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Ultra-low Young’s modulus and high super-exchange interactions in
monolayer CrN: A promising candidate for
flexible spintronic applications™
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Institute of Physics and School of Physical Sciences, University of Chinese Academy of Sciences,
Chinese Academy of Sciences, Beijing 100190, China
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Monolayer CrN has been predicted to be half-metallic ferromagnet with high Curie temperature. Due to bulk CrN’s
biocompatibility, the monolayer is a promising candidate for bio-related devices. Here, using first-principles calculations
based on density functional theory, we find that the formation energy of the bulk CrN stacking from layers with square
lattice is only 68 meV/atom above the convex hull, suggesting a great potential to fabricate the monolayer CrN in a square
lattice by using molecular beam epitaxy method. The monolayer CrN is then proved to be a soft material with an ultra-low
Young’s modulus and can sustain very large strains. Moreover, the analysis of the projected density of states demonstrates
that the ferromagnetic half-metallicity originates from the splitting of Cr-d orbitals in the CrN square crystal field, the
bonding interaction between Cr-N, and that between Cr—Cr atoms. It is worth noting that the super-exchange interaction is
much larger than the direct-exchange interaction and contributes to the ultra-high Curie temperature, which is obtained from
Monte Carlo simulations based on Heisenberg model. Our findings suggest that the monolayer CrN can be an indispensable
candidate for nanoscale flexible spintronic applications with good biocompatibility and is considerable appealing to be

realized in experiment.

Keywords: monolayer CrN, half-metallic ferromagnet, flexible material, spintronics

PACS: 71.20.Gj, 62.20.de, 81.40.Jj, 75.50.Dd

1. Introduction

Inspired by the first successful exfoliation of graphene
from graphite in 2004, two-dimensional (2D) materials
are of wide interest for their promising application po-
tentials in nanoscale devices owing to a wide range of
superior properties from electrical, such as insulating,?!
(341 half-metallic,[78!

to magnetic, 13,141 4

Dirac-metallic, 20!
[11,12]

semiconducting,

metallic,®101

superconducting,
well as mechanical regimes.!!>1%1 One can expect combining
multiple properties to explore novel applications.!'’~11 Cur-
rently, the pursuing of wearable, intelligent, and implantable
electronic systems has triggered the design and develop-
ment of flexible and biocompatible materials for informa-
tion collection, storage, and management.!?’->3! The feature
of 100% spin-polarized electrons at the Fermi level endows
that 2D intrinsic half-metallic ferromagnets play an impor-
tant role in spin-logic circuits in terms of energy efficiency

[24-26] Thus, it is an alternative way to introduce

and accuracy.
spintronics to the realm of the flexible device to improve the
performance of the device.

To date,

oxides, 27281 sulﬁdes,m] double perovskites,[

transition metal
30,31

most half-metals are
I or Heusler
alloys.3?) However, these compounds usually have large stiff-

ness which are not favored by flexible devices. The recent

DOI: 10.1088/1674-1056/abdb20

experimental realization of monolayer Crl; and few-layer
Cr,Ge,Tes, >34 has stimulated the research of 2D mag-
nets. There are some encouraging theoretical progresses
made in recent years, such as g-C3N4, MnPSes, CrN, GaSe,
Cr3Xy (X =S, Se, Te), MO (M = Ga, In), Mn3Xy (X =S,
Se, Te),?>* doped graphene nanoribbons,**! and doped
GaSe.[*) Among them, the monolayer CrN attracts our atten-
tion because it has two stable phases (square and hexagon) and
both phases show simple structures and FM half-metallicity
with relatively high Curie temperature, as well as good

biocompatibility. 3738431

However, to our knowledge, re-
searches on the flexibility and the survival of its exceptional
properties under strains, which are crucial to the practical
applications, are still lacking. Moreover, the Curie tem-
perature has been proposed to be high based on a 2D Ising
model, in which the super-exchange interaction and the mag-
netic anisotropy energy have not been considered. How-
ever, these two parameters influence the Curie temperature

y.[46491 Thys, the Heisenberg model is preferred to

significantl
explore how these parameters influence the Curie temperature.

