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Two-dimensional (2D) magnetic materials have been experimentally recognized recently, however, the Curie tem-
peratures (7c) of known 2D systems are quite low. Generally, magnetic systems can be seen as constituent
magnetic elements providing spins and the non-magnetic elements providing frameworks to host the magnetic
elements. Short bond lengths between the magnetic and non-magnetic elements would be beneficial for strong
magnetic interactions and thus high Tc. Based on this, we propose to combine the magnetic element Cr and the
non-magnetic element boron to design novel 2D magnetic systems. Using our self-developed software package
IM20ODE, we design a series of chromium-boride based 2D magnetic materials. Nine stable magnetic systems
are identified. Among them, we find that CrB4-I, CrB4-I and CrBs-I with common structural units [CrBs] are
ferromagnetic metals with estimated Tc of 270K, 120K and 110 K, respectively. On the other hand, five CrBs
phases with structural units [CrzBi2] are antiferromagnetic metals. Additionally, we also find one antiferromag-
netic semiconductor CrBz-I. Our work may open new directions for identifying 2D magnetic systems with high

Tc.
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Recent decades have witnessed tremendous ad-
vances in the research of two-dimensional (2D) ma-
terials, stimulated by the successful exfoliation of
graphene.l'l Efforts have been made in order to dis-
cover novel physics and applications in 2D systems.
Among various properties, the magnetism of 2D mate-
rials has attracted vast attention for its great promise
in spintronic nano-devices.

Initially, researchers tried to realize 2D magnetism
based on graphene.l”~ ¥ Because of the weak coupling
between the 2p magnetic moments in graphene, tran-
sition metal (TM) atoms were introduced to make
magnetic interactions more stable.[>°] However, the
d orbitals of TM strongly couple with the valence or
the conduction bands of graphene,[”! making it diffi-
cult to control the charge or magnetic states. On the
other hand, layered transition-metal dichalcogenides
(TMDs) such as MoS, were considered as candidate
materials for spintronic devices due to their sizable
bandgaps.[®l Nevertheless, the lack of intrinsic mag-
netic polarization and magnetic ordering in MoSs hin-
ders its applications. Consequently, researchers be-
gin to focus on 2D systems with intrinsic magnetic
order, and many 2D magnetic materials were pro-
posed and reported. Among them, monolayer TMPX3
(TM = transition metals, X = chalcogen, S/Se/Te) can
exhibit anti-ferromagnetic orders such as Ising anti-
ferromagnetic FePS3l”l and FePSes,!'") Heisenberg

anti-ferromagnetic MnPSs[''l and MnPSes,['? and
XY anti-ferromagnetic NiPSs.l'”] The magnetic order
can be further manipulated by tuning the stacking se-
quences of TMPX3 materials to realize interlayer fer-
romagnetic order.['"]

In addition to TMPXg3, ferromagnetic 2D sys-
tems have recently been reported and attracted
great attention. These 2D ferromagnetic materi-
als range from semiconductors such as CrlIl'o—'%l
CryGesTegl'?2) and FeaGasSs%!) to metallic systems
including NigGeTes?? and FegGeTes.? 2] However,
these 2D intrinsic ferromagnetic materials generally
have low Curie temperatures (T¢), thus limiting their
application at room temperature. For example, the
Tc of monolayer Crls, CrGeTes, and FesGeTe, are re-
ported as 61 K,['] 68 K,["! and 20 K,*"] respectively.
Consequently, there is much hope invested in the dis-
covery or design of novel 2D intrinsic magnetic mate-
rials.

