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Two-dimensional (2D) rare-earth (RE) ferromagnetic (FM) materials exhibit significant potential for next-generation
spintronic devices. In this work, first-principles calculations are performed to study the MXene Gd, COF monolayer. We
demonstrate that GdyCOF is a ferromagnetic half-metal with a large magnetic moment of 13 ug per formula unit and
a Curie temperature (7¢) of 750 K, the highest one among the reported RE monolayers. The high ¢ is attributed to
both the out-of-plane structural asymmetry induced interlayer FM double-exchange interaction and the dual intralayer FM
super-exchange pathways. Additionally, the system possesses a wide band gap of 3.09 eV and a magnetic anisotropy
energy (MAE) of —0.25 meV, features consistent with half-metallicity and ferromagnetism. The monolayer Gd, COF is
metallic with —5% ~ —4% biaxial strain, transforms into a half-metal with —3% ~ 3% biaxial strain, and then becomes a
semiconductor with 4% ~ 5% biaxial strain. It has a high Curie temperature of 550 K ~ 900 K throughout the entire strain
range. The Curie temperature decreases with increasing biaxial strain due to the weakened Gd—Gd and Gd—C/O/F bonds.
Furthermore, the monolayer exhibits significant out-of-plane piezoelectricity at tensile strains of 4% and 5%. Furthermore,
the planar Gd, COF can be stabilized when supported on monolayer MoS, substrate to avoid bending. The Gd, COF/MoS;
heterostructure also has a high Curie temperature of 550 K ~ 900 K with —5% ~ 5% biaxial strain. The metal-half-metal—
semiconductor transition and large piezoelectricity with strain can be similarly observed in this heterostructure.

Keywords: rare-earth metal, ferromagnetism, piezoelectricity
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1. Introduction

Two-dimensional (2D) ferromagnetic (FM) materials
possess ultrathin structure and high surface-to-volume ra-
tio, making them promising candidates for applications in
high-speed and energy-efficient devices.!’] 2D FM mate-
rials exhibit numerous intriguing properties, such as the
proximity effect,>*! anomalous quantum Hall effect,>7]

8-101 skyrmion formation!!'!-'? and large tun-

multiferroicity, |
nel magnetoresistance./'3! In fact, the non-magnetic 2D sys-
tems, for example, graphene could be induced into ferro-
magnetism by transition metal (TM) doping, hydrogen ad-
sorption or introduction of vacancies. However, the result-
ing magnetism is generally weak.!'*!3] Interestingly, Crls
monolayers!!® and bilayer CryGe,Teg!!”) exhibit the in-
The re-

sults demonstrate that the long-range magnetic order can be

trinsic ferromagnetism at the monolayer limit.

stabilized in two dimensions through magnetic anisotropy

arising from out-of-plane structural asymmetry.  Subse-
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quently, various intrinsic 2D FM monolayers and thin
films, Fe3GeTez[18] and lT—VSez[lg] monolayers, as well
as MnS,,29 Crre2!] and Cr3Tey [22] thin films, were stud-
ied recently. In particular, a series of 2D FM materials,
such as MX, (M = Fe, Co, Ni; X = Cl, Br, I),m] MX;
(M = V-Ni; X = Cl, Br, 1),2%21 CrGa,Se,,?" MnB,B3!
metal-organic frameworks (MOFs),m] MOX (M = Cr, Mn;
X = Cl, Br),[3334 FeB3,[33] MnBg,%% and Co,yBel7! have
been theoretically investigated. Nevertheless, the Curie tem-
peratures of most 2D FM materials are still lower than

[18,23,24,27-30,33,34,36,38—48] pOSiIlg a signiﬁ-

room temperature,
cant challenge for the development of 2D ferromagnets suit-
able for practical applications.

For TM ferromagnets, the crystal structure plays a crucial
role in determining the Curie temperature. For instance, isova-
lent alloying can reduce the exchange gap of Cr ions in mono-
layer CrI3*°! and CrOX (X = CI, Br),*°! which enhances both

the virtual hopping effect and the ferromagnetic coupling, and
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thus significantly elevates the Curie temperature from 45 K
to 180 K, from 100 K to 310 K, and from 50 K to 320 K,
respectively. (4901 Additionally, lattice strain has been demon-
strated to substantially enhance the Curie temperature of 2D

34491 Since the real hopping from double-

TM ferromagnets. !
exchange interaction is generally stronger than the virtual hop-
ping from super-exchange mechanisms, designing 2D FM TM
materials with magnetic ions in different spin states can in-
duce real hopping and elevate the Curie temperature, such as
in monolayer Cr3X4 (X = Se, Te)>!l and Feo X (X =S, Se).[>?!

