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Switching it up: New mechanisms revealed in

wurtzite-type ferroelectrics

Cheng-Wei Lee'*, Keisuke Yazawa'?, Andriy Zakutayevz, Geoff L. Brennecka', Prashun Gorai'"*

Wurtzite-type ferroelectrics have drawn increasing attention due to the promise of better performance and inte-
gration than traditional oxide ferroelectrics with semiconductors such as Si, SiC, and IlI-V compounds. However,
wurtzite-type ferroelectrics generally require enormous electric fields, approaching breakdown, to reverse their
polarization. The underlying switching mechanism(s), especially for multinary compounds and alloys, remains
elusive. Here, we examine the switching behaviors in Al;_xSc,N alloys and wurtzite-type multinary candidate
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compounds we recently computationally identified. We find that switching in these tetrahedrally coordinated
materials proceeds via a variety of nonpolar intermediate structures and that switching barriers are dominated
by the more-electronegative cations. For Al;_xScN alloys, we find that the switching pathway changes from a
collective mechanism to a lower-barrier mechanism enabled by inversion of individual tetrahedra with increased
Sc composition. Our findings provide insights for future engineering and realization of wurtzite-type materials

and open a door to understanding domain motion.

INTRODUCTION
Ferroelectrics are polar materials whose spontaneous polarization can
be reoriented via an external electric field. This phenomenon enables
the poling of polycrystalline piezoelectrics and has found direct
application from non-volatile memory and sensors to energy harvest-
ing and storage (1-3). Recently, as first demonstrated in Al;_,Sc,N by
Fichtner et al. in 2019 (4), wurtzite-type ferroelectrics have drawn
rapid interest from academia and industry due to their high sponta-
neous polarization [e.g., >100 pC/cm? for nitrides (5)] and the poten-
tial for direct integration with existing semiconductors such as Si,
GaN, and SiC (3, 6). One major challenge for all currently known
wurtzite-type ferroelectrics [Al;_,ScyN (4), Ga;—xSc,N (7), Al;_,B.N
(8), Ali_xY,N (9), and Zn;_,Mg,O (10) alloys] is that the coercive
field, E,, required to switch the polarization is several megavolts per
centimeter, which is dangerously close to the maximum breakdown
fields of these same materials and is roughly one to two orders of
magnitude larger than more common perovskite ferroelectrics (4, 11).

To address this challenge and reduce E,, there are generally two
approaches. One is to further engineer known wurtzite materials
like AIN and ZnO via alloying and straining (4, 7, 8, 10, 12), while
the other is to explore and develop new wurtzite(-type) materials
that have lower coercive fields (11, 13, 14). Ultimately, the goal is to
identify the underlying polarization switching mechanisms and the
structure-property relationships that control E; in other words,
what deviations from the baseline wurtzite structure are involved in
the transition from a positive-polarity wurtzite (wz") to the equiva-
lent negative-polarity wurtzite (wz~)? We want to emphasize that
the present study focuses on favorable pathways for polarization
inversion and, therefore, represents possible atomic configurations
that could be mapped to static domain walls. No attempt is made in
the current work to describe the motion of these walls that would
correspond to macroscopic ferroelectric switching.

The simplest model of this process, and the one proposed in the
original Fichtner et al. work (4), essentially involves the cation and
anion sublattices collectively squeezing “through” one another via a
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nonpolar hexagonal structure (wz* — h’— wz~, see collective mech-
anism in Fig. 1B). This pathway was proposed in 2016 as part of a
study that identified the hexagonal intermediate structure as the
“proper” nonpolar reference structure for calculating wurtzite polarity
(15). Earlier work investigated a pathway via the nonpolar zincblende
structure (wz*— zb’— wz ") (16, 17); while using the nonpolar zinc-
blende structure as the computational reference structure leads to
spontaneous polarization values that are one to two orders of mag-
nitude too small (5), this does not preclude such a dislocation-mediated
process from occurring during polarization inversion. Along simi-
lar lines, inversion domain boundaries in as-grown III-N films have
been extensively studied for many years and provide an important
example of one possible intermediate state between fully wz* and
wz~ structures (18-20).

