RESEARCH ARTICLE | JULY 16 2024

Thermodynamics and electronic structure of edges in
monolayer MoSi,N,

Atharva S. Burte © ; Omar Abdelrahman @ ; André R. Muniz © ; Ashwin Ramasubramaniam & ©

’ @ Check for updates ‘

J. Appl. Phys. 136, 034302 (2024)
https://doi.org/10.1063/5.0218366

@ B

View Export
Online  Citation

Applied Physics

Y
o
©
-
-
-
@)

ﬂ

Applied Physics Letters

Special Topic:

Quantum Networks

Guest Editors: David Awschalom, Ronald Hanson, Stephanie Simmons

AlIP

Submit Today! Z=. Publishing

06:2€:20 %202 AInr 61


https://pubs.aip.org/aip/jap/article/136/3/034302/3303510/Thermodynamics-and-electronic-structure-of-edges
https://pubs.aip.org/aip/jap/article/136/3/034302/3303510/Thermodynamics-and-electronic-structure-of-edges?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0009-0004-1407-1640
javascript:;
https://orcid.org/0000-0001-6023-857X
javascript:;
https://orcid.org/0000-0002-8784-012X
javascript:;
https://orcid.org/0000-0001-6595-7442
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0218366&domain=pdf&date_stamp=2024-07-16
https://doi.org/10.1063/5.0218366
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2408990&setID=592934&channelID=0&CID=883922&banID=521904493&PID=0&textadID=0&tc=1&rnd=2737023214&scheduleID=2327696&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjap%22%5D&mt=1721356670957270&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0218366%2F20051216%2F034302_1_5.0218366.pdf&hc=93f085a5bfeab04e6a0f275d7dff5432678d58eb&location=

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

Thermodynamics and electronic structure
of edges in monolayer MoSi>N,,

Cite as: J. Appl. Phys. 136, 034302 (2024); doi: 10.1063/5.0218366 @ I-ﬁ @
Submitted: 10 May 2024 - Accepted: 28 June 2024 -
Published Online: 16 July 2024

View Online Export Citation CrossMark

Atharva S. Burte,' (22 Omar Abdelrahman,’? {22 André R. Muniz,® {2 and Ashwin Ramasubramaniam?*:?)

AFFILIATIONS

"Department of Chemical Engineering, University of Massachusetts, Amherst, Massachusetts 01003, USA

2Materials Science and Engineering Graduate Program, University of Massachusetts, Amherst, Massachusetts 01003, USA
*Department of Chemical Engineering, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS 90010, Brazil
“Department of Mechanical and Industrial Engineering, University of Massachusetts, Amherst, Massachusetts 01003, USA

2 Author to whom correspondence should be addressed: ashwin@engin.umass.edu

ABSTRACT

MoSi,Ny is a two-dimensional ternary nitride semiconductor that has attracted attention for its excellent mechanical and thermal properties.
Theoretical studies predict that zigzag edges of this material can host magnetic edge states and Dirac fermions, but the stability of such
edges has not been examined. Here, we present a density functional theory study of the electronic and thermodynamic properties of
MoSi,N, edges. We develop a (partial) ternary phase diagram that identifies a region of chemical potentials within which MoSi,N, is stable
over competing elemental or binary phases. Based on this phase diagram, we determine the thermodynamic stability of several armchair
and zigzag edges and elucidate their electronic structures. Bare zigzag edges, predicted to host exotic electronic states, are found to be sub-
stantially higher in energy than armchair edges and, thus, unlikely to occur in practice. However, with hydrogen passivation, these zigzag
edges can be stabilized relative to their armchair counterparts while retaining metallicity and magnetic order. Our analysis provides a solid
thermodynamic basis for further exploration of MoSi,N, in nanoscale electronics and spintronics.
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I. INTRODUCTION Following the initial report on the synthesis and characteri-
zation of MoSi,N,, there have been several theoretical studies
investigating its thermomechanical properties,”*® strain-
modulated response,”’ spin-valley physics,”® and defect proper-
ties, >’ among others. There have also been a few theoretical
investigations of MoSi,N, edges with the aim of correlating the