In this work, we explore a monolayer CrN in a square
lattice as a binary half-metallic ferromagnet with ultra-low
Young’s modulus, large critical strain, and high Curie temper-

ature by performing first-principles calculations based on den-

*Project supported by the National Natural Science Foundation of China (Grant No. 61888102), the National Key Research and Development Program of China
(Grant No. 2016YFA0202300), and the Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No. XDB30000000).
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sity functional theory. We first present that the bulk CrN in a
square lattice is only 68 meV/atom above hull by using a con-
vex hull analysis of formation enthalpy. The monolayer CrN
is proved to be a soft material with superior mechanical flex-
ibility benefit from its ultra-low Young’s modulus and large
critical strain. The ferromagnetic half-metallicity is well re-
tained under various strains. We further demonstrate that the
half-metallicity and ferromagnetism are originated from the
splitting of Cr-d orbitals in the CrN square crystal field, Cr—
N bonding interaction, and Cr—Cr bonding interaction. Based
on a Heisenberg model, we find that the monolayer CrN is a
ferromagnet with high Curie temperature far above room tem-
perature. All these intriguing features endow the monolayer
CrN with exceptional potentials in nanoscale flexible devices
and spintronic applications, and should attract experimental-
ists’ attention to realize it in real devices.

2. Calculation method

All density functional theory (DFT) calculations were
performed using density functional theory within projector-
augmented wave (PAW) potentials?®*>! as implemented in
the VASP code.[’>331 A vacuum slab of 20 A and a plane-
wave basis set with an energy cutoff of 520 eV were used. An
8 x 8 x 1 I' point centered k-mesh was applied to sample the
Brillouin zone. GGA+U was employed to optimize the geo-
metric structures,>* where the U value was referred to Wang
et al.’s work.!3! The structures were fully relaxed until energy
eV and 0.001 eV/A, respec-

tively. The phase diagram was calculated using the GGA+U

and force were converged to 1078

method at 0 K. The compounds are all in stable structures ob-
tained from the Materials Project database. %! Their formation

energies are calculated by the following formula:

E (A,B,) — xE (A)

xX+y

—yE(B)

b

AE =

where E (A.B,) is the total energy of A,B,, bulk material, E (A)
and E(B) are the chemical potentials of elements A and B, re-
spectively.

3. Results and discussion

The crystal structure of the monolayer CrN is displayed
in Fig. 1(a). CrN consists a single layer of Cr atoms and N
atoms in the form of a square lattice. The lattice has a Dy,
point group with a lattice constant around 4.02 A. A convex
hull analysis of formation enthalpy was performed to look for
the most stable phase. Three different phases of CrN were con-
sidered. One phase is a square lattice with a planar structure.
The other two phases are both hexagonal phases, while one
is a planar structure and the other is a sandwich structure. %!
Different magnetic configurations were considered to find the

Then the total
energies of the ground states were used to get the formation

ground states for the three different phases.

enthalpy. The phase diagram is plotted as Fig. 1(b). The for-
mation energy of the square phase is 68 meV/atom higher (the
red square in Fig. 1(b)) than that of the most stable phase,
while the hexagonal phase is 211 meV/atom higher (the blue
hexagon). The relatively small energy difference with the most
stable one suggests that there is a high probability to fabri-

cate the square phase CrN by using molecular beam epitaxy
d.[56-58]
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Fig. 1. Geometric structure of monolayer CrN (a) and the convex hull
phase diagram of the Cr—N compounds (b).

The linear elastic constants of the monolayer CrN in
the ferromagnetic ground state are calculated to further ex-
amine the mechanical stability.
tional perturbation theory (DFPT) method, the 2D linear elas-
tic constants are as follows: Cy; = 117.07 N-m™, Cyn =
117.07N-m™', C1p =62.68 N-m~!, and C4s =7.19N-m~!
Since the stability criteria for a square 2D lattice>! are Cy; >
0, C44 > 0, and Cy; > |Cy2], the monolayer CrN is obviously

Based on the density func-

stable. Furthermore, the in-plane Young’s modulus and Pois-
son’s ratio are evaluated to analyze the mechanical properties
of the monolayer CrN. The Young’s modulus can be expressed
as

C11Cpn — C3,

C11Cyy — C?
nzzu_zcn>czsz
Cys

E(6) =
Cris* +Crct + (
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The Poisson’s ratio is

C11Cn —C}
<C11—1-C22—11 éz 12>czs2—C12(c4+s4)
44

v6)=- C11Cn —C 7
C11S4+C2264+ <12 2C12> c2s?

Cys

where 0 is the angle relative to the positive x direction in the
square lattice, ¢ = cos 0, and s = sin 0. Figures 2(a) and 2(b)
present the Young’s modulus and the Poisson’s ratio. The low-
est Young’s modulus is around 27 N-m™~!, together with the
large Poisson’s ratio (ranging from 0.54 to 0.85), demonstrat-
ing that the monolayer CrN is a promising material for flexible
and stretchable electronic devices.

