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Two-dimensional intrinsic ferromagnetic monolayer transition metal oxyhydroxide
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Using density functional theory within the generalized gradient approximation, we predict that monolayer
vanadium oxyhydroxide (VOOH) and chromium oxyhydroxide (CrOOH) are two-dimensional (2D) ferromag-
netic semiconductors. These two kinds of oxyhydroxides possess excellent thermal and dynamical stability
as the free-standing 2D monolayer films. Our results show that the monolayer VOOH and CrOOH remain
ferromagnetic ordering with the critical temperature up to ~100K, and the ferromagnetic ordering is due to
a superexchange interaction in the near-90° V(Cr)-O-V(Cr) bonds in monolayer VOOH(CrOOH). However, the
different occupancy of d electrons between the V3* and Cr3* ions gives rise to the different axes or planes of
easy magnetization and the different magnetic anisotropy energies between the monolayer VOOH and CrOOH.
Our study demonstrates that monolayer transition metal oxyhydroxides could be one category of testing ground

for the investigation of 2D ferromagnets.

DOLI: 10.1103/PhysRevB.103.195402

I. INTRODUCTION

Layered two-dimensional (2D) magnetic materials have
attracted much attention in recent years because of their
potential application as the essential elements in layered spin-
tronic devices [1-4]. Meanwhile, many exotic phenomena,
such as quantum anomalous Hall effect [5-7], skyrmions
[8-11], and magneto-optical effect [12-14] in these 2D
systems have been successfully predicted and observed. Ac-
cording to the Mermin-Wagner theorem [15], the long-range
magnetic ordering cannot survive in 2D materials with the
isotropic magnetic property at finite temperature. However,
the magnetic anisotropy can break this restriction and induce
the long-range magnetic ordering. For example, few-layer
Cr,Ge,Teg film is advocated as a 2D Heisenberg ferromag-
net with considerable magnetic anisotropic energy (MAE)
[16], even-layer Crl; film is demonstrated to be a 2D A-type
interlayer antiferromagnet with a large band gap [17], and
Fe;GeTe, thin film is shown to be a metallic ferromagnet
[18]. Moreover, magnetic properties in these 2D materials can
be manipulated by external fields [19-22]. In bilayer Crl;,
the electrostatic doping can lead to a transition from an anti-
ferromagnetic (AFM) to an ferromagnetic (FM) ground state
without the magnetic field [23]. For the FM semiconductor
Cr,Ge, Teg, the critical temperature 7, modulation is achieved
by applying hydrostatic pressure [24], and the electric cur-
rent is theoretically demonstrated to induce an easy-plane
magnetic anisotropy in Fe;GeTe, by spin-orbit torque [25].
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Simultaneously, 2D magnetic materials are still desirable to
be explored for more intriguing phenomena and applications.

Transition metal oxyhydroxides (TMOOHSs) are widely
applied in electrocatalysis [26—28], and their spin states and
magnetic moments located at the transition metal atoms are
regarded to impact the charge transfer in the process of catal-
ysis [29]. Inspired by this, the degree associated with their
magnetic properties, such as spin or magnetic moment, can
be modulated by an external field, applying to the spintron-
ics. Moreover, TMOOHs possess layered structures [30-32],
which means that they may exist as free-standing monolayers
to be used in low-dimensional devices. In addition, ultrathin
FeOOH nanosheets have been successfully synthesized from
the intermediate of ferrous hydroxide [Fe(OH),] nanosheets,
showing to be a room-temperature FM semiconductor [32]
and monolayer FEOOH was theoretically predicted to be
stable and possess AFM ground state [33]. Meanwhile, the
CoOOH and CrOOH layered materials with the triangular
lattice of cation have been synthesized long before and were
demonstrated to have similar layered structures to the FeFOOH
[32]. In this regard, we expect to demonstrate a series of stable
two-dimensional materials with intrinsic magnetism from this
kind of materials.

