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ABSTRACT

Despite growing interest in room-temperature plastic semiconductors, understanding and predicting slip modes in semi-
conductors remains a fundamental challenge due to their complex, low-symmetry structures. Applying analytical frameworks
of metal plasticity to semiconductors directly can lead to the ignorance of the quasi-coplanarity in semiconductors due to their
complex structures. In this work, we introduce a geometric-descriptor guided strategy to identify potential operative slip
systems in semiconductors. A coplanarity index (CI) is developed to quantitatively characterize the quasi-aligned nature of
atomic planes. The applicability of the CI is demonstrated in high-performance plastic thermoelectric material MgsSb,. A quasi-
aligned pyramidal plane {0111} with high CI value in hexagonal Mg;Sb, is predicted to be the active slip plane for <c+ a>
dislocation slip, accommodating plastic deformation along the c-axis, which is a mechanism that has not been previously
recognized in hexagonal semiconductors. The CI values of the {0111} planes also reflect the differences in the atom configu-
rations among the isostructure AB,X, Zintl phases, which indicates the good plasticity of MgsSb, from the perspective of
coplanarity. This geometry-energy integrated framework offers a quantitative methodology for understanding and designing
ductile functional semiconductors.

1 | Introduction . . .
particularly important class. However, semiconductors have long

Functional materials form the foundation of modern science and
technology and are central to emerging applications. Progress in
areas such as information technology, energy conversion, nano-
medicine, and quantum devices relies on continued improvements
in functional materials. Among them, semiconductors represent a

been regarded as brittle, showing little plasticity at room temper-
ature. This intrinsic brittleness complicates fabrication and
undermines the mechanical reliability of the functional devices,
posing major challenges to practical applications. In recent years,
the discovery of plastic semiconductors has overcome the long-
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standing bottleneck among functional performance, mechanical
robustness, and processability [1-5]. Micro pillar CsPbBr; perov-
skite single crystals can deform facilely without affecting its
optoelectronic performance, exhibiting the potential applications
in deformable image-sensing devices [6]. The plastic deformation
of Ag,Tey6So4 is driven by sublattice amorphization, which en-
dows it with metal-like processability [7, 8]. High-performance
thermoelectric materials, such as Cu,Se, Ag,Se, and BigySb,, can
be metalworked into large scale self standing film at slightly ele-
vated temperatures, minimizing the cost and time consumption
of the methods and techniques used for semiconductors manu-
facturing [9], which makes them promising candidates for energy-
autonomous wearable devices [10, 11]. Designing and fabricating
functional semiconductors for device applications requires a deep
understanding of their mechanical properties and the deformation
mechanism [12]. Based on established approaches in plasticity
analysis, potential slip planes can be located by identifying densely
packed planes. The atomic packing density indicates that the {111}
planes in copper (Cu) and the {0001} planes in magnesium
(Mg) should serve as the dominant slip planes, which are
broadly supported by experimental evidence [13]. Extending
this framework to semiconductors is particularly relevant, as the
understanding methodology of their plasticity remains far less
developed.

However, in plastic semiconductors, which feature more com-
plex and less symmetric crystal structures, fully coplanar planes
are often less densely packed or even absent. Consequently, re-
lying solely on atomic packing density overlooks the contribution
of quasi-coplanar atomic layers, which can also accommodate
slip during deformation. Therefore, it becomes necessary to
quantitatively characterize this quasi-aligned, also described as
zigzag, atomic configurations [14]. The CI for atom layers is
defined as CI =1 — g/D, where o represents the standard devia-
tion of the atomic distances to the plane within the atom layer,
and D denotes the interlayer spacing (calculation flow chart is
presented in Figure 1A, and a detailed calculation process is
given in the Supporting Note). By utilizing the k-means cluster-
ing algorithm, an objective classification of atomic-layer config-
urations is provided, addressing the challenge of defining atom
layers in complex semiconductors. This method mathematically
defines quasi-aligned planes and introduces a new geometric
dimension for characterizing atomic layers.

