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Magnetic switch and electronic properties in chromium-intercalated two-dimensional GeP;
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Intercalation of foreign atoms in two-dimensional (2D) hosts has been considered a quite promising route
to engineer the electronic and magnetic properties in 2D platforms. In the present study, we performed a
first-principles theoretical investigation of the energetic stability and the magnetic/electronic properties of 2D
GeP; doped by Cr atoms. Our total energy results reveal the formation of thermodynamically stable Cr doped
GeP; bilayer and quadrilayer, characterized by interstitial Cr atoms lying in the van der Waals gap between the
stacked GeP5 layers. The Cr-doped systems become magnetic, and the magnetic ordering can be tuned through
the application of compressive mechanical strain. Moreover, the systems are metallic, characterized by the
emergence of strain-induced spin-polarized channels at the Fermi level. These findings reveal that the atomic
intercalation offers a set of degree of freedom not only to design but also to control the magnetic/electronic

properties by mechanical strain in 2D systems.
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I. INTRODUCTION

In the first decade of this century, material science has
been marked by the emergence and development of two-
dimensional (2D) materials. This interest started with the first
isolation and characterization of graphene in 2004 [1]. Since
then, many other 2D materials with graphenelike structures
[2] have been theoretically predicted and/or synthesized [3],
such as silicene, germanene, phosphorene, stanene [4-7], lay-
ered transition metal dichalcogenides [8], and transition metal
carbides [9]. In these systems, the combination of quantum
confinement and surface effects lead to novel physical proper-
ties, which can find a wide range of technological applications
in the development of electronic devices based on 2D plat-
forms [10,11].

Among the newly discovered 2D materials over recent
years, the structural stability and the emergence of interest-
ing electronic and magnetic properties in various 2D metal
triphosphides have been reported, namely BP3 [12], SnP;
[13,14], CaP; [15], GePs [16-18], and InP3 [19]. In gen-
eral, they all present moderate band gaps, adjustable through
strain and stacking engineering, high carrier mobility, and
strong light absorption in the visible and ultraviolet regions.
Similarly to SnPs, the layered structure of germanium triphos-
phide (GeP3) has long been synthesized [16,17]. It consists
of chemically bonded (Ge/P) atoms where the P atoms form
buckled hexagonal structures connected by Ge atoms, result-
ing in GeP3 sheets which in turn are stacked mediated by van
der Waals (vdW) interactions. Recently, Jing et al. [18] have
shown that few layers GeP; are chemically, mechanically, and
dynamically stable by means of first principles calculations.
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The monolayer and bilayer GeP; are also characterized by
high carrier mobility and solar light absorption, desirable
properties in photovoltaic cells, while the trilayer system is
metallic. These properties, combined with the prediction of
experimentally accessible cleavage energies, have promoted a
number of studies focusing on possible applications [20,21]
and new features hosted in GeP;. For instance, the con-
trol of electronic mobility and band structure through strain
engineering [22], substitutional doping in the GeP; mono-
layer [23], and the electronic transport properties in
nanoribbons [24,25].

Further investigations on 2D metal triphosphides revealed
that InP3 monolayer presents tuneable magnetism upon hole
doping, resulting in a ferromagnetic state ruled by P(3p) or-
bitals [19]. Indeed, magnetism in two-dimensional systems,
and its control mediated by external agents, have been the
subject of intense research works, addressing fundamental
[26] and technological aspects. For instance, currently, there
is an intense quest for new 2D magnetic materials, aiming for
application in spintronic engineering. Since the recent exper-
imental verification of intrinsic magnetic order in (layered)
vdW crystals of Cr,Ge,Teg [27] and Crl; [28], other 2D
magnetic crystals have been predicted in the recent literature
[29-34]. In addition to the material synthesis, the suitable
control of the magnetic properties in 2D platforms has been an
important challenge in order to design new spintronic devices.
In fact, there are several proposals addressing such control, for
instance, carrier doping [35-37], mechanical strain [38—40],
external electric field [41-43], pressure [44—48], and (more
recently) through atomic intercalation [49-56]. In parallel
to the experimental realizations, ongoing theoretical studies
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based on first-principles simulations have delivered important
contributions to the atomistic understanding of the electronic
and magnetic properties of 2D systems.