Note that the intrinsic magnetic 2D materials often
incorporate magnetic elements such as Cr, and non-
magnetic elements forming frameworks to host the
magnetic elements. While material stability prefers
sufficient bonding between Cr and the non-magnetic
elements, stable magnetic order requires strong or-
bital interactions. Apparently, relatively small bond
lengths between Cr and the non-magnetic elements
would be beneficial. As a result, non-magnetic ele-
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ments with small radii are good candidates to host Cr.
Boron, on the left of carbon, naturally meets the above
demands. In fact, due to the empty 2p orbitals, boron
can be quite active and form multi-center and multi-
electron bonds in addition to sp? and sp? hybridiza-
tion. Two-dimensional materials made of pure boron,
known as borophene, have been widely studied both
theoretically!”® " and experimentallyl®' ~*%! recently.
It has been demonstrated that boron can form very
stable and diverse 2D frameworks with coordinate
numbers ranging from 3 to 6. Therefore, the combina-
tion of magnetic elements with non-magnetic elements
such as boron is expected to cultivate novel magnetic
systems.[*] In fact, three-dimensional NdFeB mag-
nets were discovered in 1980s.[°"! In two-dimensional
space, several Cr-based 2D magnetic materials!?¢— "]
have been theoretically proposed with good proper-
ties. It is thus of great interest to explore what kinds
of magnetic materials boron can form with magnetic
elements in 2D space.

In this work, based on the above analysis, we ex-
plore the possible formation of 2D chromium borides
Cr,B, using a differential evolution (DE) algorithm
implemented in our self-developed software package
IM20DE, ") and first-principles calculations. The ra-
tios of Cr and B are set as x : y = 1:2, 1: 3,
1:4 and 1:5 and the total number of atoms is lim-
ited to 24, considering our computational resources.
Eventually we have identified a total of nine candi-
dates which are stable both energetically and dynam-
ically. Among them, two CrB4 and one CrBj candi-
dates with common structural units [CrBs| are intrin-
sic ferromagnetic metals; five planar CrBs materials
with universal structural units [CryBis] are intrinsic
antiferromagnetic metals; one CrBs phase is an intrin-
sic antiferromagnetic semiconductor. The atomic and
electronic structures as well as the magnetic properties
of the above nine materials are analyzed. The mag-
netic properties are understood from the Heisenberg
model. Using our calculated magnetic exchange inter-
action parameters, we estimate T¢ of CrBy-I, CrBy-II
and CrB5-I to be 270 K, 120 K and 110 K, respectively,
which are relatively high compared to known 2D mag-
netic systems. Our work thus will be useful for this
emerging field.

Computation  Methods—Global — Optimization
Method for 2D Magnetic Material Design Based on
DE. The DE method is one of the global optimiza-
tion algorithms which can solve the global optimiza-
tion problem of continuous variables.!'’] It is mainly
aimed at solving a global search problem that a set
of parameters are to be determined, under which the
objective function can get the maximum value. In
the DE method, each solution case is marked as a D-
dimensional vector in which three steps of DE progress
are involved: mutation, crossover and selection. For
the i*® target vector p; g, the mutation operation
generates the mutant vector u; g4+1 by

Ui, G+1 = VPbest + (1 —Y)Pi,¢ + Fp(Pr1 — Pr2),

where G denotes the generation. The random ratio
in mutation is controlled by the parameter . The
best solution in the present generation is ppest. Pa-
rameter Fp manipulates the differential vector; p.q
and p,o are individuals randomly chosen from the
present generation, riry € {1,2,..., N}and rq # ro #
i # best. In the crossover step, the mutant vector
is mixed with the parental vector from the previous
generation, so as to create the offspring trial vector
Pic+1 = (P1i,G+1,P2,G+1, - - -, PDi,c+1) for the next
generation, given by

wj; g1, if 7(j) < CR or j =rn(i),

Pji,G+1 = { if 7(j) > CR and j # rn(i),

Pji, G,
where C'R is a constant manually set from 0 to 1 to
control the probability of crossover and r(j) is ran-
domly generated within the same range [0,1]. In the
selection step of DE progress, we use the greedy princi-
ple to determine whether the trial vector p; g41 is ac-
cepted for the next generation. The trial vector p; ¢41
is compared with target vector p; ¢ in the present gen-
eration and p; ¢4+1 will not be accepted unless it is bet-
ter than p; ¢. In this work, we set v = 0.20, Fp = 0.20
and CR = 1.00.