In this paper, by using first-principles calculations, we
investigate the structural and magnetic behaviors of a series
of monolayer TMOOHs (TM = V, Cr, Mn, Co, Ni), whose
prototype is the 2D magnet of FeOOH with layered struc-
ture [33]. We indeed find that VOOH and CrOOH are two
new stable 2D magnets with long-range FM ordering whose
structural stabilities confirmed by phonon spectra and first-
principles molecular dynamics (FPMD) simulations. And the
long-range FM ordering originates from the superexchange
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FIG. 1. (a) Top and (b) side views of the monolayer TMOOH with transition metal atoms represented by blue balls, O atoms represented
by red balls, and H atoms represented by pink balls. The rhombic unit cell is marked by the black dashed lines. And the FM and AFM
configurations (the stripe AFM and the zigzag AFM configurations) constructed in 2 x 2 x 1 supercells are marked by yellow and green
dashed rectangular boxes, respectively. Calculated phonon spectra for the monolayer (c) VOOH and (e) CrOOH. Evolutions of total energies
during FPMD simulations for monolayer (d) VOOH and (f) CrOOH at the temperature of 300 K, where insets are snapshots of monolayer

VOOH and CrOOH at the end of 15 ps of FPMD simulations.

interaction between the d orbitals of transition metal cations
coupled through the p orbitals of oxygen anions. We predict
that the magnetic easy-axis is in the 2D plane for the VOOH
monolayer, indicating it as an XY magnet, while for CrOOH,
the magnetic easy-axis is normal to the 2D planes. And the
estimated critical temperatures 7, are 135 K and 100 K for
monolayer VOOH and CrOOH. Our finding offers a prospect
of developing the new 2D ferromagnets for future spintronic
applications.

II. METHODS

All spin-polarized calculations were performed within
the framework of density functional theory (DFT), as
implemented in the Vienna ab initio simulation pack-
age (VASP) [34]. The projector augmented-wave potential
[35,36] and generalized gradient approximation of Perdew-
Burke-Ernzerhof functional [37] were used to describe the
electron-ion interaction and exchange-correlation energy, re-
spectively. To describe the strong on-site Coulomb interaction
of localized d electrons of transition metals, the GGA + U
method [38] was employed with the effective Hubbard U of
3.1, 3.5, 3.9, 3.4, and 6.0 eV for V, Cr, Mn, Co, and Ni
atoms [39,40], respectively. In comparison, the band gaps
of monolayer VOOH and CrOOH were also calculated by
using Heyb-Scuseria-Ernzerhof (HSE06) hybrid functional.
The energy cutoff for the plane-wave expansion was set to
500 eV, and a I'-centered 13 x 13 x 1 k-point mesh was
adopted for the Brillouin zone integration. All structures were
fully relaxed until the Hellmann-Feynman force on each atom
was less than 0.01 eV/A. The vacuum distance normal to

the sheet was larger than 20 A to eliminate the periodically
repeated images’ spurious interaction. Phonon dispersions of
the monolayer TMOOHs were calculated witha 3 x 3 x 1 su-
percell using the frozen phonon method as implemented in the
PHONOPY package [41]. The thermal stability of monolayer
TMOOHsSs was confirmed by performing FPMD simulations in
the canonical ensemble with a constant temperature of 300 K
and a time step of 1.5 fs for more than 15 ps. The exchange
parameters are calculated by considering the nearest-neighbor
and next-nearest-neighbor interaction, as implemented in the
Heisenberg model using the same supercells and magnetic
configurations as in a previous study [42].

III. RESULTS AND DISCUSSION

For monolayer TMOOHS, they have a triangular lattice
with hydrogen atoms bonding with oxygen atoms at one side
of the 1-7 phase monolayer transition metal dioxides [43,44]
[see Fig. 1(a)]. Each TM atom is coordinated with six oxygen
atoms, forming a distorted octahedron with the point group
of Cs3,. As shown in Fig. 1(b), for the monolayer TMOOH,
half of the oxygen atoms bonded with hydrogen atoms are
marked as Ol, while the oxygen atoms without hydrogen
bonding are marked as O2. We first consider the dynamical
stabilities of different monolayer TMOOHs by calculating
their phonon spectra. For monolayer VOOH and CrOOH,
there is no trace of imaginary frequency in the Brillouin zone
apart from a small pocket near I' point for monolayer VOOH
[see Figs. 1(c) and 1(e)]. This feature appears to be common
in other 2D systems [45,46]. The small imaginary frequencies
originate from the numerical inaccuracy rather than the real
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TABLE 1. Optimized lattice constants (a), distances between
adjacent V/Cr cations (dry.rm), the TM-O1/02 bond length
(drm.o1/02), angles between adjacent cations intermediated by O1/02
(6rm-01/02-m) of monolayer VOOH and CrOOH.