Two-dimensional (2D) materials have attracted extensive
scientific attention for nearly two decades since pioneering work
on graphene,’ and this family of materials has expanded rapidly to
encompass numerous materials such as hexagonal boron nitride,
transition-metal dichalcogenides, and MXenes, to name just a

few.”™® In addition to being a versatile playground for fundamental edge structure anq trfgriiiltion—metal dopin.g "f'ith e.lectronic anfi
low-dimensional physics,””'* 2D materials are potential candidates spintronic properties.” As edges are ubiquitous in 2D materi-
for innovative technological applications ranging from catalysis'*~" als, it is essential to understand how edge states affect the opto-
to optoelectronics.'~*" The 2D family expanded recently to include ~ electronic response and charge transport in these materials.
a novel ternary nitride, MoSi,Ny, that can be fabricated directly as Moreover, in analogy with MoS, in which the basal planes are
a monolayer (ML) via chemical vapor deposition.”’ MoSi,N, is an relatively inert and active sites occur at defects and edges,3 237

indirect-gap semiconductor with a quasiparticle bandgap of 2.8eV ~ understanding the physical and chemical properties of MoSi;N,
(Ref. 22) and an optical gap of 2.21eV,”" and intrinsic carrier edges is key to elucidating the potential catalytic response of this

mobilities that are four to six times higher than in monolayer ~ material. Early work by Bafekry et al.”’ focused on examining
MoS,.”” Furthermore, this material is characterized by its excellent the electronic structure of armchair (AC) and zigzag (ZZ) edges
air stability and mechanical strength,”* making it an interesting in MoSi,N,, while another work by Su et al.’’ studied the effect
candidate for potential applications in optoelectronics.” of transition-metal doping of armchair edges. More recently,
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Zhang et al.”’' studied armchair and zigzag edges and showed
how the polar or nonpolar nature of these edges influences the
electronic structure and spin polarization. However, all of these
studies have focused on a couple of prototypical armchair or
zigzag structures, possibly with some additional consideration of
edge reconstruction, but the question of which edges are actually
thermodynamically favorable still remains open and motivates
this work.

In this paper, we use first-principles density functional theory
(DFT) calculations to address the thermodynamic stability of a
comprehensive set of MoSi,N, edges with the aim of identifying
low-energy edge terminations that are likely to appear in realistic
samples. As we show below, a key challenge in modeling edges in
this material arises from the fact that several edge terminations are
nonstoichiometric, which implies that edge energies must be calcu-
lated as functions of elemental chemical potentials. Thus, we first
calculate a (partial) ternary phase diagram for MoSi,Ny, allowing
us to identify appropriate ranges of chemical potentials over which
edge energies can be calculated. Furthermore, for all zigzag edges as
well as some armchair cases, nanoribbon models that have been
used in prior studies have dissimilar edges, as dictated by crystalline
symmetry, and it is not possible to assign a precise energy to each
edge via thermodynamic excess functions. To circumvent this diffi-
culty, we combine calculations of zero-dimensional flake models
and one-dimensional nanoribbon models to calculate unambigu-
ously energies of several stoichiometric and nonstoichiometric
edges.”*" Over the entire range of feasible chemical potentials,
we find that armchair edges are typically lower in energy than
zigzag ones, and one particular armchair edge is consistently
lowest in energy. All of these armchair edges are semiconducting.
The lowest-energy zigzag edge is metallic and spin-polarized, but
its high edge energy implies that it is less likely to occur in prac-
tice. Finally, noting that dangling bonds at edges are highly reac-
tive, we examine the consequences of edge passivation using
hydrogen as a prototypical passivating agent. We find that at low
hydrogen chemical potentials, the passivated lowest-energy zigzag
edge can actually become more thermodynamically favorable than
the lowest-energy passivated armchair edge. Moreover, this pas-
sivated zigzag edge retains its metallicity and spin polarization,
indicating that MoSi,N, could, indeed, be of interest for applica-
tions in spintronics.

Il. COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were performed
using the Vienna Ab Initio Simulation Package (VASP),""*’
employing the projector-augmented wave (PAW) method.””**
Electron exchange and correlation was described using the Perdew-
Burke-Ernzerhof (PBE) form of the generalized gradient approxi-
mation (GGA).** The kinetic energy cutoff was set to 500 eV, based
on convergence tests, and a Gaussian smearing of 0.01 eV was
employed in all calculations.