In materials design, the main objective is to deter-
mine the total energy of the structures: the lower the
energy, the better the thermodynamic stability. Ac-
cording to the method above, the optimized objective
function is

min Zl = Etotalv

where the total energy can be given by first-principles
calculations. In this work, we use CryBg (1:2), CryBi2
(1:3), CryByg (1:4) and CryByg (1:5) as the basic cells
for structural search. In the iteration of differential
evolution, we use 30 generations and 30 structures in
each generation. Among them, 60% of the structures
are generated by the differential evolution algorithm,
and the other 40% are randomly generated as muta-
tion seeds.

First-Principles Calculation Methods. The struc-
ture optimization and the total energy calculations are
performed using density functional theory (DFT) im-
plemented in the VASP code.l''] The magnetic prop-
erties are implicitly considered. The projected aug-
mented wave (PAW)[*?] method is used to treat ion-
electron interactions. For exchange correlations, the
PBE method from the generalized gradient approxi-
mation (GGA)!" is adopted. The plane wave cut-off
energy is set to be 550€V. For the integral in the Bril-
lion zone, the Gamma-centered Monkhorst—Pack grid
sampling method is selected,!'’] and the sampling k
point spacing in the reciprocal space is no more than
21 x 0.04 A= for each structure. After obtaining the
relaxed structures, we conduct PBE+U*! calcula-
tions to accurately understand the electronic proper-
ties of the magnetic systems. For Cr atoms, we set the
on-site U parameter as 3.0eV and the exchange pa-
rameter J as 0.9 eV. Other values of U are also tested.
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This setting has proven to be effective in other ma-
terials in which Cr atoms dominate spin properties,
such as ZnCr,04.['%! To determine the dynamic stabil-
ity, phonon spectrum calculations are performed using
Phonopy developed by Togo et al.l'”

The Energy Mapping Method. The energy map-
ping method is developed!** to solve the parameters
of magnetic interactions by calculating the energies
of various magnetic orders. In this method, a rela-
tively large cell is usually used so that various mag-
netic structures can be constructed. Here, for sim-
plicity, we use Heisenberg models to describe the spin

Hamiltonian because the spin-orbital coupling effects
in Cr,B, systems are expected to be weak. We con-
sider the nearest and the next-nearest exchange pa-
rameters J; and Jo and the spin Hamiltonian is

H:JliSZSJ+J2iSlS]
(2] 12

To obtain the value of J; and Js, the energies of three
or more structures with different magnetic configura-
tions are calculated and then the exchange parameters
Ji and Jy can be derived from the energy differences.

Table 1. Formation energy Fform per atom of 2D CryBy(z:y = 1:2,1:3, 1:4 and 1:5) systems, the magnetic
orders, and the corresponding local magnetic moments of Cr in each material. The formation energy per atom

EcryBy —2Fcr—YEBorophene

FEtorm is defined as Etoprm = =Ty

, where Ecy, B, is the total energy per atom of CrzBy, Ecy

and EBorophene are the total energy per atom of pure chromium and synthesized 2D borophene B, /6 respectively.

Eform (eV) Magnetic ground state Maximal local magnetic moment of Cr (up)
CrBy-I —0.2021 FM 2.3
CrBy-I —0.1969 FM 2.4
CrBs-1 —0.1091 FM 2.6
CrBs-I —0.1320 AFM 2.6
CrBs-I —0.1311 AFM 2.7
CrB3-1I —0.1252 AFM 2.7
CrBs-IV —0.0981 AFM 2.9
CrBs-V —0.0974 AFM 2.9
CrBo-I —0.1200 AFM 3.0

[
O

Frequency (Hz)
a8 &8
8 &

0| 0 -
r X M r r X S Y r
Fig. 1. The atomic structures of searched CrB4 serial

materials in top view (along c-axis) and side view (along
a-axis), (a) CrBy-I and (b) CrBy4-II. Orange regions mark
the [CrBg| units. The [CrBg| unit forms both candidate
CrBy structures in different directions or alignments. The
phonon spectrum of (¢) CrBs-I and (d) CrBy-I, respec-
tively.

Results and Discussions. By carrying out the DE
structure search and examining the dynamical sta-
bilities, we finally identify nine stable 2D chromium
borides without imaginary phonon frequencies. Ta-
ble 1 shows the formation energies per atom of these
structures, the ground magnetic orders, and the local
magnetic moments of the Cr atoms.