a(A)/drurm(A) drvonoa(A) frM-01/02-T™
VOOH 3.137 2.196/1.968 91.185/105.656
CrOOH 3.079 2.123/1.963 92.930/103.282

instability of 2D systems since the imaginary frequencies
reduce with the increasing size of supercells used for the
phonon spectra calculation (see Fig. S1 in the Supplemental
Material [47]). On the other hand, the monolayer MnOOH,
CoOOH, and NiOOH have large negative frequencies in the
acoustic branches around the M and K points, as shown in
Figs. S2(a) to S2(c) [47], indicating these monolayers are
dynamically unstable. In addition, the partial density of states
of phonon spectra are also shown in Fig. S2 [47]. Furthermore,
the thermal stabilities of monolayer VOOH and CrOOH at
room temperature are also verified by FPMD simulations [see
Figs. 1(d) and 1(f)]. We thus conclude that the monolayer
VOOH and CrOOH can exist as free-standing 2D structures
as well as the monolayer FeEOOH. In the following, we will
focus on the stable monolayer VOOH and CrOOH, and their
optimized structural parameters are shown in Table 1.

After confirming the stabilities of the monolayer VOOH
and CrOOH, we turn our attention to the magnetic proper-
ties of monolayer VOOH and CrOOH. To obtain the most
stable magnetic ground states, we consider three spin con-
figurations, i.e., FM, stripe AFM (sAFM), and zigzag AFM
(zZAFM) orderings as shown in Fig. 1(a), in which the super-
cells used are marked by dashed rectangular boxes. The results
of the DFT calculations are shown in Table II. For monolayer
VOOH and CrOOH, the total energies of FM configuration
are lower than s/z AFM configurations. Therefore, monolayer
VOOH and CrOOH all prefer an FM ground state with the
magnetic moments of 2 ug and 3 ug localized at V and Cr
atoms, respectively. The strength of magnetic interaction can
be estimated from the relative total energies between the FM
and AFM configurations [48]. Obviously, CrOOH possesses
a more considerable exchange energy than VOOH, which
indicates that the FM interaction in monolayer CrOOH is
stronger than in monolayer VOOH (see Table II). Moreover,
monolayer VOOH and CrOOH are both semiconductors with
the band gap of 0.02 and 0.80 eV, respectively, by using
GGA + U method as shown in Fig. S3 [47]. The band gaps
obtained by using HSEO6 functional are 1.8 eV and 2.3 eV,
respectively, as shown in Fig. S4 [47]. Figure 2 shows the

TABLE II. Relative total energies between FM and z/sAFM
configurations per unit cell (AE, = Epm — E,arm, AEs = Epm —
Earm), magnetic moments (M) of TM cations, and critical tempera-
tures (7¢) for monolayer VOOH and CrOOH.

AE,(meV/fu.) AE meV/fu) Mug) Te(K)
VOOH —-16.2 ~15.0 2 135
CrOOH -31.1 -31.0 3 100

total density of states (TDOS) and partial density of states
(PDOS), and the corresponding band structures and partial
bands are shown in Fig. S3 [47]. It is noteworthy that, for
monolayer VOOH or CrOOH, the states around the Fermi
level are contributed mostly from the spin-up d electrons of
V or Cr cations and slightly from the spin-up p electrons of
02 atoms.