Rare-earth (RE) elements are promising for inducing
substantial magnetic moments via f-electrons,>3! and have
potential applications in higher-density spintronic devices.
Moreover, heavier RE ions usually exhibit stronger magnetic
anisotropy due to the enhanced spin—orbit coupling (SOC),
which can stabilize the magnetic order against thermal fluc-
tuations. 2D FM RE materials, such as Gd,C,P* EuNDP3! and
SmNDP! thin films, as well as Ln = X, (Ln = Eu, Gd; X = Si,

s,1571 have been synthesized, in which mag-

Ge) monolayer
netism often arises from the delocalized d-electrons, and the
ferromagnetism can be mediated by the f-d—p—d—f exchange
mechanism with d-electrons as intermediaries. However, this
mechanism is generally weaker than the d—p hybridization ef-
fect in many 2D TM ferromagnets, so that the Curie tempera-
tures of most 2D FM RE monolayers are still low, in the range
of 17 K ~ 281 K.[38-961 1t is still a challenge to design 2D RE
ferromagnets with high Curie temperatures for potential appli-
cations in RE-based spintronics.

MXenes, a family of 2D materials with the general for-
mula M,;1X, (where M is a metal and X is C or N), can be
selectively functionalized with O, F, and CL,[®7 in which the
multiple M layers can introduce additional interlayer FM inter-
actions. Furthermore, inequivalent magnetic sites can be cre-
ated, enabling double-exchange interactions, by constructing
double-metal layers or employing asymmetric surface func-
tionalization. This makes MXenes ideal platforms for explor-
ing high-Curie-temperature 2D ferromagnets. It has been pre-
dicted that the asymmetric MXenes, for example, Cr,COF,
Cr,COCI, Cr,CO(OH)!81 and CoMnC!®°! monolayers pos-
sess high Curie temperatures of 622 K ~ 1366 K. Moreover,
similar to VSSe Janus monolayers,[’! the broken out-of-plane
symmetry can induce built-in electric fields and out-of-plane
piezoelectricity. Can we design asymmetric MXene-based RE
monolayers with both high Curie temperature and out-of-plane
piezoelectricity?

In this work, first-principles calculations are done to in-
vestigate the stability, electronic structure, and magnetic prop-
erties of RE-based Gd;COF MXene monolayer. It is found
that Gd,COF is an FM half-metal with a high Curie tempera-
ture of 750 K and a sizable magnetic anisotropy energy (MAE)
of —0.25 meV per formula unit, a large band gap of 3.09 eV.

The high Curie temperature can be ascribed to the broken
structural symmetry-induced interlayer FM interaction and the
double-exchange mechanism, since other predicted FM RE
monolayers are super-exchange ferromagnets. 8-66-71=791 Thig
value is much higher than those of other FM RE monolay-
ers (Table S1), in particular, higher than those of monolay-
ers T-Gd>C (322 K)!"! and Gd,B, (550 K),[”?! both of which
exhibit interlayer super-exchange ferromagnetism. Under the
biaxial strain of —5% ~ 5%, Gd,COF undergoes phase tran-
sition from metal to half-metal and then semiconductor. No-
tably, the Curie temperature remains above room temperature
(300 K) across the strain range, underscoring the robust fer-
romagnetism. Moreover, the asymmetric structure can induce
large out-of-plane piezoelectricity. The planar Gd, COF can
be stabilized when supported on monolayer MoS, substrate to
avoid bending.