In this work we show the possibility of inducing magnetic
properties in germanium triphosphide upon the intercalation
of foreign atoms (Cr) and further control of the magnetic
and electronic properties by an external agent (mechan-
ical pressure). Based on first-principles calculations, we
investigate the energetic stability, magnetic, and electronic
properties of the GeP; bilayer [(GePs)pL] intercalated with
interstitial Cr atoms [(GeP3 )gi], and its stacked counter-
parts, namely (GePs)§i /(GeP3)Si, and the Cr intercalated
(GeP; )gi /Cr/(GeP; )grL. We show that the investigated sys-
tems present tuneable magnetic phases induced by mechanical
compressive strain, characterized by an intralayer AFM to FM
transition in (GeP3 )(Bj’L, and interlayer FM and AFM couplings
in (GeP3)grL / (GeP3)grL and (GePg)gfL /Cr/ (GeP3)§rL, respec-
tively. Further electronic band structure calculations reveal
the emergence of strain-induced spin-polarized channels at
the Fermi level. These findings suggest that Cr-intercalated
GeP; is an interesting building block to the design of 2D elec-
tronic devices, based on metal triphosphide materials, with
tuneable electronic and magnetic functionalities.

II. RESULTS AND DISCUSSION
A. Cr-doped GeP; bilayer

Atomic intercalation in the vdW gaps of layered systems
has been considered a promising strategy in order to con-
trol the electronic and magnetic properties of bulk materials
[57,58] as well as their 2D counterparts [49-54], where, by
taking advantage of the interface geometry, the intercalants
may form periodic arrays between the stacked layers. Here,
we examine the energetic stability, the magnetic/electronic
properties of (GeP3)gr. doped by Cr atoms, and the control of
these properties by applying an external (uniaxial) pressure.

Firstly, we have considered three plausible configurations
for adsorbing the Cr atoms in the (GeP3)gr, structure (Fig. S1
in the Supplemental Material [59]). In Fig. 1(a) we present
the lowest energy configuration, characterized by a layer of
Cr atoms occupying the rhombohedral room between
the GeP; MLs [(GeP3 )gi]. The energetic stability of
(GeP3)S! was verified through the calculation of its formation
energy [E/, Eq. (1) in the Supplemental Material], where

FIG. 1. Structural model of Cr doped (GeP3)g., side (a) and top
(b) views. The separation distance between top and bottom Ge atoms
on (GeP5)$F, and the spacing between the individual layers in GeP3
are indicated by % and d, respectively.

we found E/ = —20 meV/A2. In addition, further structural
stability was confirmed by performing ab initio molecular
dynamics (AIMD) simulations at 300 K (Fig. S2 in the Sup-
plemental Material).

In (GePg)grL, the Cr atoms occupy all the rhombohedral
rooms between the AB stacked layers of GeP; resulting in
a triangular lattice of Cr atoms, corresponding to a cov-
erage of half a monolayer (1/2 ML) compared with the
one of Ge atoms, Fig. 1(b), giving rise to a §-doping like
structure. Interestingly, this formation resembles the exper-
imentally observed boron §-doping structure in B:Si(111)-
(+/3 x +/3)R30° for a B coverage of 1/3 of ML forming a
periodic 2D structure [60—62]. Very recently, similar metal
8-doped structures have been verified in Fe;/3, Coj3, and
Cu intercalated transition metal dichalcogenides [57,63-66],
and for coverages of 2/3 and one ML of Ta self-intercalated
in TaS(Se) [53]. At the equilibrium geometry, the (GeP; )gi
lattice constants (¢ = b = 7.05 A) and interlayer distance
(d = 2.11 A) are nearly the same as compared to the pristine
(GeP3)pL (a = b ="7.08 Aand d = 2.09 A, see Fig. S3 in the
Supplemental Material), thus indicating that the local atomic
structure of (GePs3)gL is weakly perturbed by the presence
of the interstitial Cr atoms. We found Cr-P and Cr-Ge bond
lengths of 2.59 and 3.17 A, respectively, which are slightly
larger than the sum of their covalent radii, resulting in an
increase of the vertical distance / from 5.05 to 6.34 A [Fig.
S3(a) in the Supplemental Material and Fig. 1(a)].