To elucidate the origin of the exceptional long-range FM
ordering in monolayer VOOH and CrOOH, we investigate
the occupancy configuration of TM-d electrons and the in-
teractions between TM atoms and around O atoms in these
monolayers. In monolayer TMOOHsS, there are six oxygen
atoms around the TM atoms forming the local C;, crystal
field. This crystal field splits the degeneracy of TM-d or-
bitals into double-degenerated e (e,1, ep1) states, a; state, and
double-degenerated e;(eqn, ep) states [49]. The correspond-
ing wave functions derived from crystal field theory [47,49—
51] for these states can be written in the form

€q1 = aldxz—y2 - ﬂldxz + J/ldxy + Sldyzs
ep = Olldxy + lgldyz — Vldxzfyz =+ 81dxza

ay = dzz,
epn = (xzdxz,yz + Body; + )/zdxy — 52d_\,z,
€y = _a2dxy + /32dyz + VdeZ—yz + 62dxzs (1)

where B/« equals 6/y (B/a >1 for e¢; and B/« <1 for ey),
and the coefficients derived from DFT results are listed in
Table III. We find that the TM-a; orbital is analogous to the
TM-d,. orbitals, with its z-axis directed along the crystal’s ¢
axis, and the TM-e; and TM-e, orbitals are the linear combi-
nations of the remaining four TM-d orbitals (d,2_2, dy, dy.,
and d,;) in the coordinates as shown in Fig. 3(a). The e; and
e, orbitals at " point obey the symmetry of E representation
in C3, point group [52]. In monolayer TMOOH, the TM-e;
orbitals have higher energy than the TM-¢; orbitals because
the e, orbitals point directly at six surrounding oxygen atoms.
In comparison, the e; orbitals point between the six oxygen
atoms [the pointed direction of e; orbitals can be viewed
as the e, orbitals rotates 180° along the z-axis, as shown
in Fig. 3(b)]. Additionally, the V(Cr) cation has a localized
net magnetic moment of 2(3) up, and consequently, V(Cr)
cation has a 3d*(3d?) configuration with the valence state
of V3*(Cr3*). Therefore, for monolayer VOOH, the spin-up
double-degenerated states e; (e,, ep1) are occupied, which lie
in the energy range from —2 to 0 eV with reference to the
Fermi level as shown in Fig. 2(b). However, for monolayer
CrOOH, an extra spin-up state a; is occupied as well as the
spin-up double-degenerated states e;. Figure 2(e) shows that
both a; and e; states lie within a 2-eV energy gap below the
Fermi level.

Following the Goodenough-Kanamori-Anderson (GKA)
rule [53-55], the FM coupling between the TM cations comes
from the TM-O-TM superexchange interaction, and the con-
crete superexchange interaction could be speculated from the
hybridization between TM-d orbitals and O-p orbitals ac-
cording to the density of states around the Fermi level as
shown in Fig. 2. For monolayer VOOH and CrOOH, there
are two kinds of oxygen atoms, i.e., the Ol and O2 atoms.
The bond length of TM-O1 is larger than that of TM-O2
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FIG. 2. (a) Total density of states (TDOS) and atomic projected density of states (PDOS) of monolayer VOOH. Orbital PDOS of (b) V-d
and (c) O2-p orbitals of monolayer VOOH. (d) TDOS and atomic PDOS of monolayer CrOOH. Orbital PDOS of (e) Cr-d and (f) O2-p
orbitals of monolayer CrOOH. The blue and pink shadows represent the hybridization between TM-d and O2-p orbitals. Fermi level is set at

Zero energy.

(see Table I), indicating the bonding of TM-O2 is stronger
than that of TM-O1. Therefore, the O2-p orbitals play a domi-
nant role in intermediating the TM 3d orbitals’ superexchange
interaction. Accordingly, for monolayer VOOH and CrOOH,
the TM-O2-TM bond angles are all close to 90° (see Table I),
which indeed favor FM ordering induced by superexchange
interactions [53]. For both monolayer VOOH and CrOOH,
there exists pdo hybridization between p,,, and unoccupied
TM-e,, as shown in Figs. 2(b) and 2(c) and Figs. 2(e) and 2(f).
Based on the orbital symmetry, the covalent bond between
eq(ep) orbital of TM1(TM2) and p,(p,) orbital of O2 can
form [see Fig. 3(d)], and the charge transfer occurs from the
Px(py) orbital of O2 to the eyy(ep) orbital of TM1(TM2),
as shown by the red dotted arrow in Figs. 3(e) and 3(f).
Following the Aufbau principle, the remaining p, and p,
electrons of O2 will form triple, benefitting the FM coupling
of TM cations in both monolayer VOOH and CrOOH. This
superexchange interaction between TM cations intermediated
by nonmetallic anions has been observed in many other 2D
magnetic materials, such as Cr,Ge,Teg [56], TM halides
[57,58], and TM sulfides [59]. However, for VOOH, extra
pdo hybridization between O2-p, orbital and unoccupied V-
a; orbital is shown in Figs. 2(b) and 2(c). Based on the orbital
symmetry between V-a; and O2-p, orbitals, the a; orbitals
of two nearest-neighboring V cations can interact with the