2. Computational methods

All the calculations are performed by spin-polarized den-
sity function theory (DFT) as implemented in the Vienna ab-
initio simulation package (VASP).!8%] Interactions between
electrons and nuclei are described by the projector augmented
wave (PAW)[8182] and the electronic exchange—correlation
interactions are described by the Perdew—Burke—Ernzerhof
(PBE) functional of the generalized gradient approximation
(GGA).!3 Particularly, the Hubbard U terms are adopted to
calculate the strong-correlated interaction, the coulomb in-
teraction parameter U (9.2 eV) and the exchange interaction
parameter J (1.2 eV) are used to describe the behaviors of
Gd-f electrons, %061 particularly, the Heyd—Scuseria—Ernzerh
(HSEO06) method with the screening parameter fixed at a value
of 0.2 A~ was adopted to calculate the electronic band struc-
ture for comparison. 3%

The Brillouin zone integration is carried out by 9 x 9 x 1
k-mesh based on the Monkhorst—Pack scheme.!®>! The cut-
off energy for the plane wave basis set is set as 500 eV. Ab-
initio molecular dynamics (AIMD) simulations last for 5 ps
with a time step of 2 fs in the NVT ensemble at 300 K by
the Nose—Hoover method.®%! The harmonic and anharmonic
phonon spectra are calculated using the Phonopy®”! and Dy-

s!88] implemented within the VASP package, re-

naphopy code
spectively. The convergence criterion for the total energy and
force is set as 1 x 1078 eV and 0.001 eV/A, respectively. The
crystal occupation Hamiltonian population (COHP) method
employed in LOBSTER is applied to investigate the bonding
and antibonding states.®®! The DFT-D3 method is employed
to describe the weak dispersion forces of the van der Waals
interactions for Gd,COF/MoS, heterostructure.°! A vacuum
space of 20 A is added along the direction perpendicular to

the surface for both monolayer Gd,COF and Gd; COF/MoS,

077102-2
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heterostructure to avoid interactions between the adjacent pe-
riodic units.

3. Results and discussion

3.1. Structural properties, ground state and stability of
Gd,; COF monolayer

The pristine Gd,C monolayer consists of a honeycomb
lattice formed by top and bottom Gd triangular sub-layers,
with C ions sandwiched between them in the space group of
P-3M1 (Figs. 1(a) and 1(b)). Each Gd ion is coordinated to
three nearest C ions, while each C ion is surrounded by six
nearest Gd ions. On the pristine Gd,C monolayer, there are
two nonequivalent adsorption sites: site A, directly above a
Gd ion, and site B, below a C ion, so there are four possible
configurations for Gd,COF monolayer (Figs. 1(c)-1(f)), for
type-1 (II) configuration, both F and O ions are located at A
(B) site, while for type-III (IV) configuration, O ion is located
at A (B) site but F ion is located at B (A) site. Type-I configura-
tion is the most stable one (Table S2), suggesting a preferential
hybridization between F/O and Gd ions due to the lower elec-
tronegativity of Gd ion. Based on a2 x 1 x 1 supercell, one fer-
romagnetic (FM), two antiferromagnetic (AFM-1 and AFM-
2), and ferrimagnetic (FiM) states are examined (Fig. S1), for
the FM state, all the Gd ions are coupled ferromagnetically
(Fig. S1(a)), for the AFM-1 (AFM-2) state (Figs. S1(b) and
S1(c)), the nearest-neighbor (NN) intralayer (interlayer) Gd
ions are coupled ferromagnetically while the NN interlayer
(intralayer) Gd ions are coupled anti-ferromagnetically, for the
FiM state, one Gd; ions are coupled anti-ferromagnetically
with other 3 Gd ions (Fig. S1(d)). The FM state is identified as
the magnetic ground state. The optimized lattice parameters a
and b are both 3.65 A, which is close to the value of pristine
Gd,C (3.62 A)."!l After functionalization, two inequivalent
Gd sites, Gd; and Gd;, emerge. The Gd;—C and Gd;—O bond
lengths are 2.80 A and 2.22 A, respectively, while the Gdy—
C and Gd,-F bond lengths are 2.47 A and 2.42 A, respec-
tively. This leads to the broken out-of-plane symmetry in the
Gd,COF monolayer.

Fig. 1. (a) Side and (b) top views of the atomic structures of MXenes
Gd,C. A and B represent the two possible absorption sites for the termi-
nation F and O groups. (¢)—(f) Four possible configurations of Gd, COF.
The areas circulated by dash lines represent the primitive cell.