Bulk cubic Mo and cubic diamond Si, along with models for
pure bulk binary compounds, were obtained from the Materials
Project*® and subjected to further structural relaxation with a force
tolerance of 0.01eV/A and an energy convergence tolerance of
107* eV, Monolayer (ML) MoSi,N, was relaxed using the same

ARTICLE pubs.aip.org/aip/jap

energy and force cutoffs with the inclusion of ~27 A of vacuum in
the direction normal to the basal plane to minimize periodic image
interactions. The relaxed ML has an in-plane lattice constant of
2.91 A and a bandgap of 1.74 €V, in agreement with prior work.”’
Optimized k-point meshes and structural parameters for the
various bulk structures are listed in Table S1 in the supplementary
material.

MoSi,N,; nanoribbons were modeled by inserting a vacuum
region of ~20 and ~25 A in the in-plane and out-of-plane direc-
tions, respectively, to mitigate spurious interactions between
periodic images. Structural relaxations of nanoribbons were per-
formed using I'-centered 1 x3 x 1 k-point meshes for armchair
nanoribbons and 3 x1x 1 k-point meshes for zigzag nanorib-
bons. All relaxations of nanoribbons were performed using force
tolerances of 0.02 eV/A. After structural relaxation, electronic
structures of armchair and zigzag nanoribbons were calculated
using denser 1 X9 x 1 and 9 x 1 x 1 k-point meshes, respectively,
and a tighter energy convergence tolerance of 10™°eV. In the
case of the calculations for triangular flakes, we used a 1 x 1 x1
I'-point mesh, force tolerances of 0.01eV/A, and a vacuum of
~20A in all directions. Armchair nanoribbon widths were
chosen in the range of 10-14 A, as no discernible alteration in
edge energy was observed beyond this point. Similar widths were
used for zigzag ribbons with tests showing that (average) edge
energies do not increase by more than 0.2 eV/A (<10% change)
upon doubling the ribbon width. All calculations of MoSi,N,
nanoribbons and flakes were performed using spin-polarized
DFT with dipole corrections*” along the non-periodic directions.

lll. RESULTS AND DISCUSSION
A. Thermodynamics of MoSi,N, edges

With reference to the monolayer model of MoSi,N,
[Fig. 1(a)], it is possible to make cuts along different directions to
obtain flakes and nanoribbons with armchair (AC) or zigzag (ZZ)
edges [Fig. 1(b)]. For each direction, it is possible to cut through dif-
ferent bonds leading to a variety of stoichiometric and non-
stoichiometric edges. All of the edges considered in this study are
shown in Figs. S2 and S3 in the supplementary material. Figures 1(c)
and 1(d) represent specific examples of stoichiometric armchair and
zigzag nanoribbons, in which the dissimilar nature of the two zigzag
edges is evident. To determine the thermodynamic stability and hier-
archy of stable edges, we calculate the edge energy (y) defined as

N
Enodel — NMoHMo — PSiMsi — —HN,

2

vy = , (1)

Ledge

where Epodel is the DFT energy of the nanoribbon or flake (as
explained further below); nx and uy are the number of atoms and
chemical potentials, respectively, of the various constituent elements
(X=Mo, Si, N); and Legg is the total length of (all) edges in the
structural model. Considering that MoSi,Ny is in thermodynamic
equilibrium with its elemental constituents, we have

EMOSizNA = HMo + 2:uSi + Z:UNZ’ (2)
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FIG. 1. (a) Structural model of mono-
layer MoSi;Ny. (b) Top view of the
monolayer indicating the directions of
cuts that result in armchair (AC) and
zigzag (ZZ) edges. (c) Armchair nano-
ribbon with identical stoichiometric
edges (AC1). Dashed lines indicate the