Atomic layers of typical plastic materials, including both
metallic and nonmetallic systems, are listed by planar packing
density combined with the CI, shown as Figure 1B. As the
structural symmetry decreases, both the atomic packing density
and the CI of the atomic planes decrease. Recently, high-
performance thermoelectric semiconductor Mg;Sb, received
intensive interest [15-17], exhibiting plastic deformation under
room-temperature [18-22]. Mg;Sb,, MgsBi,, and their iso-
electronic alloys can deform plastically under tensile and
compressive conditions, demonstrating excellent processability
[19-21]. However, previous investigations of their slip behavior
have primarily focused on perfectly aligned planes. The slip
potential of quasi-aligned planes largely is still uninvestigated.

Unlike the atomic packing density, which is utilized to compare
different planes within the same material, it shows limited
sensitivity to variations across materials. CI enables the
description of more detailed features among materials with the
same structure. Within the AB,X, Zintl phase family, Mg;Sb,

and Mg;Bi, are notable for their plasticity, while most other
members with the same crystal structure are brittle. However,
the origin of the disparity in their mechanical properties
remains unexplored.

Guided by the combined consideration of planar atomic density
and the introduced CI, we calculated the generalized stacking
fault energies of possible slip planes in Mg;Sb,. Based on the
geometric analysis results, the quasi-aligned plane {0111} pres-
ents the highest atomic packing density. Experiments confirm
that {0111} plane carries pyramidal <c+ a)> slip, which is es-
sential for achieving general plasticity in hexagonal materials.
In addition to the pyramidal {0111} plane, the prismatic-type
{1120} plane was also examined. Among the AB,X, Zintl phases
studied, only Mg;Sb, and Mg;Bi, exhibit feasible slip on the
{1120} plane, which correlates with their distinct plasticity.
Despite its perfect coplanarity, packing density together with
energetic evidence consistently points to the {0111} plane as the
primary slip carrier. We therefore compared the CI values of
quasi-aligned planes across a range of Zintl compounds. The CI
values of the {0111} planes in Mg;Sb, and Mg;Bi, are higher
than other Zintl compounds presented in Figure 1C. Higher CI
values of the {0111} planes correlate with lower slip barriers,
indicating that Mgs;Sb, and Mg;Bi, are more energetically
favorable to deform plastically than other Zintl compounds.
The CI value reflects the degree of distortion within the crystal,
which is a structural characteristic that has long been recog-
nized as critical due to its connection to local coordination
environments and its role in guiding the functional design of
materials. By elucidating the mechanism behind the superior
plastic deformability of Mg;Sb,, our study demonstrates the
utility of the CI parameter as a descriptor for probing the
mechanical behavior of materials.

2 | Results

Guided by the geometric framework combining atomic packing
density and the CI, potential slip planes of Mg;Sb, were screened.
This analysis first identified the quasi-aligned pyramidal {0111}
plane as a geometrically favorable slip candidate, which had not
been previously recognized. Generalized stacking fault energy
(GSFE) calculations (Figure S1) were then conducted for the
planes with high atomic packing density and CI values
(Figure S2). The resulting GSFE surfaces reveal the minimum
energy path (MEP) and corresponding theoretical Burgers vectors
[23, 24] (Figure S3 I-IV and Table S1). The calculations indicate
that <c + a slip on the quasi-aligned {0111} plane is energetically
favorable in Mg;Sb, (Figure 2A). In hexagonal materials,
pyramidal <c+ a)> slips are essential for accommodating defor-
mation along the crystallographic c-axis, which is a fundamental
condition for achieving generalized plasticity [25, 26]. Although
Mg,Sb, has been extensively studied, the activation mechanism of
this c-axis deformation has not been clarified previously.