The absorption energy is calculated using the following
equation:

Eqpsors = Ega,coF — Ecd,c —EF —Eo —Ap— Ao, (1)

where Egg,cor and Egg,c are the total energies of Gd,COF
and Gd,C monolayers, Eop and Ep are the atomic energies
of O and F, gas, Au = pu — (1/2)E(T»), p is the chemi-
cal potential of O and F atoms. At the temperature range of
0 K~300 K, Au of both O and F atoms is in the range of
0eV ~ —0.32eV.[°!l Accordingly, the absorption energies are
in the range of —10.86 eV ~ —10.22 eV per formula unit for
the Gd,COF monolayer. The negative values confirm that the
formation process remains exothermic, there are no imaginary
frequencies across the Brillouin zone in the phonon spectra
of GdyCOF monolayer at 0 K and 300 K, indicating dynamic
stability (Figs. 2(a) and 2(b)). Moreover, AIMD simulations
revealed that no bond breaking and reconstruction occur in
the Gd,COF monolayer at 300 K (Fig. 2(c)), thermal oscil-
lation of the whole structure happens near the equilibrium po-
sition, indicating good thermal stability, therefore we believe
that Gd, COF monolayer can be synthesized and its structure
can remain stable at room temperature.

Finally, the independent elastic constants Cy; and Cj
are calculated to be 123.67 N/m and 55.48 N/m for Gd, COF
monolayer, respectively. According to the isotropic lat-
tice symmetry, the elastic constant Cy; is equal to Cj, and
Cee = %(Cll —C12), thus Cy; and Cgg are 123.67 N/m and
34.10 N/m respectively. These elastic constants satisfy the
Born—-Huang stability criteria: C1; > 0, C11Cy — Clz2 > 0 and
Css > 0,121 confirming that the Gd,COF monolayer is me-
chanically stable. Figure 2(d) shows the calculated Young’s
modulus of Gd, COF monolayer; it is isotropic with a value of
98.78 N/m, which is much larger than that of Crl3 monolayer
(23.85 N/m).[?3]

(a) 16 (b) 16 -
= N 12k
Fo g
g g
> >
o 8 o 8
Sl o
9] 9]
5 4 =
0
(¢) —312

Energy (eV)

0 2500 5000
Time (fs)

Young's modulus (N/m)
o

Fig. 2. Phonon spectra at (a) 0 K and (b) 300 K. (c) MD simulated energy
evolution and snapshots of atomic configurations at the end of 5 ps AIMD
simulation at 300 K, (d) angular dependence of the Young’s modulus for
Gd, COF monolayer.
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3.2. Electronic and magnetic properties of Gd, COF mono-

layer

Figure 3(a) shows the spin-resolved band structures. The
Gd,COF monolayer is a half-metal with an indirect band gap
of 3.09 eV. It possesses a metallic spin-up channel and a semi-
conducting spin-down channel, with the valence band max-
imum (VBM) and the conduction band minimum (CBM) at
—0.46 eV and 2.63 eV, respectively. According to the Fermi—
Dirac distribution, [** the thermally induced occupation prob-
ability between the valence band and the Fermi level at 300 K
is on the order of 108, ensuring the stability of the half-metallic
feature. As shown in Fig. 3(b), the f orbitals of both Gd; and
Gd; ions are highly localized and far from the Fermi level.
Therefore, the d—p hybridization between Gd and C/O/F ions
plays a crucial role in inducing ferromagnetism. Under the
Csv symmetry, the Gd-d orbitals split into d 2, €1 (dx; +dyy),
and e (dyy +dp +y2) groups. The VBM is dominated by the
C-p./py orbitals while the CBM is dominated by the Gd-e;
orbitals (Fig. S2(a)). Moreover, the hybridizations between
Gd;/Gd; and C ions are stronger than those between Gd;—
O/Gd,-F ions.
and F-p orbitals are almost fully occupied (Fig. S2(b)), cor-

The spin-up and spin-down channels of O

responding to the valence electron configurations of 2s%p® for
O and F ions, while the spin-up channel of C-p orbitals is par-
tially occupied. Moreover, at the HSEQ6 level, the Gd,COF
monolayer is also a FM half-metal (Fig. S2(c)). According to
the Bader analysis (Table S3), Gd; and Gd; ions donate 1.62
and 1.72 electrons to C ions, respectively, while O and F ions
acquire 1.87 and 0.92 electrons from them, respectively. This
results in a magnetic moment of 6/7 ug for Gd;/Gd; ions but
a negligible one on C, O, and F ions. The AFM-1 state con-
verted to the FiM-1 state as well. To explain the origin of the
electron transfer mechanism, we calculated the electron local-
ization function (ELF) (Fig. S3). The values of ELF for the
regions between Gd and C/O/F ions range from 0 to 0.25, re-
flecting the nature of Gd—C/O/F ionic bonding. Therefore, Gd
ions can donate more electrons to C/O/F ions. In addition,
more charge accumulates between the Gd and C ions, indi-
cating that both Gd;—C and Gd,—C bonds have more covalent
character than Gd;—O and Gd,—F bonds.