Y’QW"Q'Y“Q‘Y”Q'V*G ] HO unit cell. (d) Zigzag nanoribbon with
] b‘)‘ ] b‘)’ ] b dissimilar  stoichiometric ZZ edges
?" 90 J 4 P (221 and Z72). Dashed lines indicate
Q g v v [ AN G R A - the unit cell. (e) Triangular flake with
l’¢ Y Q 771 edges.
V 0 1 e 9.
#’ ¥ ¥ 3
g“ :g v VZz ofote
o 00 _ 0.
o 9 o 90
from which we can rewrite Eq. (1) as strategy of combining flake and nanoribbon models to calculate the g
energies of numerous different armchair and zigzag edges, as dis-
ns, cussed below. 5
Enodel — MMosiN, EMosi Ny — Mygolino — MSitlsi — 5 M With the strategy for calculating edge energies established, we still
V= Leage E) need to determine the range of valid chemical potentials to be used in

where #posi,N, is the number of formula units of MoSi,N, in the
model, Eposi,N, is the DFT (0K) energy of one such formula unit,
and n§ are now the excess number of atoms of element X, i.e., the
deviation from MoSi,N, stoichiometry.

While the model presented up to this point is mathematically
correct, it does not allow us to separate out physically the energies
of dissimilar edges: for example, Eq. (3) can only provide the
average energy of the ZZ1 and ZZ2 edges displayed in Fig. 1(d).
In other words, unless both edges are identical, nanoribbon calcula-
tions alone are insufficient to assign edge energies unambiguously.
To address this issue, we construct auxiliary models of triangular
flakes, following previous work, 8391048 whereby it is, indeed, pos-
sible to ensure only one type of edge termination, for example, a
Z71 edge alone, as depicted in Fig. 1(e). Additional care is required
though to separate out the vertex energy from the edge energy, as
discussed in the supplementary material. With the energy of a
given edge (e.g., ZZ1) determined from a flake calculation, it is
then possible to construct nanoribbons with this particular termi-
nation on one edge and any other termination on the other edge,
whose energy can be calculated unambiguously. We use this

Eq. (3). For binary compounds, it is straightforward to eliminate one
of the chemical potentials, using a constraint similar to Eq. (2).""
The problem is more complicated for ternary and multi-elemental
compounds, and we adopt here the approach laid out previously by
Sun et al.,”® Jenkins,”' and Deringer and Dronskowski.”> To begin, we
rewrite the equilibrium constraint [Eq. (2)] as

= Auygo + 28ug + 2Auy,, (4)

AE)osi,N,

where we have defined Auy = iy — u% to be the chemical potential
of element X relative to its reference chemical potential %, and
ABnosioN, = Emosipn, — (U + 2% + 2u%)) as the formation energy
(per formula unit) of MoSi,N,. This constraint now allows us to elimi-
nate one of the three unknown chemical potentials, and we arbitrarily
choose to eliminate Auy,; this reduces the ternary phase diagram to a
binary one with two variables Auy;, and Aug. Now, we place addi-
tional constraints on the chemical potentials as follows. First, to avoid
the formation of pure elemental phases, we require

Aty < 0, (5.1)
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Aug <0, (5.2) these were sufficiently higher in energy that they had no impact
on the final outcome and are omitted from further discussion.
Following the same steps as above, the thermodynamic con-
straints for MosNy, Mo;sN6, and Mo,N, respectively, can be
written (eliminating Auy, ) as

_1

Ay, =3

(AEmosiyN, — My, — 28ug) < 0, (5.3)

where we have used Eq. (4) in the last inequality. Next, the formation

of binary Si-N and Mo-N compounds must be avoided; this con- 1
straint can be written in general for a binary A,B, as Augy > Mitygo + 5 (AEmosi,N, — AEMoyN, )s ©)
XA,UA +}/AUB < AEA,‘By» (6) 11 1 1
AiuSi > ?AuMo + EAEMOSizNa - gAEMolles’ (10)

where AE, p, = Exp, — xu — yu3. SisNy is the most stable Si-N

binary,” and to avoid its formation, we require
7 1
>Z ~ ABEposiN, — 2AByooN- 11
3us + 200y, < AFsi, &) M = 3 Miato 3 ABwesiN, = 288w an
which, using Eq. (5.3), becomes Equations (5.1)-(5.3) and (8)-(11) provide the complete range
of allowable chemical potentials, based on which we now construct
Aug < Nty + (AEsiN, — AEMosioN, )- (8) the phase diagram displayed in Fig. 2. In Fig. 2, the shaded region