As we can see, CrBy-I has the lowest formation en-
ergy and thus it is the most stable candidate. Addi-
tionally, the formation energy Eform of these 2D Cr,B,

structures are below zero, indicating that they are en-
ergetically stable in 2D space and could be synthesized
experimentally.

Planar Ferromagnetic Metal CrBy Group. First,
we discuss the two CrBy phases, CrBy-I and CrBy-1I.
Figure 1 shows the atomic structures and correspond-
ing phonon spectra of CrBy-I and CrB4-II. As we can
see, CrBy-1 is slightly buckled (space group of P42;m)
and CrB4-1 is purely planar (space group of Cmmm).
Both the structures are constituent of the basic struc-
tural units [CrBs|, in which one Cr atom is surrounded
by an octagonal ring of boron atoms. In these two
structures, the [CrBg| units are connected through
two boron triangles which share one edge (vertex) and
form a diamond (dumbbell). Molecular dynamic sim-
ulations performed at 7' = 300K demonstrate that
these structures are thermodynamically stable (see
Fig.S1 in the Supplementary Information). To deter-
mine the magnetic ground states of CrB4-I and CrBy-
II, we compare the total energies of various collinear
magnetic configurations of Cr atoms in a large super-
cell. Our results show that both CrBy-I and CrBy-II
adopt a ferromagnetic (FM) configuration of Cr spins
as the ground magnetic order.

Figure 2(a) shows the band structure of FM CrBy-
I, which indicates that CrBy4-I is a metal. The par-
tial charge density distribution near the Fermi level
in Fig. 2(b) shows that the Cr orbitals have significant
overlap with the orbitals of the nearest B atoms, form-
ing relatively strong bonds and stabilizing the Cr-B
network. The density of states in Fig. 2(c) shows that
the ds,2_,2 orbital of Cr is fully occupied while the
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ds. and dy, orbitals are partially occupied due to the
hybridization with orbitals of B atoms, thus explain-
ing why the local magnetic moments of Cr atoms in
CrBy4-1 is 2.3up instead of 3 up. To further confirm
the FM interactions between Cr atoms, the magnetic
exchange parameter is extracted by energy mapping
analysis. Figure 2(d) indicates the nearest magnetic
exchange parameter J; and the next-nearest magnetic
exchange parameter J, in CrBy-I. The values of Jy
and Js calculated using PBE+U with different U val-
ues are listed in Table 2. Note that, in our Heisenberg
model, H = Z?J Ji;S; - S, the negative exchange pa-
rameter J indicates the FM exchange interactions. As
we can see, when U = 3.0eV, J; = —33.12meV and
Jo = —0.97meV, demonstrating the magnetic interac-
tions between Cr atoms in CrB4-I are indeed ferromag-
netic. With the increase of U, both J; and .J, become
more negative, so the ferromagnetic orders do not
change. Using the on-site U parameter at U = 3.0¢eV,
we perform Monte Carlo (MC) simulations based on
the 2D Heisenberg models and the Curie tempera-
ture is estimated to be about 270 K, which is near
room temperature and significantly larger than 2D
ferromagnetic materials of Crls (61K) and CrGeTes
(68K), suggesting that CrBy-I could be a practical
ferromagnetic system. To further verify the stability
of FM state, the magnetic anisotropy energy (MAE)
is calculated by considering spin-orbit coupling (SOC)
effect. Our results are shown in Table 3. Three rep-
resentative magnetization directions including (100),
(010) and (001) are considered. Our results show
that the easy axis of CrBy-I is along (001) direction
and perpendicular to the Cr—B plane. The calculated
MAE is 338.4 peV per Cr atom, which is much larger
than that of Fe (—1.4 pueV) and Co (—65 peV).[*’] Dif-
ferent U parameters ranging from 3.0eV to 5.0eV are
tested and our conclusion still holds. The large MAE

indicates that the FM states are stable against spin
cantings.