Three groups have recently and independently contributed strong
evidence that the simple wz"— h’— wz~ pathway is likely not the
complete story for ferroelectric wurtzites. The Kiel group directly
imaged via transmission electron microscopy (TEM) a laterally
extended inversion boundary (21). A computational study from Liu
et al. (22) identified a nonpolar structure that resembles p-BeO,
and Calderon et al. (23) imaged dynamic inversion via TEM and
matched the atomic structure to that of previously known inversion
domain boundaries. In our recent computational search for multi-
nary wurtzite-type ferroelectrics with reduced switching barriers
and larger breakdown fields (14), we found that most of the studied
compounds follow switching pathways that pass through nonpolar
structures (see individual mechanism in Fig. 1B). Together, these
findings indicate greater complexities than what is captured in the
simple wz*— h’— wz~ pathway and highlight the importance of the
local atomic environment in polarization inversion. By extension,
chemical diversity may induce different switching pathways, though
the underlying mechanisms remain elusive.

To address this, we perform a systematic study on (i) switching
pathways for different Sc compositions (x < 0.44) in Al;_,Sc,N al-
loys, and (ii) the switching pathways for all of the candidate com-
pounds in our previous computational search (14). Figure 1 shows
the schematic energy landscape and switching sequence of the newly
revealed individual switching mechanism for multinary compounds
and alloys. The collective wz'— h® — wz~ switching pathway has a
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Fig. 1. New polarization switching mechanisms in multinary compounds and alloys. (A) The polarization switching in few multinary (beyond binary) compounds
(1-2-3) is characterized by a simple energy density landscape, and proceeds via a layered hexagonal structure, labeled “Collective” in (B). In contrast, many multinary
compounds undergo more complex polarization switching through unique half-switched nonpolar structures, labeled “Individual,” characterized by sequential switching
of cation tetrahedra. (C) Al;_,SckN alloys exhibit a change from collective to individual mechanism with increasing Sc content.

smoother energy landscape, while the landscape for the individ-
ual pathway is more complicated and has multiple local minima.
Figure 1B further shows the corresponding atomic configurations,
highlighting that the individual pathways are so named due to the
sequential switching of individual cation tetrahedra. We find that
increasing Sc content in the Al;_,Sc,N alloy not only reduces the
switching barrier but also promotes individual switching, as sche-
matically shown in Fig. 1C. Across the 22 investigated compounds
that exhibit individual switching, we find that five distinct nonpolar
structures—including the recently reported p-BeO-like structure—
show distinctive repeating patterns associated with the chemical
stoichiometries of the material. Last, we find that the switching bar-
riers in multinary wurtzite-type compounds are dominated by the
cations with higher electronegativity. Overall, our findings provide
critical insights into the polarization inversion of wurtzite-type
ferroelectrics.

RESULTS

Switching pathways in Al,_,Sc,N alloys

To date, all demonstrations of ferroelectricity in wurtzite-based ma-
terials have been in AIN or in chemically disordered alloys (4, 7-10).
Despite emerging experimental and theoretical evidence (21-23), a
systematic understanding of the atomic-scale switching pathways in
these alloys remains unclear. To gain insights into the switching
mechanism and the effect of Sc addition to AIN, we calculate the
minimum energy pathways (MEPs) of Al;_,Sc,N alloys using the
solid-state nudged elastic band (SS-NEB) method, between its
positive-polarity and negative-polarity structures. We perform a
systematic study of the polarization switching pathways and barriers
for Al;_,Sc,N alloys, with Sc composition x of 0.055, 0.22, 0.28,
0.305, 0.36, and 0.44. The largest x is chosen based on the highest
reported experimental value (4, 24) and predicted the stability range
of the wurtzite-type structure (25, 26) in this alloy. For each x, we
investigate four alloy models with different random distributions of
Sc and apply the SS-NEB method to determine the pathways and
barriers (see Materials and Methods for details). We use four alloy
models at each composition to build statistics of the switching path-
ways and barriers; the statistics capture the different local environ-
ments in the alloy.
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Figure 2A shows the predicted spontaneous polarization (P;) for
Al;_,ScN alloys. We find that Ps decreases with increasing x and the
trend is consistent with experimental observations (Fig. 2B). Over-
all, the predicted values are slightly higher than the reported experi-
mental values, but this is expected because of temperature effects
(27, 28) that are not included in the calculations.

The commonly assumed switching mechanism for pure wurtzite
AIN is the wzt— h’— w2z~ switching pathway (collective mecha-
nism in Fig. 1B) (4, 5), and this is consistent with our SS-NEB calcu-
lations. With increasing x, we find that Al;_,Sc,N alloys follow the
same collective switching pathway up to x = 0.22. The switching
proceeds via the fivefold coordinated h-BN-like structure. At around
x = 0.28, we find that some of the four alloy models follow individual
switching pathways (Fig. 2C). For x > 0.36, all four alloy models we
study show an individual switching mechanism. Such predicted
behavior suggests that alloying with Sc in high concentration pro-
motes individual switching for wurtzite-type Al;_,Sc,N alloys.