indicates the range of chemical potentials over which MoSi,N, is
The situation is more complex for Mo-N binaries for which several thermodynamically favored over its corresponding elemental phases

compositions have been reported in the literature.”*””" We con- and binary phases, and this is also the relevant range of chemical
sider three binaries, namely, MosN,,”° Mo1sNys,”” and Mo,N”’ potentials for calculating edges energies, which we discuss next.
here. We also examined other binaries (MoN and MoN,), but The edge energy [Eq. (3)] can be rewritten as

n n n
EModel — (”MoSi2N4 + ZN> Eosi,N, — ("fv[o - IN) (U3 + Airgo) — (”gi - 7N> (g + Aug;)
Ledge

where Epjoqe and reference chemical potentials are obtained from the allowable range of chemical potentials. The most favorable
0 K DFT energies and Auy, and Aug; are allowed to vary freely over zigzag edge (ZZ1) is significantly higher in energy than the
the range of values (shaded region) determined in Fig. 2. We calcu- AC1 edge as well as the AC3 and AC4 edges for the most part

Y= , (12)

0S:2€:20 ¥20Z AInf 61

lated the edge energies of 11 armchair and 6 zigzag edges in total: (except for a very small range of chemical potentials; see Fig. S6
the results for the four lowest-energy edges are displayed in Fig. 3. in the supplementary material). We have not considered chiral
Figure S6 in the supplementary material displays the edge energies edges for now nor have we examined more complicated edge recon-
for these lowest-energy edges from different visualization angles. As structions (e.g., Zhang et al.’"), and such studies will be pursued in

an example, the energy of the AC1 edge (y¢;) can be calculated the future.
using a nanoribbon model [Fig. 1(c)] in which both edges are AC1
type—such nanoribbons are stoichiometric (n§;, = ng; = ng, = 0),
which implies that y,c; = 1.85 eV/A is independent of elemental
chemical potentials as seen from Fig. 3. Knowing the energy of the The electronic structures of the four lowest-energy edges
ACI edge, the energy of the AC4 edge can then be calculated using  were investigated via band structure and density of states (DOS)
a nanoribbon model with AC1 and AC4 edges—this type of nano- analyses. Figure 4(a) displays the results for the symmetric
ribbon is non-stoichiometric and y ¢, varies with elemental chem- (and stoichiometric) AC1/AC1 nanoribbon. This case has been
ical potentials (Fig. 3). As a final example, we consider the ZZ1 investigated previously,” and our result, displaying a direct
edge. As it is not possible to construct zigzag nanoribbons with bandgap of 0.92 eV at the edge of the Brillouin zone (X-point),
identical edges, we first calculated the energy of a triangular flake agrees well with that study (~0.88 eV). As seen from the DOS, the
with ZZ3 edges (Fig. S1 in the supplementary material); note that ~ band edges are distributed uniformly over both edges, which is
Y773 varies with chemical potential. Knowing y,3, 7,7, can be cal- expected from symmetry, and also delocalized over the bulk of the
culated from a nanoribbon model. This general strategy was used nanoribbon. Figures 4(b) and 4(c) display the electronic structures of
to produce the results in Fig. 3 and Figs. S4 and S5 in the  asymmetric (and non-stoichiometric) AC1/AC3 and AC1/AC4 nano-
supplementary material. The key result from these calculations is ribbons—the former has an indirect bandgap (X-T') of 0.47 eV while
that the AC1 edge is thermodynamically preferred (by far) over  the latter has an indirect bandgap of 0.34 eV (I'-X). In the AC1/AC3

B. Electronic structure of MoSi,N, edges

J. Appl. Phys. 136, 034302 (2024); doi: 10.1063/5.0218366 136, 034302-4
© Author(s) 2024


https://doi.org/10.60893/figshare.jap.c.7306789
https://doi.org/10.60893/figshare.jap.c.7306789
https://doi.org/10.60893/figshare.jap.c.7306789
https://doi.org/10.60893/figshare.jap.c.7306789
https://pubs.aip.org/aip/jap

Journal of

Applied Physics ARTICLE pubs.aip.org/aip/jap
Ao (V) case, the valence band edge has contributions only from the AC1
2.0 16 12 _o08 04 0.0 edge (in addition to bulk states); the conduction band edge, on the
L ! ! L -1.0 other hand, is composed primarily of states from the AC3 edge.