()3

Eband (ev)

DOS of one Cr atom

74:3:271 (I) 1 2 3 4
E—Ey (V)

Fig. 2. (a) The band structure of FM CrB4-I. The black
solid lines and the blue dotted lines show the spin-up and
spin-down bands, respectively. The red dotted line shows
the Fermi energy level Ex, and the high symmetric point
path in the Brillouin region is shown internally. (b) The
charge density between EFr and Ep—2.0eV in FM CrBy-1.
(c) The d-orbital-projected DOS of one Cr atom in FM
CrB4-1. (d) The calculated magnetic interaction parame-
ters J1 and Js in FM CrBy-1.

Table 2. The calculated nearest exchange parameter J;
and the next-nearest magnetic exchange parameter J in FM
CrBy4-1, CrBy-II, and CrBs-I using the PBE+U method.

U=30eV U=40eV U =5.0eV

Crpag J1(meV)  —3312 —37.03 —40.72
P4 L (meV)  —0.97 —1.55 —2.31

Ji (meV)  —27.49 2839 —28.76
CBel G mev)  —2.99 +2.40 +2.94
Crpog J1meV)  —27.07 2218 1312
P9 I (meV)  —20.33 —20.42 ~19.58

Table 3. The calculated MAE of FM CrBy-I, CrB4-I and CrB5-1 with different settings of the on-site

U parameters. The easy axis is also indicated.

E100 — Eoo1 per Cr atom (peV) Egig — Ego1 per Cr atom (peV) Easy axis
U =3.0eV 338.4 336.8 (001)
CrBy-1 U =4.0eV 324.0 323.5 (001)
U=506eV 337.2 337.8 (001)
U =3.0eV 306.4 555.9 (001)
CrBy-I U =4.0eV 267.6 518.5 (001)
U=50eV 284.5 455.1 (001)
U =3.0eV 332.8 350.3 (001)
CrBs-1 U =4.0eV 336.8 348.6 (001)
U =5.0eV 346.7 342.2 (001)

CrBy4-I has very similar electronic and magnetic
properties as CrBy-1, i.e., it is also a metal [Fig. 3(a)]
and has large orbital overlap near the Fermi level be-
tween the Cr and the nearest B atoms [Fig. 3(b)]. Or-
bital hybridization leads to the local magnetic moment
of each atom being about 2.4up (see Table 1). The
ds,2_,2 orbital of Cr atoms is fully occupied while the
dy. and d,, orbitals are partially occupied [Fig. 3(c)].
The calculated magnetic interaction parameters are

J1 = —27.49meV and Jo = —2.99meV at U = 3.0€V,
demonstrating the FM exchange interactions. With
the increase of U, Jy slightly decreases while Jy be-
comes slightly positive. Nevertheless, the nearest
ferromagnetic interaction is much stronger than the
next-nearest magnetic interaction. Consequently, the
change of U parameters does not change the FM or-
dering in CrBy-II. Using the calculated parameters at
U = 3.0eV, the Curie temperature estimated by MC
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simulation is about 120 K, still larger than that of Crl
and CrGeTes. Our further calculations of MAE show
that the easy axis of CrBy-I is along (001) direction
and the large MAE of 306.4 peV per Cr atom demon-
strates the robustness of the FM states.

3

B
&

b)Y

Eband (ev)

DOS of one Cr atom

Fig. 3. (a) The band structure of FM CrBy-II. The black
solid lines and the blue dotted lines show the spin-up and
spin-down bands, respectively. The red dotted line shows
the Fermi energy level, and the high symmetric point path
in the Brillouin region is shown internally. (b) The charge
density between Ep and Ep—2.0eV in FM CrBy-I. (c)
The d-orbital-projected DOS of one Cr atom in FM CrBy-
I. (d) The calculated magnetic interaction parameter Jy
and Jo in FM CrBy-II.

Quasi-Planar Ferromagnetic Metal CrBs-1. In ad-
dition to CrBy4-I and CrB4-II, we also find that CrBs-I,
composed of the same [CrBg| units, is ferromagnetic
as well. The atomic structure of CrBs-I is shown in
Fig. 4(a), which is slightly buckled with a space group
of Pba2. Different from CrBy-I and CrBy-II in which
the [CrBs| units are in parallel alignment, the [CrBs|
units in CrBs-1 are twisted and connected through
triangular boron networks. Phonon calculations in
Fig. 4(b) and molecular dynamic simulations in Fig. S2
indicate that CrBs-I is both dynamically and thermo-
dynamically stable. We note that, CrBy-I, CrB4-1II,
and CrBjs-I can be seen as eliminating certain boron
atoms in vacancy-free boron sheets and then doping
Cr atoms with tiny relaxation, which could be a rou-
tine path to synthesize them.