Next, we take a deeper look into the individual switching pathway
and use one of the Aly4Sco 36N alloy models as an illustrative exam-
ple (Fig. 2C). The switching barrier is defined by the largest barrier
between a valley and its neighboring peak toward the switching
direction (o, in Fig. 2C). We find that the energy landscape along the
MEDP for alloys that exhibit individual switching is asymmetric and
has more peaks and valleys. This asymmetry arises from differences
in local environment, i.e., first nearest neighbors of cations, because
of the disordered nature of the alloys. We also track the number of
tetrahedra with flipped polarization at each local minimum along the
switching pathway and find that multiple tetrahedra can flip at the
same time, and the number generally increases along the pathway
(i.e., as the overall fraction of switched tetrahedra increases).

In general, we find that the overall switching barrier decreases
linearly with increasing x (Fig. 2D). Because switching barrier is, to
a first-order approximation, proportional to the coercive field (E,),
our results are consistent with the seminal experimental work by
Fichtner et al. (4) (Fig. 2B) and all subsequent reports (12, 29, 30), in
which E. was shown to decrease linearly with Sc composition. In
addition, such agreement between experiment and computational
results supports the common assumption that switching barriers
calculated by the SS-NEB method can represent the relative tendency
to switch (11, 31, 32).
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Fig. 2. Switching mechanism in Al;_,Sc,N. (A) Calculated spontaneous polariza-
tion of Al;_,ScyN as a function of x. Error bars are SD across four structures. (B) Ex-
perimentally measured coercive field (E;) and remnant polarization (P,) from (4) for
comparison. These thin-film samples have residual stress <0.2 GPa. (C) Switching
pathway of Alg78Sco22N (Collective) and AlggaSco36N (Individual). (D) Predicted
switching barrier (w;) of Al;_xSckN as a function of x. Squares are average over four
structures. Blue and orange circles are individual data points for collective and in-
dividual switching, respectively.
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For compositions where a mix of switching mechanism is ob-
served across the four alloy models (x = 0.28 and 0.305), the switch-
ing barriers differ notably between individual (orange circles) and
collective (blue circles) switching. At a given x, we find that the bar-
riers of individual switching are always smaller than the ones of col-
lective switching. This showcases the importance of identifying the
new switching pathway because the commonly assumed wz*— h’—
wz~ pathway (collective mechanism) leads to higher predicted bar-
riers for Al;_,Sc,N alloys with high x.

An important consequence of this proposed transition from col-
lective to individual switching is that it represents an additional
mechanism for the reduction in coercive field. Figure 2D highlights
the linear relationship associated with the average switching barrier
across our limited test cases, but we note that the lowest barrier
available under a homogeneous field should dominate experimental
results on real materials. Experimental reports of the Sc dependence
of E. include a great deal of scatter, and reports for x < 0.2 are par-
ticularly sparse. Thus, a careful and systematic study of the relation-
ship between x and E, in nominally identical Al;_,Sc,N samples
would be valuable for (in)validating the mechanistic transition pro-
posed here. On the basis of our calculations, there should be an
inflection point in the switching barrier versus x (fig. S4) due to the
change in the dominant mechanism but is not resolvable within the
SD across the four models.

Our results also point to a correlation between chemical com-
plexity and switching mechanism. With increasing Sc content, the
Al;_,Sc,N alloy departs from the collective mechanism that is ob-
served in pure AIN to the individual mechanism, which is possibly
triggered by larger local distortions produced by Sc. To better un-
derstand this correlation, we turn to multinary compounds where
the additional effects of site disorder are absent. We first revisit the
commonly assumed pathway for wurtzite-type materials and then
present an in-depth analysis of individual switching mechanism in
multinary compounds.