The interstitial Cr atoms present a net magnetic moment of
3.4 up, which are coupled mediated by the P atoms. We have
compared the energetic stability of four magnetic phases [67],
as shown in Figs. 2(al)-2(a4). At the equilibrium geometry,
we found the row-wise antiferromagnetic (RW-AFM) phase
[Fig. 2(al), hereafter labeled as Cr'*] as the most stable spin
configuration, and the ferromagnetic (FM) phase [Fig. 2(a4),
hereafter labeled as Cr''] as the least stable one by Erw.arm —
Epv = —59 meV/Cr. Interestingly, the energetic preference
for the AFM coupling between two nearest neighbor Cr atoms
has been preserved even at lower concentration regime. That
is, for a coverage of 1/9 ML, we found the AFM configuration
more stable than the FM one by 117 meV/Cr (details in Fig.
S4 of the Supplemental Material).

We found that the energetic preference for the RW-AFM
alignment in (GePg)grL can be tuned by mechanical compres-
sive strain, & = (ho — h)/hg, where hy (h) are the vertical
distances between the topmost and bottommost atomic layer
of the unstrained (strained) (GeP; )grL. The values of the ap-
plied pressure (P) as a function of the interlayer distance are
computed according to

AE
AylAh|

P(h) =

where A E = E; ;| — E; is the total energy difference between
the (i + 1)th and ith configurations, and A# is the respective
reduction of the vertical distance (Ah = h;| — h;) between
the topmost and bottommost atomic layer of (GeP3)$! . Ay is
the unit cell surface area of the (i + 1)th configuration. Here
i = 0 corresponds to the unstrained geometry. In Fig. 2(b)
we present our results of Erw.apm — Erpm as a function of

the pressure. A Cr't 5 Cr'' magnetic transition for P is

054002-2



MAGNETIC SWITCH AND ELECTRONIC PROPERTIES IN ...

PHYSICAL REVIEW MATERIALS §, 054002 (2021)

(al) RW-AFM (a2) Dimmer-AFM

6 meV/Cr

RW-AFM, Cr't
*P(3p) *Ge(dp) oCr(3d)
=

[3*)
(=]

—_ —_
S o o

-30

AFM - FM (meV/Cr-atom)
)
[}
Energy (eV)

1
Pressure (GPa)

(d FM, Cr''- spin-up channel (e)
<P(3p) *Ge(dp) oCr(3d)

FM, Cr''- spin-dw channel
*P(3p) *Ge(4p) oCr(3d)

Energy (eV)
Energy (eV)

FIG. 2. Magnetic configurations models of (GePs )g‘L, (al)
row-wise antiferromagnetic (RW-AFM), (a2) Dimmer-AFM, (a3)
2RW-AFM, and (a4) ferromagnetic (FM) phases. (b) Total energy
difference between RW-AFM and FM phases as a function of the
external compressive strain. The configuration index (i) is indicated
between parenthesis. Orbital projected electronic band structures
of the uncompressed (h = 6.34 A) RW-AFM (GeP_g)grL (¢), and
compressed (h = 5.07 A) FM (GeP;5 Cr, spin-up (d) and -down (e)
channels.

noticeable between 3.8 and 4.4 GPa. Upon further compres-
sion the FM phase becomes more stable by Erw.arm — Epm =
421 meV/Cr, for P = 5.2 GPa (¢ &~ 20%). It is worth point-
ing out that the maximum pressure applied here is comparable
with those applied in other 2D vdW structures [44,47,68], thus
supporting the feasibility of such a magnetic tuning. Further
total energy comparisons between the FM phase and the other
magnetic configurations (Dimmer-AFM and 2RW-AFM) con-
firm its energetic preference by +31 and 422 meV/Cr,
respectively, for P = 5.2 GPa. These values of total energy
difference between the FM and AFM phases (A Eapv.pm),
combined with the mean-field theory [69-71], allow us to
provide an estimation of the Curie temperature (7¢) using
ksTc = (2/3)AEspmpm. We found that, at P = 5.2 GPa, the
intralayer FM phase (Cr'") presents T¢ of about 162 K.

The orbital projected electronic band structure of the RW-
AFM (GeP;)$!, Fig. 2(c), reveals the formation of metallic
bands mostly ruled by the P(3p), while the Cr atoms give rise

® PO Ge©® Cr@ D)

crly//crlt

(b3) crity/cert

L

FIG. 3. (a) Structural model of (GeP;)S! /(GeP3)S, and the
schematic spin configurations Cr™+//Cr™V (b1), Cr'*//Cr*V (b2), and
Cr™//Cr™ (b3). The localization and the spin polarization of the Cr
atom are indicated by arrows. The interface distances are indicated
by d; and d; in (a).

to localized states resonant with the Fermi level along the KM
direction. In contrast, the spin-up and -down energy bands are
no longer degenerated upon compression, Figs. 2(d) and 2(e).
The spin-up channel presents a larger density of states near the
Fermi level compared with that of the spin-down channel.
The former can be characterized by Cr(3d) bands along the
KM direction, one dispersionless and the other with nearly
linear dispersion crossing the Fermi level. The presence of
both spin channels at the Fermi level, and the predominance
of spin-up metallic bands, with respect to those of spin-down,
indicates the emergence of mechanically tuneable partially
spin-polarized electronic transport along the (GeP3)$! layers.