To investigate the deformation ability of Mg;Sb, along the c-axis,
in situ transmission electron microscopy (TEM) mechanical
testing (Movie S1) was conducted to characterize the deforma-
tion behavior of MgsSb, along the c-axis. The single-
crystal nano/micro pillar sample is prepared using a focused ion
beam (FIB) workstation and the observation direction is along
[1010] (Figure 2B). Figure 2C shows the strain-stress test result.
The nano/micro pillar has a yield strength of 0.9 GPa, higher
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FIGURE 1 | Geometric analysis of crystal planes for potential slip plane identification. (A) The calculation flow chart of the CI value. d;; is the
perpendicular distance from atom j to the specified plane. C; indicates the atomic cluster assignment, determined by k-means clustering of d;;, while
1; is the centroid position of that cluster, representing the average height of the grouped atoms. o refers to the standard deviation of distances from
atoms within a cluster to the target plane, and D is the spacing between adjacent cluster centroids, equivalent to the interlayer spacing of quasi-
coplanar atomic layers. The dimensionless coplanarity index (CI =1 — o/D) quantifies the degree of coplanarity. (B) Extension of the strategy of
predicting potential slip planes based on planar atomic density from metals to semiconductors, with the introduction of the CI to quantify the
coplanarity of atomic planes. CI =1 indicates perfectly coplanar planes, while CI <1 represents quasi-aligned planes. (C) Comparative CI values of
{0111} planes across various Zintl compounds.

than that of the bulk sample. The increased yield strength is
usually attributed to the sample size effect [27]. After yielding,
homogeneous plastic deformation occurs until 17.7% strain. A
large number of dislocations are activated, which can be also
clearly observed in a cone-shaped nano/micro pillar (Figure 2D,
Movie S2). This in turn facilitates strain hardening capacity,
promoting large homogeneous plastic deformation. Subse-
quently, a stress drop from 1.1 to 0.2 GPa occurs after 17.7%
strain. This indicates that lots of the dislocations slip out of
the nano/micro pillar, a similar softening phenomenon to

the CsPbBr; single crystal pillar [6]. However, with further
increase of the strain, the flow stress increases instead of brittle
failure, indicating the re-activation of dislocation motions.
A less significant stress drop also exists in another column-
shaped nano/micro pillar (Movie S3, Figure S4). When the ex-
ternal strain is applied parallel to the c-axis, a high plastic
deformation strain (> 30%) can also be achieved in single crystal
MgsSb, thanks to the activation of the pyramidal <c+ a> dislo-
cation slip. In hexagonal materials, such c-axis deformation is
generally enabled only by the activation of pyramidal <c+ a>

194

Interdisciplinary Materials, 2026

85U8017 SUOWIWIOD BAITEID) 8|qea!dde ay) Aq pausencb ae sspie YO ‘88N Jo sejni 1oy Ariq1T8UIIUQO AB|IA UO (SUORIPUOD-PUR-SWBH W00 A8 | IMAeIq1 Ul UO//:SANy) SUONIPUOD pue SWis | 8U188S *[9202/90/60] U0 AriqiauljuO AB|IM BuIDBURIL0D AQ ZE0OL ZWP1/Z00T OT/I0P/Wo0" A3 1M Ae.q 1 |puluoy//Sdiy wolj pepeojumod ‘T ‘9202 ‘XTiy29/2



(A) (B)

(C)

1.6
{0111} Compress T 14
Cl=0.92 , direction %
GSFE (JérEZ% (+) Mg1 :;1.2
< gd> OMg2 g1
()
’ Osb g°
_ T 0.6
()
. S  Eoap
0.000 = > %
® I.I=J 0 2§
(1)1 e . N Ly
0 10 20 30 40
Engineering strain (%)
(D) Yielding point Homogeneous deformation limit

FIGURE 2 | In situ TEM compression test showing that the dislocation slip on the quasi-aligned pyramidal plane is responsible for the plastic

deformation of a single crystal Mg;Sb, (fabricated by FIB with electron backscatter diffraction (EBSD) detector) nano/micro pillars under c-axis
compression. (A) GSFE calculation result of {0111} plane, where the minimum energy path (MEP) is marked by a blue line. (B) Schematic of the
compression direction and the observation direction. Quasi-aligned plane {0111} is highlighted. (C) The stress-strain curves of the single
crystal nano/micro pillar, obtained from in situ TEM compression along the c-axis direction. (D) Snapshot images from in situ TEM compression
movie, showing the morphology evolution of the nano/micro pillar during deformation. The TEM figures of the undeformed and
deformed nano/micro pillar are zoomed in, showing the dislocation multiplication. The slip traces marked by the yellow arrows indicate that

pyramidal slip activation contributes to plastic deformation under c-axis compression. The slip plane is marked by a white dashed line.