Commonly assumed switching pathway in compounds
Early work on calculating the spontaneous polarization of wurtzite
compounds, in particular GaN, assumed a zincblende nonpolar
structure as the reference phase (16, 33). Those studies treated the
zincblende structure as a natural choice for the nonpolar structure,
but did not probe the switching pathways because wurtzite com-
pounds were not thought to be strong candidates for ferroelectricity.
In the early 2000s, Takeuchi (34) predicted the existence of a (meta)
stable layered hexagonal phase (P6s/mmc) of ScN. Farrer and Bellaiche
confirmed the metastability of the hexagonal ScN phase. More than
a decade later, ferroelectricity in wurtzite oxides and chalcogenides
was computationally predicted (15, 35); in these studies, it was as-
sumed that the polarization switching would proceed through non-
polar, hexagonal BN-like phases akin to the hexagonal ScN, whose
metastability was proposed earlier. Recent studies have assumed the
simple wurtzite-hexagonal-wurtzite switching pathway because of
the trivial phase transformation from wurtzite to the hexagonal
phase. Using SS-NEB calculations, we confirm that in binary and a
few ternary wurtzite-type compounds, this commonly assumed
transformation is indeed the switching pathway in these materials.
Using MgzMoNy, as an example, Fig. 3 shows the collective switch-
ing pathway in a multinary compound. Mg;MoN, has the space group
of Pmn2; (31), which belongs to a subgroup of the wurtzite space group
P6smc (36). The structure labeled 1 in Fig. 3 is the positive-polarity
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Fig. 3. Collective switching in multinary compounds. Polarization switching in
MgsMoN, proceeds via the collective mechanism. Structures (1), (2), and (3) repre-
sent positive polarity, nonpolar structure, and negative polarity. Nonpolar struc-
ture (2) is a layered hexagonal phase; views along the b and ¢ axes are presented.
The crystallographic axes are such that the cation tetrahedra are pointed along the
c axis.

structure, which closely resembles the wurtzite structure except for
local distortions and two different cations (Mg, Mo). Such a struc-
ture is commonly referred to as a wurtzite-type structure. As Mg-
3MoNy transforms to a nonpolar structure (structure 2 in Fig. 3), its
structure becomes fivefold coordinated and resembles a planar hex-
agonal phase; it is thus commonly referred to as a hexagonal struc-
ture. After complete polarization inversion, MgzMoN, exhibits the
negative-polarity structure that has the same wurtzite-type struc-
ture as the positive-polarity structure but with polarization pointing
in the opposite direction.

Prior reports on binary compounds have reported that the non-
polar intermediate structure represents a saddle point in the MEP
(11, 13, 23). We find that multinary compounds that follow the
comparable wurtzite-hexagonal-wurtzite pathway can have a shal-
low local minimum at or near the nonpolar intermediate structure
rather than it being a saddle point. This indicates that the nonpolar
structure (or slight deviations from it) can be metastable without
spontaneous relaxation to either polarity of wurtzite structure. Such
shallow local minima have also been reported for ZnTiN; (14), Zn-
ZrN, (37), MgsWNy, (38), and Al;_,Sc,N alloys (22).

The energy along the wurtzite-hexagonal-wurtzite transforma-
tion pathway, i.e., static total energies of linearly interpolated struc-
tures between positive-polarity and negative-polarity structures, is
commonly used to qualitatively estimate the switching barrier for
binary wurtzite materials (11, 35). Our results suggest that the
energy difference between the wurtzite-type and hexagonal struc-
tures can also be a good predictor of switching barrier for multinary
wurtzite-type materials that follow this pathway.

However, a majority of the studied multinary compounds (>90%)
in our recent computational search (14) exhibit switching pathways
via different nonpolar structures, and the predicted switching barriers
are lower than the barriers associated with their wurtzite-hexagonal-
wurtzite pathway counterparts. These findings are consistent with
the most recent computational and experimental works on Al;_,B,N

Lee et al., Sci. Adv. 10, eadl0848 (2024) 17 May 2024

alloys, which also identified a similar nonpolar structure (22, 23).
Together, these findings strongly suggest that the atomic-scale
switching mechanisms are far more complex than initially hypothe-
sized and necessitate further investigations for alloys and multinary
compounds.

Switching pathways in compounds

In comparison to the collective mechanism discussed above,
Fig. 4 showcases one of the recently identified switching pathways
in a multinary compound. We use MgSiN, as an example because
it is one of the top candidates from our previous computational
search (14). Comparing it to the pathway of Mgz;MoNy, we find
that MgSiN; has more peaks along the switching pathway and the
local minima are deeper in energy. Furthermore, when we associ-
ate these peaks with the underlying atomic motions, we find that,
instead of collective and homogeneous distortion and inversion as
shown for MgzMoNy and other systems following the wurtzite-
hexagonal-wurtzite switching pathway, the cation tetrahedra in-
vert individually and sequentially.