In the AC1/AC4 case, both valence and conduction band edges are
dominated by states from the AC4 edge. Comparing the AC1 edge
states across the three cases [Figs. 4(a)-4(c)], it is clear that the AC1
states are qualitatively the same, only being shifted in energy (as the
Fermi energy is different in each case). This also confirms that the
nanoribbons are wide enough to decouple the edges electronically.
Furthermore, it is also evident that all of these armchair nanoribbons
are spin-degenerate. Finally, Fig. 4(d) displays the band structure and
DOS for a ZZ1/ZZ2 nanoribbon. Both edges are metallic, and the
structure is ferromagnetic (net magnetic moment of 2.89 uy), the
spin-density plots (Fig. S8 in the supplementary material) clearly
showing the presence of spin-polarized edge states. On the ZZ1 edge,
these spin-polarized states are associated largely with the Si dangling
bonds and the undercoordinated Mo atoms, with smaller contribu-
tions from the N atoms; interestingly, the second row of Mo
atoms from the edge also shows non-negligible spin distributions.
On the ZZ2 edge, the spin-polarized edge states are associated
almost exclusively with the N dangling bonds; upon passivation,
one could expect these states to be quenched. In general, our
finding that the armchair edges are semiconducting and zigzag
edges are metallic is consistent with the findings of Zhang et al.”’
who arrived at a similar conclusion from a different perspective
based on electron-counting rules for polar (zigzag) vs non-polar

Aus; (eV)

FIG. 2. Phase diagram assuming equilibrium between MoSi,N4 and its elemen- (armchair) edges. The metallicity and spin-polarization of zigzag
tal components. The shaded region indicates the range of chemical potentials edges reported here is also consistent with prior work by Bafekry
over which MoSi,N, is thermodynamically favored over binary compounds et al”’ who studied ZZ1/ZZ2 nanoribbons (in our notation) >
SizNg, Mo3N4, MoysN46, and Mo,N and elemental phases, Mo, Si, and N,. ! . . . . ‘£
Nevertheless, while such magnetic properties might emerge from <
a purely electronic structure analysis, our thermodynamic analysis S
(Sec. 11T A) indicates that such edges are less likely to occur in g
practice. (‘:‘;
o

C. Hydrogen passivated MoSi,N, edges

NN —
N

The edges studied in prior work, as well as those considered
up to this point in this work, have several undercoordinated
edge atoms (dangling bonds)—in addition to increasing the edge
energy, such dangling bonds also make the edges chemically
reactive. To arrive at preliminary insights into the role of edge
passivation on edge energies and the electronic structure,
we used hydrogen passivation as a means of terminating under-
9 coordinated atoms on the AC1 edge (AC1/AC1 nanoribbon) and

the ZZ1 and ZZ2 edges (ZZ1/ZZ2 nanoribbon). We recall that

the AC1 and ZZ1 edges are the lowest-energy armchair

and zigzag edges, respectively. We followed a protocol of sequen-
8 tially adding H atoms to the edges (Figs. S7 and S8 in the
el N supplementary material), starting from the outermost under-
coordinated Si and N atoms (in the outermost layers of the five-
layer MoSi,N, structure) and proceeding toward the middle of
the structure. While the Si and (outermost) N atoms are straight-
forward to passivate—based on simple bond-counting argu-
FIG. 3. Edge energies of the four most thermodynamically favorable MoSizN, g:cigztiiio;hlsstaltsesfl(;-tlet::e,Ci:: fg;sli\ﬁzr;}ila; i:;ieci;spc:?ys;llﬂilizlse,
edges (AC1, AC3, AC4, and ZZ1) as functions of Auy, and Aus;. including both the number of H atoms added as well as their

Edge Energy (eV/A)