slip. This experimental observation aligns well with our com-
putational predictions (Figure S5), which identified the {0111}
plane as a potential slip plane along the (1101) direction, indi-
cating the quasi-aligned {0111} plane can perform as a slip plane
in hexagonal Mg;Sb,.

In single-crystal MgsSb,, in situ TEM compression confirms
that c-axis deformation is accommodated by the activation of
{0111} pyramidal <c+ a> slip. In polycrystalline samples, the
relative ease of activating this pyramidal system compared with
other slip modes, such as basal <a> slip becomes critical. To
understand the good plasticity of Mgs;Sb, (compressive strain of
up to 30%), the ease of activation of various slip systems should
be investigated. Schematics of the main slip systems of Mg;Sb,
are given comparing with those of typical hexagonal close-
packed (hcp) metal Mg (Figure 3A), whose compressive strain is
about 12% because of significant difference in critical resolved

shear stress (CRSS) between the <a> and <c+ a> slip systems
[25]. The theoretical CRSS of Mgs;Sb, for its possible slip systems
is also calculated using the model given in refrence [29].
(Figure 3B, Table S2 for the critical parameters used, Table S3 for
the calculated elastic parameters of MgsSb,). As shown in
Figure 3B, Mg exhibits a pronounced difference in CRSS among
slip systems. Basal <a> slip requires the lowest stress, while
<c + a) slip needs stresses nearly two orders of magnitude higher.
In contrast, Mg;Sb, shows comparable CRSS values across slip
systems, indicating nearly isotropic deformation. Notably, the
CRSS for <c+ a) slip on the {0111} plane is lower than that of
basal <a slip, which is rare for hexagonal materials. This excep-
tional mobility of the {0111} plane is attributed to its combination
of the highest atomic packing density and a high CI value, which
facilitates dislocation glide. The actual activation stress (AS) of one
slip system depends on the angle of the slip plane relative to the
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FIGURE 3 | The main slip systems of MgzSb, and their relative activity. (A) Schematics of main slip systems of Mgs;Sb, and Mg. The main slip
systems of Mg;Sb, are {0001} <a>, {1102} <aD, {0111} <c + aD, {1120} <c + a>, and {1010} <c>, respectively. The main slip systems of Mg are {0001} <a)>,
{1010} <ap, {1101} <a>, {1101} <aD, and {1122} <c + a>. (B) The CRSS ratio comparison of different slip systems between MgsSb, and Mg [28]. The
CRSS ratio relative to basal slip is given by normalizing the CRSS of different slip systems to the CRSS of <a) slip on the basal plane. (C) The activity
of the slip systems relative to the basal slip as a function of the angles between the c-axis and the loading directions (6), meaning the ratio between the
AS of one slip system and that of the basal slip. Only slip modes with the lowest AS under the same 6 are illustrated. Scanning electron microscope
(SEM) image of a deformed grain is inserted. The slip traces caused by <c + a> slip can be clearly observed. The results of slip trace analysis are given
in Figures S9,S10 and Tables S4,S5 to support the activation stress calculation results. (D-G) The bright-field TEM images of 5% strained Mg;Sb,
sample, probed from two-beam conditions in [2110], [2110], [2110], and [0110] directions with g vectors of (0002), (0110), (0111), and (2110),
respectively. (H) The corresponding high-resolution TEM image, showing a {0111} <c+ a)> dislocation with a Burgers vector of 1/6 (2023) in the
deformed sample. (I) Strain-stress curves of nano/micro pillar samples. These samples were randomly milled on a bulk sample surface, and thus with
random orientations. SEM image of one undeformed nano/micro pillar is inserted. Strain-stress curves and SEM images of all nano/micro pillars
before and after compression are shown in Figure S13.