The magnetic ground state of Gd,COF is governed by
the interplay between the direct and indirect exchange interac-
tions among Gd ions. The direct exchange interaction, medi-
ated primarily by the nearly half-filled Gd-f orbitals, exhibits
FM coupling between neighboring Gd ions, consistent with

(951 Simultaneously, the indirect exchange inter-

Hund’s rule.
action arises from d—p hybridization between Gd ions and the
surrounding C, O and F ions. According to the Goodenough—
Kanamori—Anderson (GKA) rule, °®! when the bond angle be-
tween two Gd ions via a nonmagnetic ligand is close to 90°,

the Gd-d orbitals tend to hybridize with orthogonal p orbitals

of the C, O and F ions, leading to FM coupling between Gd
ions according to the symmetry (Fig. S4(a)). As illustrated
in Fig. 3(c), the calculated 6y, 0>, 63 and 6, are 91.3°, 8§1.2°,
110.6° and 98.0°, respectively, suggesting the existence of FM
indirect exchange between both nearest-neighbor intralayer
and interlayer Gd ions.

(a) (b)

20

10F

of Ll gl

Energy (eV)

:
—10r _Gdd —Gdyf !
Gdyd — Gdpf !

Density of states (arb. units)

DY i
-8 —4 0 4

Energy (eV)

0.06

0.04

0.02

@ Mga,
Mgao
>,
300 400 600 800 1000
Temperature (K)

Specific heat Cy,
Average spin moment (up)

Fig. 3. (a) Spin-resolved electronic band structure, (b) projected density
of states (PDOS) of Gd-d, Gd-f, C-p, F-p and O-p orbitals, (c) the illus-
trations of exchange coupling parameters J, J», J3 and 6y, 6, 63, 64, (d)
the simulated averaged net magnetic moment of each Gd; and Gd; ion
and specific heat with respect to temperature for Gd, COF monolayer.

The magneto-crystalline anisotropy energy (MCE) is de-
fined as the differences between the in-plane and out-of-plane
magnetization directions, as Eyicg = E; — E,, where E; and
E,(y) denote the total energies when magnetization is aligned
along z and x (y) axes, respectively. For Gd, COF monolayer,
the calculated MCE is —1.37 meV per formula unit, the nega-
tive value indicates that the easy magnetization axis is out-of-
plane oriented. Given the large magnetic moment of Gd ions,
we further calculated the magnetic dipolar energy (MDE) for
Gd,COF monolayer. For a FM system, the MDE in atomic
Rydberg units is given by!(®7]

m;m;
Eq4 :Z#Mij, 2)

where the speed of light ¢ = 137.036 a.u., i/j are the atomic
position vectors in the unit cell, and m;/m; is the atomic mag-
netic moment on sites i/ j (in units of ug). The magnetic dipo-
lar Madelung constant M;; is calculated as

Mij=Y

1
I A S
R IR+i+j|
where R are the lattice vectors. The shape anisotropy energy

AEy (SAE) is calculated to be 0.474 meV and 0.646 meV
for Gd; and Gd, ions, respectively, yielding a total SAE of

. . ~A 12
3 [(R+i+ j)- ] B
IR+i+ j|?
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1.12 meV per formula unit of Gd,COF, because the mag-
netostatic dipole—dipole interactions weaken the out-of-plane
magnetic anisotropy. The net magnetic anisotropy energy
(MAE) of Gd;COF monolayer is —0.25 meV per formula
unit, although this value is considerably smaller than the
MCE, it remains notably larger than the MAE of bulk Fe
(0.001 meV/atom)[®8! and Ni (0.003 meV/atom), 8! such the
MAE is sufficient to stabilize the long-range magnetic order in
the Gd,COF monolayer.