TABLE III. Coefficients of e¢; and e, orbitals derived from DFT
results according to Eq. (1).

B 7 3 B> Z) 8

VOOH 0.117 0.454 0.221 0.855 0.352 0.183 0.814 0.424
CrOOH 0.063 0.687 0.066 0.720 0.496 0.365 0.634 0.467

o o

same O2-p, orbital simultaneously, according to Slater and
Koster’s integral formula [60], as shown in Figs. 3(c) and 3(e).
Such coupling leads to an AFM coupling of V cations for

(b) enl, ehI eaZ, eh2°
g 9%» ° *\»
L T ? e Y
o o
6)

FIG. 3. (a) Set of XYZ coordinates in the monolayer TMOOH.
(b) Schematic plot of e; and e, orbitals derived from Eq. (1).
Schematic plot of the hopping channel involved in the (c) AFM
superexchange: a;-p.-a; and (d) (near-) 90° FM superexchange:
eqx-(Px, Py)-ep. Virtual hopping between d orbitals of TM cations
intermediated by O2-p orbitals in monolayer (¢) VOOH and (f)
CrOOH where red and black dashed lines represent ferromagnetic
and antiferromagnetic coupling, respectively.
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FIG. 4. Relative energy of monolayer (a) VOOH and (b) CrOOH
with the magnetization rotated in XY (black line) and Y Z planes (red
line), with reference to the global minimum of energy.

monolayer VOOH to compete with FM coupling discussed
above, resulting in a weaker FM ordering than monolayer
CrOOH. In addition, the distance between two nearest-
neighboring TM cations (see Table ) is much larger than that
in the bulk V(Cr) metal of 2.59(2.49) A. Therefore the direct
AFM exchange between these TM cations becomes rather
weak.

The uniaxial magnetocrystalline anisotropy could break
the continuous symmetry and suppress the thermal agitation
to stabilize the long-range FM ordering in 2D magnetic mate-
rials [16-18,25]. The MAE, determining the difficulty of spin
flipping, is defined as the required energy to rotate the mag-
netization from the easy axis to the hard axis. To determine
the MAE of monolayer VOOH and CrOOH, we calculate the
total energies of the materials as a function of the rotation
angle of the magnetization in XY and Y Z planes, as shown in
Fig. 4. The spin-orbit coupling (SOC) is included in all energy
calculations. For these two monolayers, the energy is almost
independent of the rotation angel 6,, with the magnetization
in the XY plane. However, for monolayer VOOH, the energy
first increases and decreases as the rotation angle 6,; with
the magnetization in the Y Z plane. Therefore, the monolayer
VOOH can be viewed as the XY magnet [9] with a large
MAE of 294 ueV/f.u., similar to VS, [61] and VSe, [62] 2D
magnets. On the contrary, the energy of monolayer CrOOH
reaches its minimum when the magnetization is rotated by
90° in the Y Z plane, which implies that the magnetization of
monolayer CrOOH along the z-axis is energetically favorable
with the MAE of 165 ueV/f.u., similar to Fe;GeTe, [18] and
Crl; [17] 2D magnets.