applied force geometrically, which is calculated by dividing the
CRSS by the Schmid factor [30] (m, Figure S6). To obtain the
dominant slip mechanism with various loading directions, the
deformation mode and its AS relative to basal slip as a function of
the angles between the c-axis and the loading directions (6)
(Figure 3C). It suggests that the angle between the a-axes of grains
and the loading axis is randomly distributed in the range of 0°-60°
(Figure S7) [31]. It is found that the main activation
mode of MgsSb, is {0111} <c+a> slip with 6<48° {1120}

{c+ a> with 6 of 48°-73°, and {0111} <c+ a)> slip with 6> 73°.
The {0111} <c + a> dislocation slip plays an essential role as the
only slip mode capable of accommodating plastic strain along the
c-axis. The variation in AS among all slip systems is not signifi-
cant under different loading directions (Figure S8 I-1I), leading to
the good plasticity of MgsSb,. Quasi-in situ compression EBSD
experiment is also conducted, which validates the reliability of
our calculation results. The inserted picture shows a deformed
grain with 8 =66.6°. By slip trace analysis, the activated slip
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mode is {1120} <c+ a>, which agrees well with the theoretical
results (Figures S9 and S10 and Tables S4 and S5).

A detailed bright-field TEM analysis is conducted to clarify the
activated dislocation types during the plastic deformation of
Mg;Sb,. These observations aim to detect the dislocation types
on the g-b invisibility criterion [32]: the dislocations are
invisible when g-b=0, and visible when g-b = 0. A 5% de-
formed Mg;Sb, sample is investigated using two-beam condi-
tions with alternating operating vectors of g=(0002),
g=1(0110), g =(0111), and g = (2110) (Figure 3D-G). Based on
this property, we denote the dislocations using orange, blue,
and red dashed lines for three types of dislocations with various
extinction conditions (Table S6), respectively. When g = (0002),
only the dislocations marked by red dashed lines can be seen,
suggesting that they are <c+a> or <c> dislocations: the pro-
jections of their Burger vectors on the crystallographic c-axis are
not zero. Furthermore, the red dislocation can also be seen
under other g vectors, suggesting that they are <c+a) dis-
locations. Dislocations marked by blue and orange dashed lines
are invisible under g=(0002), meaning that they are neither
<c+ a) dislocations nor <c> dislocations, but <a)> dislocations.
The blue dislocations are only visible under g=(0110) and
g=(0111), while the red dislocations are only visible under
g =(2110), indicating that they are different kinds of <a)> type
dislocations. The two-beam diffraction technique enabled rapid
screening of dislocation populations, which directly revealed a
high density of <c+ a> dislocations in deformed Mg;Sb, and
thus highlighted their essential role in accommodating plastic
strain. To clarify the origin of the high dislocation density,
TEM analysis was performed on the undeformed sample.
Under identical diffraction conditions (Figure S11), dislocation
types are statistically analyzed confirming that the multiplica-
tion of the <{c+ a)> dislocations is the most significant during
plastic deformation process. To further determine the Burgers
vector of the <c + a)> dislocations, a high-resolution TEM image
of the <c + a> dislocation is obtained (Figure 3H). By utilizing
the Burgers circuit analysis, the Burgers vector of the <c + a>
dislocation can be examined as b=1/6 (2023), which can be
generated by the activation and dissociation of the {0111}
{c +a) slip system {0111} (1011), which is an easily activated
slip mode based on our calculation (Figure S12). The dissocia-
tion can decrease the high energy of the <c+ a> dislocations.
The motion of partial dislocations can minimize the large en-
ergy introduced by complete dislocations with large Burgers
vectors through dislocations dissociation, which can also pro-
mote the gliding of the <c+ a> dislocation. The compression
tests are performed on multiple nano/micro pillars (Figure 3I)
with random orientation. These nano/micro pillars also reveal
homogeneous plastic deformation without large serrations on
the stress-strain curves, indicating the activation of a large
number of dislocations. Combined results from in situ TEM
deformation, diffraction contrast, and CRSS analysis verify that
the quasi-aligned pyramidal {0111} plane is a primary carrier of
plastic deformation in Mg;Sb,. The high CI value of this plane
provides a quantitative geometric explanation for its activity.
This success establishes CI as a powerful descriptor that extends
the selection range of active slip planes from coplanar to quasi-
coplanar planes.