T
P
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4 &

0.0
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FIG. 4. Structural model, band structure, and spin-polarized density of states (DOS) plots for (a) AC1/AC1, (b) AC1/AC3, (c) AC1/AC4, and (d) ZZ1/ZZ2 nanoribbons.
Dashed lines indicate the Fermi level (Ef) for each case, and this is the zero of the energy scale. Filled curves in the DOS plots represent the total DOS (resolved by
spin) for the entire nanoribbon, whereas the solid lines indicate the projected DOS for each edge.
locations, when passivating the edge Mo atoms. At each step, we ~ nanoribbons for now and defer studies of other cases for the
only retained structures for which H adsorption is exothermic. future. The final fully passivated AC1/AC1 and ZZ1/ZZ72 nano-
As the number of structures to be calculated grows quite rapidly, ribbons are displayed in Fig. 5; beyond this point, H addition is
we restrict ourselves to just the ACI1/AC1 and ZZ1/ZZ2 energetically unfavorable (endothermic).
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FIG. 5. Structural model, band structure, and spin-polarized density of states (DOS) plots for hydrogenated (a) AC1/AC1 and (b) ZZ1/Z2Z2 nanoribbons (black spheres:
hydrogen). Dashed lines indicate the Fermi level (Ef) for each case, and this is the zero of the energy scale. Filled curves in the DOS plots r 3present the total DOS

(resolved by spin) for the entire structure, whereas the solid lines indicate the projected DOS for each edge. Spin-density isosurfaces (at +0.034 e/A

the structural model of the ZZ1/ZZ2 nanoribbon (orange: positive; cyan: negative).

The change in the edge energy upon H passivation can be cal-
culated as

Exrin — Enr — - M
, (13)

Ayedge = ypassivated — Vbare =

Ledge

where ¥ pyssivared 30 Vpare are the energies of the passivated and bare
edges, respectively; Exgn and Exg are the (0 K) DFT energies of the
hydrogenated and pristine nanoribbons, respectively; ny is the
number of H atoms added; yy;, is the chemical potential of Hy(g);
and Legg is the total edge length, as before. Note that we are averag-
ing over both edges for now and not separating out the changes in
771 and Z72. Taking uy, = ,uH to be the (0 K) DFT energy of the
H, molecule, we find that the edge energy decreases by —1.35 eV/A
for the AC1 edge and by —1.69 eV/A on average for the ZZ1 and
772 edges. If py, is allowed to vary freely, then the H-passivated
Z71/Z72 nanoribbon is thermodynamically favored over the
H-passivated AC1/ACl nanoribbon over the (approximate)
range —2.8 eV SAuy, < —1.7eV. For —1.7 eV = Auy, <0, the
ACI1/AC1 nanoribbon is thermodynamically favored over the
Z71/ZZ2 nanoribbon, while for Auy, =< —2.8 eV, bare edges
are preferred over hydrogenated ones in both cases. While this
analysis is approximate—notably, finite temperature effects being
omitted—it, nevertheless, underscores the possibility of preferentially

) are superposed over

stabilizing desired edges by thermodynamic control over the passiv-
ating species and motivates additional investigations along these
lines. In addition, note that MoSi,N, has been grown to date with
NHj gas as the nitrogen source, and thus, it might be more realistic
to consider amino (or similar) groups as passivating agents.

Finally, the electronic band structures and DOS for the hydroge-
nated AC1/ACI and ZZ1/ZZ2 nanoribbons are displayed in Fig. 5.
As seen, the ACI/AC1 ribbon remains semiconducting with a
bandgap of 0.63 eV (direct at X) and is non-magnetic. The ZZ1/Z72
nanoribbon remains metallic and has a net (absolute) magnetic
moment of 0.33 ug. While the states near the Fermi level are domi-
nated by edge contributions, we note that in the hydrogenated case,
these states arise entirely from the spin-polarized Mo atoms at each
edge in contrast to the non-hydrogenated case where all species at the
edge contribute to the spin-polarized DOS near the Fermi level. The
key conclusion is that these spin-polarized zigzag edge states are robust
even with edge passivation, which is the likely scenario in a realistic
sample, furthering the potential for applications in spintronics.