The total energies versus different values of strain are
plotted in Fig. 2(c). One can expect that compressive strains
induce similar structure changes under tensile strains due to
the symmetry of the monolayer CrN. In addition, the change is
asymmetric for compressive and tensile strains. For example,
the monolayer CrN under a compress strain of 10% in x direc-
tion corresponds to that under a tensile strain of 25% in x di-
rection, exhibiting a distorted hexagonal structure. Thus, only
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tensile strains are discussed in this work. There is one transi-
tion point labeled in red. The transition point corresponds to
the break of one Cr-N bond, resulting in the transition of the
monolayer CrN from a square lattice to a distorted hexagonal
lattice, which is in accordance with two different phases of

.[37:381 There should be another peak referring

monolayer CrN
to the crack of the monolayer hexagonal CrN, which is not
discussed here. Figure 2(d) gives the crystal structures under
different strains. It clearly shows that the Cr—N bonds break
at strain 16%, forming a distorted hexagonal lattice (the sec-
ond structure in Fig. 2(d)). Moreover, the structure with a 30%
tensile strain (the last one in Fig. 2(d)) is a monolayer CrN in
a hexagonal lattice under a compressive strain of 8%. When
the tensile strain reaches 41%, a monolayer CrN in a hexag-
onal lattice without strain can be obtained. Considering that
both two phases of monolayer CrN show ferromagnetic half-
metallic behavior, the monolayer CrN is a promising material
which can be used in flexible, stretchable, and biocompatible

devices.

Lo. (b) 90
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Fig. 2. Mechanic properties of the monolayer CrN. Polar diagrams for the (a) Young’s modulus and (b) Poisson’s ratio. (c) Total energy

variation respect to strain. (d) Crystal structures at various strains.

The very low Young’s modulus inspired us to explore the
robustness of strain effect on the electronic properties of the
monolayer CrN, which is of great significance for its poten-
tial application in flexible spintronic devices. As is shown in
Fig. 3, the half-metallic ferromagnetism is well preserved un-
der axial strains ranging from —4% to 4%. The value of the
band gap has a linear relationship with the axial strain. Un-
der compressive strains, the band gap increases from 2.07 eV
to 2.36 eV as the strain decreases from —4% to —1%. The

band gap further increases to 2.52 eV when the tensile strain
increases to 4%.

In order to elucidate the half-metallicity of CrN, the pro-
jected densities of states (PDOS) on Cr atom are calculated,
as can be seen in Fig. 4(a). Due to the exchange interaction,
only a-spin channels are occupied while $-spin channels are
empty for the Cr-d orbitals except for Cr-d,»_» orbital. The o-
spin channel of Cr-d,, orbital is only partially occupied, thus
making the CrN monolayer a half metal. This behavior can be

047105-3
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further explained by analyzing crystal field splitting and bond
interactions as shown in Fig. 4(b). For the monolayer CrN, the
Cr atom is surrounded by four nearest neighboring N atoms,
forming a square lattice. Under a square planar crystal field
without considering the bond interaction, the five Cr-d orbitals
have a 2-1-1-1 splitting. The sequence of the five orbitals,
according to their energy sites from the lowest to the highest
one, is the degenerate d,; and d,; orbitals, d > orbital, d,, or-

Cr-d orbitals with the orbitals of neighboring atoms, the or-
bitals would further split into bonding and antibonding states.
The d,»_y» orbital of Cr atom has the largest bond splitting
due to the largest orbital overlap with the p, (and p,) orbital
of its nearest-neighboring N atoms. The d,, orbital has the
next-largest bonding splitting due to the next-nearest neigh-
boring Cr—Cr interactions. This qualitative analysis matches
the PDOS on Cr well, and can be used in other similar struc-

bital, and d,»_» orbital. Considering the bond interaction of ~tures.
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Fig. 3. Electronic structures of the monolayer CrN without strain and with compressive/tensile strains (from —4% to 4%).
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Since Curie temperature (7¢) is a key feature for fer-
romagnetic materials, we then evaluate the T by perform-
ing Monte Carlo (MC) simulations based on a 2D Heisen-
berg Hamiltonian model. A four-state mapping analysis!®’]
is applied to extract the magnetic exchange interactions. The

Heisenberg Hamiltonian model is defined as

H=Y 17,8 8;+Y AS}),
i<j i
where J; ; describes the exchange coupling between two dif-
ferent Cr atoms at sites i and j. Two sets of J values are
considered here (Fig. 5(a)). One corresponds to the nearest-
neighboring Cr atoms, and the other one is the coupling be-
tween the secondary-nearest-neighboring Cr atoms. A and
(Sf)2 are the single-ion anisotropy parameter and the compo-
nent of S; along the z direction, respectively.