The band structure of CrBs-I is given in Fig. 4(c),
showing that CrBs-I is metallic. The density of states
in Fig.4(d) shows the occupied d3,2_,2 orbitals and
partially occupied d,. and d,. orbitals of Cr atoms
below the Fermi level. The hybridization between Cr
orbitals and B orbitals results in the local magnetic
moments of 2.6up (see Table 1).

For the magnetic properties, we calculate the
Heisenberg nearest exchange parameter J; and the
next-nearest magnetic exchange parameter Jo [see
Fig.4(a)] for CrBs-1. As seen in Table 2, both J; and
Jo are very negative for U = 3.0eV, 4.0eV, and 5.0V,
respectively, supporting the strong FM exchange in-

teractions in CrBs-I. Using J values at U = 3.0€V,
we estimate the Curie temperature by MC simulation
to be about 110K, still larger than those of Crlz and
CrGeTes. Similar to CrBy-I and CrBy-II, CrB5-I also
has a large MAE of 332.8 eV per Cr atom along (001)
direction. We note that the Curie temperatures de-
crease from CrBy-I to CrB4-Il and then to CrBs-1. This
is because the nearest exchange parameters dominate
the magnetic order.

w
(=]

-
[=]

Frequency (Hz) ©
n
(=]

| DOS of one Cr atom

Fig. 4. (a) The atomic structure of FM CrBs-1. Orange
region marks the [CrBg| unit. The red vectors mark the
directions of calculated magnetic interaction parameters
Ji and J2 in FM CrBs-1. (b) The phonon spectrum of
FM CrBs-1. (¢) The band structure of FM CrBs-1. The
black solid lines and the blue dotted lines show the spin-
up and spin-down bands, respectively. The red dotted
line shows the Fermi energy level, and the high symmetric
point path in the Brillouin region is shown internally. (d)
The d-orbital-projected DOS of one Cr atom in FM CrBs-
I. The inner figure shows the charge density between Ep
and Erp—2.0€V in FM CrBs5-1.

Planar Antiferromagnetic Metal CrBs Series. Be-
sides the above three ferromagnetic metallic systems,
we also identify 6 antiferromagnetic 2D chromium
borides, including five CrBs metallic phases and one
CrBs semiconducting phase. Figure 5 shows the
atomic structures of CrBjs series, all of which are
purely planar. In general, the five CrB3 phases can be
seen as formed by the structural unit [CryBis], which
consists of two merging octagonal boron rings with
the B-B bond at the sharing edge broken due to the
strain effect. The structural differences among these
five CrBs phases lie in the direction and alignment
orders of [CraBis] units.

Taking CrB3-I [see Figs. 5(a) and 6(a)], which has
the most stable phase of CrBj, as a typical exam-
ple, we present its electronic and magnetic proper-
ties. Figure 6(b) shows the calculated phonon spec-
trum of CrBs-I. The absence of imaginary frequen-
cies indicates its dynamical stability. The stability of
other CrBj3 systems is demonstrated by phonon cal-
culations and molecular dynamics simulations, which
are provided in Figs.S3 and S6 in the Supplemen-
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tary Information, respectively. Both the band struc-
ture [Fig.6(c)] and the density of states [Fig.6(d)]
show that CrBs-I is an antiferromagnetic metal. De-
tailed analysis shows that the AFM configuration ex-
ists within the structural unit [CryBys].