Before further discussion, we define some terminology. By con-
vention, we represent cation-centered tetrahedra here, but of course,
an equivalent description could be constructed using anion-centered
tetrahedra for these wurtzite-derived structures. A cation tetrahe-
dron consists of one cation and its neighboring four anions. In the
wurtzite structure (and wurtzite-type structures), one cation-anion
bond in each tetrahedron has a notably different bond length from
the other three, thus contributing to the spontaneous polarization
and defining the polar axis of the structure; we continue this for in-
dividual tetrahedra, e.g., ¢ direction for MgSiN, as shown in Fig. 4.
The crystallographic axes are labeled according to the convention
followed in Inorganic Crystal Structure Database structure files. In
addition, we define the starting polarization direction as down and
the opposite one as up. Viewing down the polarization axis, the
remaining three anions form hexagonal patterns in a plane that we
refer to as the hexagonal plane, again consistent with convention.

Structure 1 in Fig. 4 shows the starting positive-polarity struc-
ture in which all Mg and Si tetrahedra are pointing down along the
¢ axis. Proceeding toward polarization inversion (analogous to
applying an electric field opposing the spontaneous polarization of
structure 1), the cations displace toward the hexagonal plane, in-
creasing the bond length with the apical anion but decreasing the
spontaneous polarization. Structure 2 shows the atomic structure
associated with the first barrier to polarization inversion. At this
point, one of the Si atoms has displaced fully to the hexagonal plane.
As the switching continues, the Si cation emerges on the opposite
side of the hexagonal plane, defining its affiliated tetrahedron in the
up direction. A nearby Mg tetrahedron flips barrierlessly according
to the decrease in energy from structure 2 to structure 3. The barrier
between structures 3 and 4 is associated with another Si reaching the
hexagonal plane, and again a nearby Mg tetrahedron flips barrier-
lessly from structure 4 to structure 5. Structure 5 shows the nonpo-
lar intermediate structure in which half of the tetrahedra point up
and the other half point down. We refer to such structures as half-
switched (HS) in this paper as they have zero net polarization and
represent the halfway point in the polarization inversion process.

The second half of the switching pathway, from nonpolar to
negative polarity, is symmetric to the first half, such that the overall
tetrahedra switching sequence for MgSiN; is Si-Mg-Si-Mg-Mg-
Si-Mg-Si. Because this process proceeds via the distinct inversion of
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Fig. 4. Individual switching in multinary compounds. Polarization switching in
MgSiN, proceeds via the individual mechanism. Structures (1) to (5) showcase only
the first half of the switching pathway. Structure (1) represents the positive-polarity
structure. Structures (2) to (5) are the intermediate structures along the switching
pathway. Structure (5) is a unique half-switched, nonpolar structure. The crystallo-
graphic axes are such that the cation tetrahedra are pointed along the c axis.

individual tetrahedra rather than via the collective and simultane-
ous inversion described in Fig. 3, we refer to this as an individual
switching pathway. All 22 candidates that share this feature of indi-
vidual tetrahedra flipping are sequentially subjected to a systematic
study on switching sequence; this analysis and the derived implica-
tion for design principles are discussed in the “Switching dominated
by less electropositive cations” section.

In addition to differences in switching sequences, we also iden-
tify five unique HS nonpolar structures (see Fig. 5), including the
B-BeO-like structure recently identified (22, 23), among the 22 multi-
nary compounds studied here. HS structures are key features of
polarization switching pathways and they resemble the halfway
milepost of the switching pathway. Figure 5 shows these structures
with the polar ¢ axis in the vertical direction, and we choose to view
each ¢ axis-containing plane along a direction such that no cation
obscures the view of a cation of a different chemistry. All the five
structures are available on GitHub: https://github.com/prashungo-
rai/papers/tree/main/2023/polarization_switching_mechanism.
A correlation exists between these HS structures and compound
stoichiometry. There are five chemistry groups with different stoi-
chiometries, namely, 1-1-2, 1-2-3, 2-1-3, 3-1-4, and 2-1-1-4, where
the last number refers to the number of anions in the formula unit
and the earlier numbers refer to distinct cation species.

Among 22 studied compounds, most compounds with 1-1-2
stoichiometry, of which MgSiN; is an example, exhibit the “NP1”
nonpolar structure (Fig. 5A) as their intermediate HS structure
along the switching pathway. We note that the NP1 structure is the
B-BeO-like structure. The only exception is LiAlS,, which has the

