
effects (spin—orbit coupling) are included in the band structure calculation, which
has been demonstrated to be crucial for reproducing the band structures of Ge and
4-Sn56:57,

Vibrational Helmholtz free entropy calculations. Vibrational Helmholtz free
energy F'® is calculated through the harmonic approximationS3, using the pho-
nopy code®* interfaced with VASP. For Si-Ge-Sn alloy, we compute the second-
order interatomic force constants using the finite-displacement method with an
atomic displacement of 0.01 A in supercells containing 512 atoms, duplicated
2x2x2 from the 64-atom supercells generated from the MC/DFT trajectories,
using the I'-point sampling for electronic self-consistent calculations. For pure Si,
Ge, and a-Sn, we used supercells containing 128 atoms, duplicated 4 x 4 x 4 from
the optimized primitive unit cells, with 2 x 2 x 2 k-points for electronic self-
consistent calculations. The post-processing of the results was performed with the
phonopy code®*. The convergence is carefully checked with the g-points meshes up
to 8 x 8 x 8 for Si-Ge-Sn alloy and 35 x 35 x 35 for pure Si, Ge, and a-Sn. An
energy convergence threshold of 1078 eV was used in the calculations.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Code availability
The MC code that is used in this study is available from the corresponding author upon
reasonable request.
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