B. (GeP3)S! interfaces

The stacking of 2D magnetic systems is a quite interesting
option for the search of new phenomena ruled by interlayer
interactions. For instance, magnetic phases in a few layers
Crl; as a function of the stacking geometry [42] that in turn
can be tuned by external agents like electric field [43] or
mechanical pressure [44,45]. Here, we investigate the tuning
of the magnetic properties of (GeP3)$! bilayers mediated by
vertical compressive strain. Firstly we have considered the
stacking of two Cr doped (GeP;3)pr, (GeP3)S! /(GeP3)S!, and
then the intercalation of Cr atoms, (GeP3)$! /Cr/(GeP3)$! .
It is worth noting that such a compression will promote
two concurrent magnetic interactions, (i) the intralayer RW-
AFM — FM transition discussed above and (ii) proximity
effects at (GeP3)$t —(GeP3)S! interface.

In Fig. 3(a) we present the structural model of
(GeP3 )gi /(GeP3 )gi, where the GeP; layers are stacked fol-
lowing the conventional ABC stacking order of its bulk phase
[18]. At the equilibrium geometry, the structural properties of
each (GeP3 )gi are mostly preserved, for instance the vertical
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TABLE 1. Total energy differences (in meV/Cr) with respect
to the energetically more stable spin configuration of the free

(AEpe.) and compressed (AEcompress) (GeP3)Si//(GeP3)$h and
(GePs )g’L /Cr/(GeP3 )gi systems.

Structure AFEgqce AEcompress
Criv//crtd 0 4
Crit//Crid 51 39
Cr't//Cett 67 0
Ccriv/ertv/crtd 0 38
Crtt/Cr¥t/Crtt 60 0
crt/crtt/crett 20 33

distances d; and h of 2.06 and 6.44 A, respectively. The
interlayer spacing between the two (GeP3)grL layers, d) =
2.07 A, is also practically the same as compared with the
pristine (GeP3)pr. There are no chemical bonds connecting
the (GeP3)§! layers, indicating that the energetic stability of
the stacked system is ruled by vdW interactions. The energetic
stability of the bilayer system was verified by the calculation
of the formation energy [for X=(GeP3)$! /(GeP3)S! in Eq.
(1) of the Supplemental Material], where we obtained ES =
—25meV/A2.

Focusing on the magnetic properties, we have examined
three plausible magnetic configurations, namely, (i) each
(GeP3)§! layer presents RW-AFM alignment (Cr'//Cr'V),
(i1) the (GePs )gf_ layers present intralayer FM coupling
and interlayer AFM coupling (Cr''//Cr*'), and (iii) the
(GeP3)S! layers present intralayer and interlayer FM coupling
(Cr™//Cr™). These spin configurations are schematically
shown in Figs. 3(b1)-3(b3). Our total energy results re-
veal the former configuration, Cr™¥//Cr™¥, as the most stable
one, followed by Cr't//Cr¥ (+51 meV/Cr) and Cr't//Crtt
(+67 meV/Cr), respectively. The energy difference of
16 meV between these two intralayer FM phases indicates the

presence of magnetic coupling between the FM (GeP3)S! lay-
ers, favoring the former one.

Such a magnetic coupling can be strengthened by a com-
pressive strain normal to the stacking direction. In this case,
concomitantly with the reduction of the vertical interlayer
distance d,, the reduction of d; will favor the intralayer
FM interaction between the Cr atoms, Cr'¥ > Cr'!. In-
deed, for a compressive strain of ¢ =26% (P = 8.4 GPa)
there is an energetic preference for the intralayer and in-
terlayer FM configuration [Fig. 3(b3)], thus characterizing a
Criv//crtt 5 Crtt//Cr!t magnetic transition tuned by me-
chanical strain. Our total energy results are summarized in
Table I. These results, in addition with the spin polarization of
the Ge and P atoms at the interface region, suggest an indirect
magnetic interaction between the (GeP3)§! layers.