Lee et al., Sci. Adv. 10, eadl0848 (2024) 17 May 2024

NP2 structure. Figure 5 showcases the difference between NP1 and
NP2, and we further highlight the repeating pattern of these five
HS structures in fig. S1. For the 2-1-3 stoichiometry, most nitrides
like Mg,PN3 have the NP3 HS structure while Zn,PN; and oxides
prefer the NP4 structure. We find that the NP3 structure is the
cubanite (Fe,CuS3) structure type (39). All 1-2-3 nitrides have the
NP4 structure. Last, compounds with 3-1-4 and 2-1-1-4 stoichi-
ometries adopt the NP5 HS structure. In addition to the correla-
tion between stoichiometry and nonpolar structures, there are
correlations between the switching sequences of cation tetrahedra
and the HS structures. To reach the nonpolar NP2 HS structure,
LiAIS, have all the Li tetrahedra switched before the last Al tetra-
hedra is switched (Fig. 6). In comparison, the rest of the com-
pounds with 1-1-2 stoichiometry have all the more-electronegative
cation tetrahedra switched first, followed by the switching of tetra-
hedra of more-electropositive cations. Similar correlation between
the switching sequence of cation tetrahedra and HS structures can
also be seen for Mg,PN3 and Zn,PN3, which share similar chemis-
try and structure but have different switching sequences and HS
structures.

Overall, among these 22 multinary compounds, we identify five
unique HS structures, and most of them have not been reported in
the context of wurtzite-type ferroelectrics, except for the NP1
B-BeO-like structure. While these five HS structures are by no
means exhaustive, they offer a glimpse into the expected diversity
of the nonpolar intermediate structures along the switching path-
way of wurtzite-type multinary compounds. These HS structures
provide insights into the inversion boundary between positive-
polarity and negative-polarity domains for wurtzite-type materials
with multinary chemistry.

Switching dominated by less electropositive cations

Our recent works (12, 14) and results from other research groups (8,
10) have challenged the idea of focusing on wurtzite c/a as a key
indicator of switching barrier and, thus, a coercive field for wurtzite-
type materials. Instead, we recently showed that local bond ionicity
and bond strength are two promising knobs to engineer a wurtzite-
type ferroelectric material (12, 14). Using Zn;_,Mg,O and Al;_,Sc,N
as examples, Mg (Sc) forms more ionic cation-anion bonds than Zn
(Al) and, thus, reduces the coercive field. However, for the emerging
wurtzite-type multinary candidates we recently identified (e.g.,
MgSiN,, Mg,PN3, Li;GeOs3, and Li;GeOs), how to effectively apply
these two design principles remains unclear.

To address this question, we analyze the switching pathway for
each of the 22 candidates that feature individual switching. We first
extract the features of their pathways, including number of peaks,
relative barrier heights, and the moving atoms and their electro-
negativities () corresponding to each peak. Figure 6 compares
these features for the 22 candidates ordered by their switching bar-
riers with the largest at the top. Each individual cation tetrahedron
has a corresponding circle whose area represents the relative energy
barrier to invert the polarization of that tetrahedron, normalized
by the largest barrier for each material. The barriers are calculated
based on the tetrahedra switching sequence from left to right in the
same manner as shown in Fig. 4. Open squares indicate barrierless
tetrahedron inversion, and this only happens when multiple cation
tetrahedra are associated with a peak, e.g., moving from structure
2 to 3 in Fig. 4. Last, colors show the relative y of the cations of a
multinary compound.
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Fig. 5. Nonpolar, half-switched structures in multinary wurtzite-type compounds. Structures are named NP1 to NP5, with the parent polar wurtzite-type compounds
listed below. Cations with higher and lower electronegativities are shown in blue and yellow, respectively. Red atoms are anions. The hexagonal BN-like nonpolar struc-
ture is shown for reference. NP1 is identical to the B-BeO-like structure previously reported (22), and NP3 is the cubanite structure (Fe,CuS; type). (39)

Across all 22 multinary compounds, we find that the first barrier
is always the highest one among all the peaks. The first barrier is also
always associated with cations with high ¥, and most of the major
peaks are also associated with cations of high . Overall, this indi-
cates that polarization switching barriers for these candidates are
predominately determined by the highest y cation and should be
targeted to further decrease the switching barrier.

Using one of the top candidates from our previous search, MgSiN,,
as an example, our analysis shows that its switching barrier is associ-
ated with switching of Si-N tetrahedra. Therefore, the refined design
principles suggest that alloying MgSiN, with same-valence cations
to Si (same oxidation state) and lower in y, e.g., Ti, Zr, and Hf, can
be an effective route to further reduce its switching barrier. This de-
sign principle is also applicable to Al;_,Sc,N alloys at compositions
where it exhibits individual switching: Al, which has higher  than
Sc, is associated with the major peaks along the switching pathway
and Al tetrahedra are the first to flip their polarity. This reinforces
the importance of the local environment on polarization reversal in
wurtzites, as increasing Sc content in Al;_,Sc,N reduces E; not be-
cause the Sc switches more easily, but because the presence of Sc-N
bonds makes it easier for nearby Al tetrahedra to reverse polarity.