CrB;-1v CrB3-V

Fig. 5. The atomic structures of searched CrB3 series
in top view (along c-axis) and side view (along a-axis)
for CrB3-I-V (a)—(e). Orange regions mark the [Cr2Bi2]|
units. The [CraBi2] unit forms all candidate CrB3 struc-
tures in different directions or alignments.
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Fig. 6. (a) Magnetic ground state AFM CrB3-1. Blue and
pink balls show the Crl and Cr2 atoms with antiparallel
spin. The red vectors mark the directions of calculated
magnetic interaction parameters Ji, Jo and J3 in AFM
CrB3-I. (b) The phonon spectrum of CrBs-I. (¢) The band
structure of AFM CrBg3-I. The black solid lines show the
PBE band, the blue dotted lines show the PBE+U band,
the red dotted line shows the Fermi energy level and the
high symmetric point path in the Brillouin region is shown
internally. (d) The projected DOS of CrBs-I.

As can be seen in Fig.6(a), the spins of the two
Cr atoms in one structural unit are anti-parallel to
each other. However, the Cr atoms in two neighbor-
ing structural units will have the same spin direction
if they are at the same location of their structural
unit. The same magnetic orders also exist in the other
CrBj3 phases (see Fig. S4 in the Supplementary Infor-
mation). The calculated nearest exchange parame-
ter J; = +0.99meV, next-nearest exchange parame-
ter Jo = —6.18 meV, and next-next-nearest exchange

parameter J3 = +4.74meV, agree with the above an-
tiferromagnetic orders.
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Fig. 7. (a) Magnetic ground state G-type AFM CrBa-I.
Blue balls show the Crl atoms without a local magnetic
moment, pink balls show the Cr2 atoms with up-spin, and
orange balls show the Cr3 atoms with down-spin. (b) The
phonon spectrum of CrBs-1. (¢) The band structure of G-
type AFM CrBa-1. The black solid lines show the PBE
band, the blue dotted lines show the PBE+U band, the
red dotted line shows the Fermi energy level, and the high
symmetric point path in the Brillouin region is shown in-
ternally. (d) The projected DOS of CrBa-I.

Antiferromagnetic Semiconductor CrBs-I. In addi-
tion to the antiferromagnetic metals, we also identify
one semiconducting phase CrBs-I. The lattice struc-
ture of CrBs-I is given in Fig. 7(a) with a space group
of P4/nmm. As we can see, the primitive cell contains
four Cr atoms and eight B atoms. The boron frame-
work consists of a quasi-two-dimensional arrangement
of two sublayers, in each of which boron forms squares
with bond lengths of 1.75 A. The B-B bonds connect-
ing the two sublayers have lengths of 2.04 A. The four
interlayer B-B bonds and four intra-layer B-B bonds
(two bonds in each sublayer) form rugged octagons.
The Cr atoms in the boron framework are divided into
three categories: Crl is at the octagon center and lo-
cated in the middle of two boron sublayers; Cr2 is un-
der the boron square in the upper layer; Cr3 is above
the boron square in the lower layer. The Cr—B forms a
unique arrangement similar to a chess board. The dy-
namic stability of CrBs-I is confirmed with imaginary-
free phonon modes [see Fig. 7(b)].

In order to reveal the magnetic ground state of
CrBs-1I, we enumerate different spin directions of the
four Cr atoms in the primitive cell. Our results show
that different initial spin configurations eventually
converge to three situations, including FM (each Cr
atom spin lies in the same direction), NM (all local
magnetic moments of Cr atoms are annihilated), and
G-type AFM (each Cr2 atom has opposite spin direc-
tions to its neighboring Cr3 atoms and vice versa).
However, the FM and NM configurations have total
energies of 228 meV and 48 meV per formula unit (f.u.)
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higher than the G-type AFM state, respectively. As
a result, we conclude that G-type AFM is the mag-
netic ground state configuration of CrBs-1. We further
calculate the magnetic exchange parameters and the
values are J; = —2.24meV and Jo = 3.44meV, sup-
porting the G-type AFM magnetic order.

The band structure of G-type AFM CrBs-I us-
ing PBE+U with a U value of 3.0eV is shown in
Fig.7(c). The calculated band gap show that CrBs-I
is a narrow-band semiconductor with an indirect band
gap of E;, = 0.14eV. Density of states in Fig.7(d)
shows that the 3d orbital of the Cr atom dominates
at both the valance band maximum (VBM) and the
conduction band minimum (CBM).