We have a quite different picture for the interlayer
interaction upon the intercalation of Cr atoms, namely
(GeP3 )gi /Cr/(GeP; )gi. The Cr atoms lie in the rhombohe-
dral room between the (GeP; )gi layers [Fig. 4(a)], giving rise
to Cr §-doped GePs; quadrilayers [(GeP3)8rL]. The energetic
stability of (GeP3 )gi was confirmed by the calculation of its

formation energy, where we found E/ of —21 meV /A2, At the
optimized geometry, (GeP3)8rL presents interlayer distances
of d =2.00 A, and d, = 2.04 A, while the undoped pristine
GeP; quadrilayer presents equally spaced interlayer distances
of 1.97 A.

Next we investigate the magnetic coupling between
the Cr atoms. We have considered the spin configura-
tions presented in Figs. 4(b1)—4(b3), hereafter labeled as
crtviertyieet™y, ertt/erY /et and Crtt/Cett/Crtt. At
the equilibrium geometry, we found the former spin con-
figuration [where each (GeP3)SrL is characterized by the
RW-AFM alignment] more stable than the other ones by
20 and 60 meV/Cr, respectively. However, for a pressure
of about 6.2 GPa (¢ = 22%), Cr't/Cr¥¥/Cr't [Fig. 4(b2)]

(blg y ign/wzm ©  crervicrt 6=22%) @ crlterter't (e = 22%)
S 2 260F T T T T 260F T[T T T
tté t:i 3;331 24.0F 1 240 g ]
22.0F g 3 220F ]
tzi 3‘;: 13: 20.0F w20 ] 200F Pl AN ]
(b2) criertert 18.01 4 18.0[ .
16.0F =Bl = 16.0F e
tﬁ — iﬁ < 14.0F 1< 14.0F ]
w y ¢ » : N 120 —= | ?12‘0:_ |
4 ﬁﬁ it § 100F - XS 00p X" p AT K
ﬁ $ tt 8.0F = 3 8.0F — ]
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FIG. 4. (a) Structural model of (GeP;)S! /Cr/(GeP3)SF, and the spin configurations Cr™¥/Cr™/Cr™t (b1), Cr!t/Crit/Cr'" (b2), and
Cr™/Cr™/Cr!" (b3). The localization and the spin polarization of the Cr atom are indicated by arrows. Planar averaged spin density along the
z axis of the compressed (GeP3)S: /Cr/(GeP3)SE system, Cr!1/CrH4/Cr™t (c) and Cr''/Cr!1/Cr™ (d). The interface distances are indicated by

d; and d, in (a).
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Crly/crtt /et

Cr'/Cr4/Cr! (e = 22%) *P(3p) ® Ge(4p) » Cr(3d)

(cl) s%?ll.n-d(iwn channel

FIG. 5. The orbital projected electronic band structures of uncompressed (a) Cr™* /Cr™ /Cr™t and compressed [(b) spin-up, and (c) spin-
down] Cr™/Cr¥/Cr!" systems, projected on the top (al)—(c1), central (a2)—(c2), and bottom (a3)—(c3) layers of (GeP3)§t /Cr/(GeP;)! .

becomes more stable than Cr''/Cr't/Cr'" and Cr'V/
Cr™V/Cr™ by 33 and 38 meV/Cr. Thus, revealing that
(GeP3)§t /Cr/(GeP3)$E also presents a tuneable spin con-

figuration, namely Cr'V/Crv/Crtd 5 Crtt/Crid/Crtt . Based
on the total energy differences presented in Table I, we can
infer the Curie temperature for the intralayer FM magnetic
couplings in the stacked systems and then compare with the
compressed (GePg)(Bji, where Tc = 162 K. Here, using the
mean-field theory with AEspm.pm = AEcCompress, We found
that Tc reduces to 31 K in (GeP3)$! /(GeP3)S$E (AEcompress =
4 meV), while it increases to 294 K (AEcompress = 38 meV)
upon the intercalation of Cr atoms, (GeP; )gi /Cr/(GeP; )gi.
In order to provide a more complete picture of the
interlayer coupling in (GeP; )81, we have examined the
planar averaged spin density along the stacking direc-
tion (z) [Ap™(z) defined in Eq. (2) of the Supplemental
Material]. Our results of Ap™¥(z) for the spin configura-
tions Cr'"/Cr¥¥/Cr'" and Cr''/Cr't/Cr'™t at & =22% are
shown in Figs. 4(c) and 4(d). The net magnetic moments
are mostly localized in the layers containing Cr atoms. How-
ever, in the Cr’"/Cr¥¥/Cr'" configuration the interface P
atoms also become spin polarized. The energetic advantage
of Cr'"/Cr¥¥/Cr™, in the compressed system, comes from
a combination of (i) the Cr't < Cr' transition within the
(GeP3)gi units, and (ii) the lowering of the kinetic energy