Last, among these multinary compounds, we find that those with
higher switching barriers generally have fewer peaks than those
with lower switching barriers (fig. S5). Using the family of IT,-IV-N3
compounds as example, Zn,PN3, which has highest switching bar-
rier, has only two peaks. Mg,PN3, which has second largest barrier,
has four peaks. The rest, whose barriers are the lowest among all the
studied compounds, have eight peaks. This suggests that a more
complex energy landscape along the switching pathway can be ex-
pected to have a smaller barrier than one that switches collectively.
Again, we observe the same behavior in Al;_,Sc,N alloys where in-
creasing Sc leads to more complex energy landscapes and progres-
sively reduced switching barrier (Fig. 2D).

DISCUSSION

In summary, we perform a detailed study of the switching mecha-
nisms for Al;_,Sc,N alloys and multinary candidates from our recent
computational search. We find that the commonly assumed wurtzite-
hexagonal-wurtzite collective switching pathway found in binary
wurtzite materials like AIN is not frequently observed in multinary
compounds or in Al;_,Sc,N alloys with high Sc composition (x2 0.22).

Lee et al., Sci. Adv. 10, eadl0848 (2024) 17 May 2024

Instead, increasing chemical complexity seems to lead to different
switching mechanisms, with cation tetrahedra switching individual-
ly. For the studied multinary wurtzite-type compounds that follow
such an individual switching pathway, we identify five nonpolar HS
structures that are different from layered hexagonal structures. This
list of nonpolar structures is by no means exhaustive, and we expect
to find more nonpolar structures in other multinary wurtzite-type
compounds. Nonetheless, knowledge of these nonpolar structures
provides the foundation for future investigation into domain motion
and inversion boundaries.

For Al;_,Sc,N alloys, we find that the polarization switching
mechanism depends on Sc composition x and that higher x gives
rise to lower switching barrier and promotes an individual switch-
ing pathway. Furthermore, for the same Sc composition, alloy mod-
els with individual switching pathways have lower switching barriers
than the ones that follow a collective switching pathway. Last, we
systematically examine the switching pathways for all the 22 com-
pounds with individual switching and find that the largest barriers
are associated with the motion of cations with high electronegativi-
ty. We also observed the same behavior in Al;_,Sc,N alloys that ex-
hibit individual switching. These findings give rise to a new design
principle to lower switching barriers of multinary wurtzite-type
materials—for the alloying approach, we need to focus on the cations
with high y to reduce the barrier.

Besides these findings, we recognize that our simulation can be
limited by the simulation cell due to periodic boundary conditions
and cation ordering in the supercells. However, in general, atomic
motions in a smaller simulation cell tends to be more collective than
the ones in a larger simulation cell. Therefore, we expect more “indi-
vidual” switching behavior in larger supercells. We also acknowledge
the known limitations (11, 31, 32) that the coercive fields derived
from the SS-NEB switching pathway generally overestimate the ex-
perimental values because domain wall motion (40), defects, or field
inhomogeneities are not considered (41, 42). However, the agree-
ment between our results and experimental trends for Al;_,Sc,N
alloys supports the assumption that SS-NEB calculations can quali-
tatively examine the required energy to switch polarization. Our
current computational study is entirely focused on energetics of in-
termediate structures along switching pathways and therefore does
not explicitly address the dynamics of the switching process. However,
as demonstrated in the recent reports from Schonweger et al. and
Calderon et al. (21, 23), direct imaging of domain walls resulting
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Fig. 6. Cation tetrahedra switching sequences. Each marker (circle and square)
corresponds to inversion of a cation tetrahedron. Polarization switching pathways
(similar to Figures 3 and 4) are shown as gray shaded areas. Circle areas scale with
switching barrier, normalized to the largest value for each compound. Open
squares indicate barrierless inversion. Colors denote the relative electronegativity
(x) of the cations.
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from interrupted switching processes can provide important infor-
mation about these intermediate structures.