Inspired by the fact that the quasi-aligned plane in Mg;Sb, have
high packing density providing the possible plane for <c + a>

dislocation slip, the mechanical properties of other AB,X, Zintl
phases which have the same lattice structure with Mg,Sb, are
studied as well. The compression results in Figure 4A show
that, among these studied analogs of Mg;Sb,, only Mg;Bi, de-
forms plastically, that is, with obvious yielding behaviors.
YbMg,Sb,, YbMg,Bi,, YbZn,Sb,, CaMg,Sb,, CaMg,Bi,, and
YbCd,Sb, are all brittle based on our experimental results. The
conclusions are irrelevant to sample preparation processes and
test conditions (Figure S14). Taking CaMg,Sb, as a typical ex-
ample, as the strain increases to 5%, an abrupt drop of the stress
takes place, without a yielding behavior. To understand the
different deformation behavior between MgsSb, and other
AB,X, Zintl phases, the relation between the GSFEs and the
cleavage energies (Eq) of a specific plane is calculated
(Figure S15 I-II). {1120} is the plane (Figure 4B) which shows
the most distinct behavior among Mg;Sb, and other analogs. As
shown in Figure 4B,C, the E, is represented by a white contour,
serving as a boundary that separates the high-GSFE region
(GSFE>E,, shown in red) from the low-GSFE region
(GSFE < E;, shown in blue). For the {1120} plane of Mg;Sb,
there exists a “paved path” where the GSFE is lower than E_,
connecting one stable state with another, indicating that the
{1120} slip plane is operative in Mg;Sb,. The {1120} plane of
CaMg,Sb,, however, shows the opposite behavior. The <c + a>
dislocation slip is prohibited in CaMg,Sb,, because higher en-
ergy is required for the slip in {1120} plane than that of cleavage,
resulting in its brittle nature. It is worth mentioning that this
slip system, {1120} (1101), is one of the main activated slip
systems under some loading direction (as shown before in
Figure 3C).

To further understand the difference between Mg;Sb, and
CaMg,Sb, from the chemical bond perspective, the interested
configuration with a stacking fault vector f=7/24 [3301] is
studied in detail (Figure 4D,E). For this stacking fault vector, the
GSFE of Mg;Sb, is less than the Ey, while that of CaMg,Sb, is
larger than its E. In Figure S16, for this specific configuration,
the Ca atom is subjected to a larger force (5.95eV/A) than Mg
(3.11eV/A). This indicates a stronger repulsion at the stacking
fault in CaMg,Sb,, which promotes a tendency for cleavage over
stable slip. The calculated partial charge densities in Mg;Sb, and
CaMg,Sb, are also illustrated. It suggests that the charge accu-
mulation on the slipped plane is more pronounced in CaMg,Sb,
(Figure 4E) than in Mg;Sb, (Figure 4D). The accumulated charge
in the stacking fault region results in a strong repulsion between
Sb and Ca in CaMg,Sb,, leading to the cleavage trend for the
{1120} plane in the deformation process of CaMg,Sb,. The elec-
tron localization functions (ELF) are also calculated, which is a
widely used tool to measure electron localization [33]. In Mg;Sb.,
a dynamic bonding behavior [19] exists in the slipping process.
The interlayer Mg—Sb bonds break and form continuously dur-
ing slipping (Figures S17,518). However, the {1120} <c+a)>
stacking fault will cause the breakage of the Mg—Sb bond in
CaMg,Sb,, without new bond forming, leading to its cleavage
tendency (Figure S19).