A 4x4 supercell is used to calculate the J related total
energy of different magnetic configurations. We set differ-
ent magnetic configurations (11, 1, {1, 4J) of two Cr atoms
and keep the spins of all the other Cr atoms in the same z-
direction when estimating their exchange coupling interaction.
The magnetic configurations for J, calculations are provided
in Figs. 5(a)-5(c) as an example. The total energies are written
as follows:

Ey = J;jS* + KiS + K;S + EoherS + Eo,
E, = —JijS2 + KiS — K;S + EotherS + Eo,
E3y = —J;jS* — KiS + K;S + EotherS + Eo,
Ey = J;jS* — KiS — K;S + EoterS + Eo,

in which the first three terms correspond to the exchange
coupling interaction between the i-th and the j-th Cr atoms,
among the i-th and the other Cr atoms, and among the j-th
and the other Cr atoms, respectively. Eqmer and Eq are the
exchange coupling interaction among other Cr atoms and the
energy unrelated to the exchange coupling interaction, respec-
tively. Thus, the exchange coupling interaction between the
i-th and j-th Cr atoms is J;; = W.

The J; and J, exchange coupling parameters for mono-
layer CrN are obtained by computing the above equation. The
relative total energies for different magnetic configurations are
0 meV (E;), 163.6 meV (Ey, E3), 239.1 meV (E4 for J;), and
79.6 meV (E,4 for J,), respectively. The J; and J, parameters
are calculated to be —9.8 meV and —27.5 meV, respectively.
The easy axis is along z-direction with an anisotropy energy
parameter A of —0.45 meV. The relatively large J, parame-
ter and the large magnetic moment (3 g per Cr atom) suggest
a high Tc. From the variation of the average magnetic mo-
ment per Cr atom with respect to temperatures (Fig. 5(d)), it
is easy to see that the estimated T¢ is far above room tem-
perature. It is important to note that the J, originated from

the super-exchange interaction is larger than the J; derived
This means that the
super-exchange interaction contributes dominantly to the FM

from the direct-exchange interaction.

arrangement of monolayer CrN. It should be the reason that
the predicted Curie temperature is higher than that in Wang’s

work. 1371
(a) Peppog (b) By Psp
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Fig. 5. Configurations with different magnetic ordering and Monte
Carlo simulations. (a) Configuration with 11 magnetic ordering. J;
and J; are the Heisenberg exchange coupling between the nearest and
the second-nearest neighbors, respectively. (b) Configuration with 1. or
J1 magnetic ordering. (c) Configuration with | magnetic ordering. (d)
Temperature-dependent average magnetic moment per Cr atom based
on Monte Carlo simulations.

It is worth noting that the magnetic mechanism is compli-
cated, including but not limited to the hopping interaction, the
on-site coulomb interaction, the orbital characteristics, and the
charge states. The J terms in the Heisenberg model are a bal-
ance between the hopping interaction and the on-site coulomb
interaction. The relatively large J> can be explained by the
strong hybridization between the p orbitals of the N atoms and
the d,»_» orbitals of the Cr atoms due to the symmetry of
the CrN monolayer. Despite the simplicity of the Heisenberg
Hamiltonian adopted here, similar models have been proved to
provide accurate results for the T¢ in complex magnetic mate-

rials (e.g., multiferroic oxide perovskites!!'3:01-62]),

4. Conclusion

In summary, the monolayer CrN material in a square lat-
tice is explored as a promising binary half-metal ferromagnet
with ultra-low Young’s modulus and large critical strain for
flexible, stretchable, and biocompatible electronics. The half-
metallicity is well preserved under various strains. The fer-
romagnetism and the half-metallicity are originated from the
splitting of Cr-d orbitals in the CrN square crystal field, the
bonding interaction between Cr-N, and that between Cr—Cr
atoms. Interestingly, the super-exchange interaction is supe-
rior to the direct-exchange interaction. The Curie temperature
is estimated to be higher than 1000 K based on the Heisenberg
model. The high probability to be fabricated, the remarkable
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mechanical, electrical, and magnetic properties deserve exten-

sive experimental exploration.
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