MATERIALS AND METHODS

DFT calculation parameters

We used density functional theory (DFT) to calculate total energy
and to perform structural relaxations. DFT calculations were per-
formed using the plane-wave Vienna Ab-initio Simulation Package
(VASP 5.4.4) (43) and the Perdew-Burke-Ernzerhof exchange cor-
relation functional within the generalized gradient approximation
(GGA) (44). The core electrons were treated with the projector-
augmented wave method. For most transition metals (except Zn
and Cd), we used the GGA + U approach with U = 3.0 eV on-site
potential applied to the d orbitals. For Cu, we applied U = 5.0 eV to
the d orbitals. The choice of U values follows the recipe in (45),
which is known to provide better prediction of the formation en-
thalpy under standard conditions and, therefore, the thermodynamic
stability of materials. The plane waves were expanded up to an
energy cutoff of 340 eV and the Brillouin zone was sampled using
automatically generated I"-centered Monkhorst-Pack k-point grids
with a length of 20. The structures are relaxed until the residual forces
on each atom are below 0.01 eV/AA and total energy is converged to
within 107 eV.

Polarization switching pathway and barrier

We applied the SS-NEB method (46) to determine the polarization
switching pathways between the positive- and negative-polarity
structures, and to calculate the energy barriers (w;) along the path-
ways. We generated initial images along the pathway via linear inter-
polation of positive- and negative-polarity structures. The SS-NEB
method is distinct from NEB in that it allows relaxation of all degrees
of freedom—cell volume and shape, and ion positions; NEB allows
relaxation of ion positions only. Consequently, SS-NEB calculations
are substantially more expensive than NEB. We performed SS-NEB
calculations using the VASP Transition State Theory (VTST) tools de-
veloped by Henkelman et al. (47) as implemented in the vtst-182 code.

We found that converging SS-NEB calculations for materials ex-
hibiting individual switching is generally challenging due to the
complexity of their MEPs, i.e., the need to resolve multiple peaks
instead of one or two peaks for the collective mechanism. We rec-
ommend the following procedure to converge SS-NEB calculations
in these cases. First, the positive- and negative-polarity structures
were fully relaxed with DFT. The interpolated images were then cre-
ated using linear interpolation. In our experience, we found that the
number of images need to be at least two to three times the number
of cations in the simulation cell to converge the SS-NEB calculations
and sufficiently resolve the peaks to calculate w;.

During the SS-NEB calculations, if one finds that the “distance”
(along the configuration coordinate) increases drastically from one
simulation iteration to the next, it is an indication that even more
intermediate images are needed for convergence. When the total
number of images became large (>96 images), we sliced the semi-
converged pathways into segments using the local minima as slicing
points. For each segment, we fully relaxed the local minima struc-
ture and used them as the end images to perform separate SS-NEB
calculations. In the end, we patch the different segments to create
the complete MEP without any issue. We highly recommend following
this procedure if one hopes to converge these complex pathways.
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Spontaneous polarization

We followed the modern theory of polarization, which uses the Berry
phase approximation to calculate the electronic contribution to
polarization. We used the implementation in VASP 5.4.4. to calcu-
late the electronic contribution to polarization and chose (0.25, 0.25,
0.25) crystal coordinates as the center of the reference frame for di-
pole calculations. We used the atomic positions and assumed point
charges to calculate the ionic contribution to polarization, as imple-
mented in Pymatgen (48). We calculated the polarization from both
the MEP determined by SS-NEB and linear-interpolated pathway
between the positive- and negative-polarity structures. We found
that the spontaneous polarization values from these two different
pathways are equal for all the studied compounds and alloys. As an
example, fig. S2 shows the comparison between the two approaches
for Mg,PN;. This suggests that, despite the individual switching,
spontaneous polarization itself is consistent whether the accurate
MEP determined by SS-NEB or the simple linear-interpolated path-
way (which inevitably results in the hexagonal phase as the nonpolar
structure) is considered.

Switching pathway and barrier for alloys

The computational workflow for calculating the average switching
barrier (ws) and spontaneous polarization (P;) of Al;_,Sc,N alloys is
schematically shown in fig. S3. To sample the different local environ-
ments in an alloy, we created four different structural models at each
composition (x) by randomly distributing Al and Sc on the cation
sublattice of a 72-atom AIN supercell. We chose four structures to
generate statistics of w; and P; while keeping the computational cost
manageable for MEPs of individual switching. Additionally, statisti-
cal sampling is important because it helps us resolve the transition
regime where it is a mix of collective and individual mechanisms.
Alloy modeling with other methods such as special quasirandom
structures (SQS) will not allow such statistical sampling because it
generates a single structural model. The alloy structures were fully
relaxed with DFT. We then performed SS-NEB without any addi-
tional constraints (e.g., strain) on the simulation cells and pathways
to determine the lowest energy switching pathway and calculate w,
and used the modern theory of polarization to calculate P;. Finally,
we averaged w; and P; across the four structures at each x.

Supplementary Materials
This PDF file includes:
Figs.S1to S5
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