ruled by a superexchange interaction, mediated by the inter-
face P atoms [Fig. 4(c)]. As shown in Fig. 4(d), such (kinetic)
energy gain is not allowed in Cr™"/Cr™*/Cr".

Finally, focusing on the electronic properties, in Fig. 5(a)
we present the orbital projected electronic band structure of
the uncompressed (GeP; )81 The projections on the edge

(GeP3)S! layers present the same band structures [Figs. 5(al)
and 5(a3)], where we find the formation of metallic bands,
mostly composed by Cr(3d) and P(3p) hybridized states.
Meanwhile, the electronic bands projected in the central layer
are characterized by the presence of dispersionless Cr(3d)
bands near the Fermi level, Fig. 5(a2). In the lowest energy
configuration for & = 0, Cr™V/Cr™V/Cr'}, the spin-up and -
down channels are degenerated. Such a degeneracy has been
removed for & = 22%, where the Cr’"/Cri¥/Cr'" configu-
ration becomes more stable. As shown in Figs. 5(b1) and
5(b3), for the spin-up channels the hybridization of Cr(3d)
and P(3p) orbitals gives rise to metallic bands along the edge
(GeP3)grL layers. Meanwhile, the density of metallic states
has been reduced in the central layer, with no projection of
the Cr(3d) orbitals, Fig. 5(b2). The spin-down energy bands
present a somewhat opposite picture, namely the Cr(3d) and
P(3p) hybridized bands localized in the central (GeP3 )grL layer
[Fig. 5(c2)], and absence of Cr(3d) orbital projection on the
spin-down channels at the edge layers [Figs. 5(c1) and 5(c3)].
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These findings reveal that, in addition to the spin configura-
tions, the rise and (layer) localization of the spin-polarized
metallic bands can also be tuned by mechanical strain in Cr
intercalated GeP3 systems.

III. CONCLUSIONS

We have performed an ab initio investigation of few
layers GeP; doped by Cr atoms. The energetic and struc-
tural stabilities of Cr atoms lying in the rhombohedral
room between GeP; layers, (GeP3)grL, have been verified
through formation energy calculations and first-principles
molecular dynamic simulations. We found that the ground
state row-wise antiferromagnetic (RW-AFM) configuration in
(GeP3)S!, Cr'™Y, can be tuned to a ferromagnetic phase me-

diated by compressive mechanical strain (¢), Cr'v = Cr'!.
Meanwhile, in the stacked systems, (GeP3 )gi /(GeP3 )gi, and
(GeP; )gi /Cr/(GeP; )gi, we found that the ground state RW-
AFM phase can be switched to layer by layer FM (Cr'//Cr!™)
and AFM (Cr'"/Cr¥¥/Cr'") phases, respectively. Concomi-
tantly with such a magnetic tuning, further electronic structure
calculations revealed the formation of metallic bands with
the predominance of one spin channel with respect to the
other. The predicted mechanical control of the electronic and
magnetic properties, combined with the energetic and struc-
tural stabilities, suggest that (GeP3)§I might be an interesting
building block for the development of electronic/magnetic
devices based on 2D platforms.

IV. COMPUTATIONAL APPROACH

The calculations were performed by using the density
functional theory (DFT) as implemented in the QUANTUM
ESPRESSO code [72]. The exchange correlation energy was
described within the spin-polarized generalized gradient ap-
proximation, as proposed by Perdew, Burke, and Ernzerhof
(GGA-PPE) [73], and further van der Waals (vdW) inter-
actions were included using the vdW-DF approach [74-77].
Onsite Coulomb interaction (DFT+U) has been included for
Cr d orbitals [78]. The electron-ion interactions were de-
scribed using the projector augmented wave potential (PAW)
[79]. In addition, (i) we have confirmed some key results
and (ii) performed ab initio molecular dynamic (AIMD) cal-
culations by using the Vienna ab initio simulation package
(vAsP) [80]. Further calculation details are presented in the
Supplemental Material.
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