In conclusion, based on our self-developed soft-
ware package IM?0ODE, we have identified nine 2D
chromium borides which are stable energetically and
dynamically, including intrinsic FM metals (CrBy-I,
CrBy-T and CrBs-I), intrinsic AFM metals (five CrBj
phases) and one intrinsic AFM semiconductors (CrBs-
I). The structures, electronic structures, and magnetic
properties have been investigated. Using the Heisen-
berg model, we have explained the magnetic interac-
tions in these systems and estimated the T¢ of CrBy-
I, CrBy-I and CrBs-I to be 270K, 120K and 110K,
respectively, which are relatively high compared to
known 2D magnetic systems. Our work is expected
to be useful for this emerging field and may open new
directions of searching novel 2D magnetic materials.

Supplementary Information. Molecular dynamical
simulation results for CrBs-I/I/II/IV/V, CrBs-I/I
and CrBs-I1 at T = 300 K, the magnetic ground states
and the electronic structures of CrBs-I/II/IV/V,
the electronic structures of CrBs-I/II/IV/V and the
Monte-Carlo simulations of the Curie temperatures of
CrBy-1I, CrBy-Il and CrBs-1.

The calculations are performed at the High-
Performance Computing Center of Fudan University.
We thank Dr. Xu Ke at Hubei University of Arts and
Science, Dr. Feng Junsheng at Anhui Normal Uni-
versity, Dr. Hou Yusheng at Sun-Yat-sen University,
and Miss Wu Na in Department of Chemistry, Fudan
University, for useful discussions.
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CrB 4 -1 CrB 4 -IT

Figure S1. Snapshots of molecular dynamics simulations of (a) CrBy4-1 and (b) CrBy-II,

T=300K.



CrB5 -1

300K.

Figure S2. Snapshots of molecular dynamics simulations of CrBs-1, T



Figure S3. Snapshots of molecular dynamics simulations of CrB; series, T=300K.

(a)-(e) for CrBs-1~V, respectively



Figure S4. Scheme of antiferromagnetic configurations for (a) CrBs-11, (b) CrBs-lll, (c)
CrBs-1V and (d) CrBs-V. Blue and pink balls show the Crl and Cr2 atoms with
antiparallel spin. The spin of the two Cr atoms in one structural unit is anti-parallel to
each other, while for two neighbouring structural units, Cr atoms in corresponding
location have same direction of spin. The red vectors mark the directions of calculated

magnetic interaction parameters Jq, J, and Js .



U=3.0eV U=4.0eV U=5.0eV
Ji1 /meV 0.99 1.34 2.34
CrBs-1 Jz /meV -6.18 -5.88 -5.35
Js /meV 4.74 4.68 4.64
J; /meV 8.74 10.61 8.90
CrBs-11 Jz /meV -6.75 -7.45 -4.02
J; ImeV -5.51 -6.07 -4.49
J1 /meV 7.06 7.10 7.43
CrBs-111 J; ImeV -2.43 -2.07 -1.34
J; ImeV 3.53 3.55 3.71
J1 /meV 13.36 10.77 14.48
CrBs-1V J; ImeV -9.37 -6.98 -7.01
Js /meV 4.38 2.84 5.63
Ji ImeV 6.44 7.38 9.54
CrBs-V Jy ImeV -8.56 -6.89 -4.49
J; /meV -1.19 -0.78 -0.23
Ji ImeV -2.24 -1.93 -2.22
CrB-I
Jz ImeV 3.44 3.73 3.94

Table S1. The magnetic exchange parameters J;, J, and Js of CrBs-1I/11I/1V/V and
CrB,-1 under various PBE+U method with Hubbard-U of 3.0, 4.0 and 5.0 eV, derived

from energy mapping analysis.



Figure S5. The band structures of AFM CrBs-11/111/IV/V. The black solid lines show

the PBE band, the blue dotted lines show the PBE+U band. The red dotted line shows
the Fermi energy level, and the high symmetric point path in the Brillouin region is

shown internally.
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Figure S6. The phonon spectra of AFM CrBs-1I/111/1V/V.
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