As van Vleck proposed, SOC plays a crucial role in
determining MAE [63]. To figure out how the configura-
tion of d electrons of TM atoms influences the MAE, we
use the second-order perturbation method [44,64] to ana-
lyze the MAE contribution from the electronic states around
the Fermi level. Based on this theory, the MAE can be
expressed as

MAE = Z E°° (x) — E°° (2)

oo’

= (28,5 —1)&

’

YLl LA U
Ey — Eg

’
o°,.u®

2

where E7 " and EJ are energy levels of unoccupied states
with spin o’'(lu®)) and occupied states with spin o ({07]),
respectively, & is the strength of SOC, and L, and L, are
angular momentum operators. Here, the orthogonal magne-
tization directions, x- and z-axes, follow the coordinates in
Fig. 3(a), and the positive (negative) sign of MAE suggests
that the magnetization of the easy axis is along the direc-
tion of the z-axis (XY plane). For the same spin channel,
the nonzero matrix elements of L, and L, operators con-
tributed from d states are (xz|L.|yz) =1, (x> — y*|L,|xy) =
2, (Z2|Lelyz) = V/3, (xylLelxz) = 1, and (¢ — y?|Lyyz) = 1.
Considering that the states around the Fermi level are con-
tributed mostly from the spin-up d electrons for monolayer
VOOH and CrOOH, we can estimate the nonzero contribution
between unoccupied and occupied spin-up d states around the
Fermi level.

For monolayer VOOH with 3d? configuration of V3%, d
states around Fermi level are mainly the occupied e; states
and the unoccupied a; states with the same spin-up chan-
nel [see Fig. 2(b)]. Based on second-perturbation theory,
the main nonzero contribution to MAE from SOC is the
coupling between occupied spin-up e; state and unoccupied
spin-up a; state (|{e;|L;|a;)|> — |(ei|Ly|a;)|?), which makes
a large negative contribution and gives rise to the magneti-
zation of the easy axis in XY plane for monolayer VOOH.
However, for monolayer CrOOH with 3d3 configuration of
Cr3*, the MAE in Eq. (2) contains two terms where oc-
cupied states are e; and a; spin-up states and unoccupied
states are only e, spin-up states [see Fig. 2(e)]. Although the
coupling between occupied a; state and unoccupied e; state
(I{a1|L.|e2)|> — |{ai|Ly|e2)|?) makes a negative contribution
to the MAE, the coupling between the occupied e; state
and unoccupied e, state (|{e1|L;|e2)|> — |(e1|L.|e2)|*) makes
a positive contribution and turns the MAE to be positive,
resulting in the magnetization along the z-axis for monolayer
CrOOH.

Finally, we estimate the critical temperature 7, for mono-
layer VOOH and CrOOH, where magnetic phase transition
occurs. The calculated exchange parameters show that the
nearest-neighbor parameter J; is significantly larger than the
next-nearest-neighbor exchange parameter J, [47], so the
Curie temperature Ty is determined mainly by the nearest-
neighbor parameter J;. For monolayer VOOH with the
magnetization in the XY plane, as an XY magnet, there is
quasi-long-range FM ordering at low temperature [9,62]. Its
critical temperature in 2D triangular lattice could be esti-
mated by T, = 1.335J,/kp [42,47]. The critical temperature
T. of quasi-long-range FM ordering is 135 K for mono-
layer VOOH. For monolayer CrOOH with the magnetization
along the z-axis, the critical temperature can be estimated
from the Weiss molecular field theory [47,65-67], which
is 100 K.

IV. CONCLUSION

In summary, we computationally predicted the single-layer
ferromagnetic ~ semiconductors VOOH and CrOOH
with excellent thermal and dynamical stabilities. The
ferromagnetic ground state is stabilized by the superexchange
interaction between adjacent transition metal atoms
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intermediated by nearest-neighboring oxygen atoms.
The MAE calculation with SOC shows that monolayer
VOOH possesses the in-plane magnetization. The MAE is
294 peV/fu., and the critical temperature of the phase tran-
sition is determined to be 135 K. On the contrary, monolayer
CrOOH is demonstrated to exhibit perpendicular magnetic
anisotropy with the long-range ferromagnetic ordering
stabilized by the MAE of 165 ueV/f.u.. Nevertheless, the
critical temperature is around 100 K estimated from the Weiss
molecular field theory. Our study demonstrates 2D intrinsic
ferromagnets from transition metal oxyhydroxides for the
first time and offers new 2D materials for future spintronics
devices.
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