IV. CONCLUSIONS

In summary, we employed density functional theory
calculations to determine a (partial) ternary phase diagram for
MoSi,Ny, based on which we calculated—systematically and
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unambiguously—energies of several stoichiometric and nonstoi-
chiometric armchair and zigzag edges as functions of elemental
chemical potentials. Over the entire range of feasible chemical
potentials and candidate structures studied, we find that bare
(unpassivated) armchair edges are typically lower in energy than
zigzag ones and that all of these armchair edges are semiconduct-
ing. The lowest-energy zigzag edge is metallic and spin-polarized,
in agreement with prior studies,”*’ but has a sufficiently high
edge energy that reduces the likelihood of finding such edges in
practice. Hydrogen passivation of dangling bonds stabilizes signifi-
cantly the lowest-energy armchair and zigzag edges with the latter
even becoming thermodynamically more stable than the armchair
edge at low hydrogen chemical potentials. Moreover, this passivated
zigzag edge retains its metallicity and spin polarization, indicating
that such edges in MoSi,N, could, indeed, be of interest for appli-
cations in spintronics.”**’

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details on edge-
energy calculations of zigzag edges (Figs. S1-S8 and Table S1).
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Supplementary Text

S1. Calculating edge energies for zigzag edges

The crystal structure of the MoSi2N4 monolayer does not allow for construction of zigzag
nanoribbons with identical edges. Thus, edge energies calculated from nanoribbon models are
averages over dissimilar edges. A triangular flake model, on the other hand, can indeed be
constructed with only one type of zigzag edge—Figure S3 displays an example for the ZZ3 edge.
For an equilateral triangular flake, with side length L, the thermodynamic excess (Eexcess; numerator
of Eq. 3) relative to the bulk is given by

Eexcess = 3YL + 3y, (S1)

where y is the edge energy and ¥, is the contribution from a vertex. Now, choosing two flakes
with the same edge termination but different edge lengths, Li and L2, and calculated
thermodynamic excess energies Eexcess, and Eexcess2, we immediately obtain

Eexcess,l — Eexcess,z (S2)
3(Ly — L)

With the energy of one edge established, it is now possible to construct nanoribbon models holding

this edge type fixed while varying the opposite edge and computing its energy unambiguously.
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Figure S1: Two different sizes of triangular flakes with ZZ3 edges used to calculate the edge
energy via Equations S1 and S2.
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Figure S2: Various armchair edges studied in this work.
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Figure S3: Various zigzag edges studied in this work.
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Figure S4: Edge energies of the different armchair edges displayed in Figure S2.
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Figure S5: Edge energies of the different zigzag edges displayed in Figure S3.
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Figure S6: Edge energies of the four most thermodynamically favorable MoSi2N4 edges (AC1:
red, AC3: orange, AC4: blue, and ZZ1: green) as functions of Auy, and Aug; viewed at different
visualization angles (a) along Aug;, (b) along Apy,, .



Figure S7: Sequential hydrogen passivation of bare AC1/AC1 nanoribbon. Red circles indicate
the H atoms added in each step and the adsorption energy per H atom is indicated next to the
arrows. The process terminates when no further exothermic pathways for hydrogenation are found.
(Mo — pink; Si—blue; N — gray; H —red)
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Figure S8: Sequential hydrogen passivation of bare ZZ1/ZZ72 nanoribbon. Black circles indicate
the H atoms added in each step and the adsorption energy per H atom is indicated next to the
arrows. The process terminates when no further exothermic pathways for hydrogenation are found.
The total magnetic moment is indicated above each structure and spin-density isosurfaces (+0.034
e/A3; yellow/cyan — positive/negative) are superposed over the atomic model. (Mo — pink; Si —
blue; N — gray; H — black.)



Table S1: k-point meshes and lattice parameters for DFT calculations of bulk structures

Optimized Lattice Parameters

Bulk Structure %T;llllltll;;gsﬁ-
a(d) b@A) c@) o p Y
Molybdenum 11x11x11 2.73 273 273 | 109.47° 109.47° 109.47°
Silicon 11x11x11 3.87 3.87 387 60° 60° 60°
MoisN1s 5x5%5 8.01 8.01  9.95 89.94° 89.94° 91.05°
MosN4 5x10x10 1097 578  4.96 90° 104.46° 90°
Mo:N 11x11x11 5.02 5,02 5.02 | 129.79° 129.79°  73.75°
Si3N4 9x9x9 7.66 7.66 293 90° 90° 120°