Although sharing the same crystal structure, Mg;Sb, and
Mg;Bi, can deform plastically under compression at room
temperature, whereas other typical AB,X, compounds remain
brittle. Beyond the pronounced difference in the {1120} plane,
the variation in CI values for the {0111} planes across AB,X,
Zintl phases further highlights their distinct deformation
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FIGURE 4 | Investigations of mechanical properties and chemical bonding of AB,X, compounds. (A) Strain-stress curves of Mgs;Sb,, CaMg,Sb,,

Mg;Bi,, and CaMg,Bi, under the compression condition. For YbMg,Sb,, YbMg,Bi,, YbCd,Sb,, and YbZn,Sb, samples, the maximum stress-strain

values are shown by points. GSFE surface of the {1120} plane of (B) MgsSb, and (C) CaMg,Sb,. The E,, is shown as a white contour, separating high-
GSFE (red, GSFE > E,), and low-GSFE (blue, GSFE < E)) regions. The calculated results of the partial charge density of (D) MgsSb, and (E)
CaMg,Sb;, at the stacking fault region. The stacking fault vector is f=7/24 [3301]. (F) Relationship between CI and slip-cleavage energy difference

(Es — E.), demonstrating that higher coplanarity corresponds to easier slip activation, consistent with the superior plasticity of Mg;Sb, and Mg;Bi,.

The calculation results of 12 kinds of Zintl compounds are given in Table S7.

tendencies. Within the energetic framework provided by
GSFE and cleavage energy analyses, the CI values serve as an
effective geometric indicator for evaluating slip activity.
Figure 4F compares the slip activities of the {1120} and {0111}
planes across 12 Zintl compounds, with the slip activities rep-
resented by the energy difference between the slip energy (Es, the
highest energy barrier along the MEP) and the E. Among them,
the {1120} slip planes are operative only in MgsSb, and Mg;Bi,
(Es — E <0), revealing a fundamental difference in deformation
behavior and explaining the unique polycrystalline plasticity of
these two compounds. Guided by the CI-based geometric
screening, quasi-aligned {0111} planes with E;— E4 <0 are fur-
ther identified in several Zintl phases, suggesting that {0111}
planes may contribute to plastic deformation in single-crystal
form. Moreover, the plastic Mg;Sb, and Mg;Bi, have the highest
CI values. The negative correlation between CI and Es—E
reveals that planes with higher CI values are energetically more
favorable for slip (Figure S20), offering an intuitive geometric
explanation for the activation tendency of the {0111} planes
across Zintl compounds. This correlation also suggests that the
CI descriptor can effectively identify potential slip systems

beyond the strictly coplanar ones, offering a geometric-energetic
framework to interpret plasticity differences among Zintl phases
and to guide the design of deformable semiconductors.

3 | Conclusions

Unlike the well-developed methodology in the field of metal
plasticity theory, the understanding of plasticity in semi-
conductors has been hindered by the lack of a comprehensive
framework to predict slip in their typically complex, low-
symmetry structures. To address this gap, we introduce the CI, a
quantitative descriptor that captures the previously overlooked
geometric factor of quasi-coplanar atomic alignment. By utilizing
a geometric analysis integrating planar atomic density with the
CI descriptor, we identified the dominant slip systems in Mg;Sb,
and computed their GSFEs. This approach theoretically un-
covered the significant role of the quasi-aligned pyramidal {0111}
plane in enabling pyramidal <c + a)> dislocation slip in the hex-
agonal semiconductor Mg;Sb,, which is also confirmed by in situ
and ex situ TEM observation. The CI descriptor enables cross-
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material comparison, revealing that the {0111} planes in Mg;Sb,
and Mg;Bi, are geometrically more favorable for slip than in
other AB,X, compounds, consistent with energetic calculations.
This geometry-energy framework, centered on the CI descriptor,
provides a general strategy for understanding and designing
ductile functional materials. The CI parameter unlocks a previ-
ously overlooked geometric dimension for screening plastic de-
formability across a wide range of semiconductor systems.
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