The magnetic exchange interactions between nearest-
neighbor (NN) interlayer and intralayer Gd ions are described
by the parameters Ji, J, and J3 (Fig. 3(c)). The spin Hamilto-

nian is expressed as!*’]

H=— ZJI MM;— ;J2MkM, — Y MM, —AME)?, (@)
L )

m,n

where Ji, J> and J3 are the exchange coupling parameters, M
is the net magnetic moment of Gd ions, i and j (k and /, m and
n) stand for the interlayer (intralayer) nearest neighboring Gd
ions, A is the magnetic anisotropy parameter, M; represents
net magnetic moment per formula unit along a preferred axis
and A(M?)? is the total MCE. Correspondingly, the total en-
ergies of FM, AFM, FiM-1 and FiM-2 states in the 2 x 1 x 1
supercell can be expressed as

Exm = Eo — 6/iMaiMaay — 6/2MGa; — 63MG g, (5)
Eapm = Eo — 2J1Mca1Mcaz + 2J2Mq1 +2J3MGgy, (6)
Epim-1 = Eo + 6J1Mca1 Moar —6J2MGq,—63MG g, (7)
Egim-2 = Eo — 6/2M3 4, +203M 4. ®)

The magnetic coupling parameters are derived from energy
differences between FM and the other states:

_ Epim, —Erm

Ji = ) &)
12MGq1 MGa2
Egim, — Epm — 6J1MGa1Mga2
Jy = —2 i , (10
Ga2
1 E — Epv — 401 Mg a1 M
= AFM — EpM MeaMeee  p | )
M2 8 Gd
Gdl

The calculated J;, J>» and J3 are 0.86 meV, 1.04 meV and
0.43 meV, respectively. The positive values indicate a pref-
erence for FM coupling. The Curie temperature (7¢c) of the
Gd,COF monolayer is evaluated using statistical Monte Carlo
(MC) simulations based on the Heisenberg model. A 100 x
100 x 1 supercell containing 20000 magnetic moment vectors
is employed, which lasts for 10° MC steps at each temperature.
Magnetic moments are randomly rotated at each step. We es-
timated the 7¢ value of 42 K for Crl3 monolayer,®®! in good
agreement with the experimental value.['®! The results confirm
the accuracy of the calculation method. As shown in Fig. 3(d),
the specific heat Cy is defined as Cy = ((E?) — (E)?)/(kgT?).

The peak value of Cy corresponds to 7¢ of 750 K for Gd, COF
monolayer, which is higher than the T¢ of other predicted 2D
FM RE monolayers,28-6%71=791 which range from 17 K to
648 K (Table S1). Apparently, the Gd,COF monolayer pos-
sesses the highest 7c among all the predicted FM RE mono-
layers. Owing to the distinct spin states of Gd; and Gd; ions,
the indirect interlayer coupling between the nearest-neighbor
Gd ions is attributed to the double-exchange mechanism. As
illustrated in Fig. S4(b), in this case ferromagnetism originates
from interactions between the highest occupied Gd,-d orbital
and the lowest unoccupied Gd;-d orbital based on the Pauli ex-
clusion principle. The distinct spin states of Gd; and Gd; ions
typically exhibit a smaller exchange d—d gap; thus the double-
exchange mechanism driven by real electron hopping is bene-
ficial to both FM coupling and high Curie temperature. In con-
trast, the indirect intralayer interactions between neighboring
Gd; (or Gd,) ions are governed by the super-exchange interac-
tion, while in this case interactions between the highest occu-
pied Gd;-d (Gd;-d) orbital and the lowest unoccupied Gd;-d
(Gd;-d) orbital induce ferromagnetism (Fig. S4(c)). The vir-
tual electron hopping brings a larger exchange d—d gap, which
is unfavorable for FM coupling. But in addition to the Gd;—
C-Gd; (and Gdy—C-Gd;) pathways, super-exchange interac-
tion between intralayer Gd; (or Gd;) ions can also be medi-
ated through Gd;—O-Gd; (and Gd;-F-Gd,) routes. The mul-
tiple super-exchange pathways further enhance the overall FM
coupling. The double-exchange interlayer coupling and the
multi-path super-exchange intralayer interactions lead to ro-
bust FM ordering among Gd ions and high Curie temperature.
At 750 K, monolayer Gd, COF can also maintain dynamic and
thermal stability (Fig. S5).

3.3. The effect of biaxial strain on Gd, COF monolayer

Commonly, the Gd; COF monolayer tends to bend along
the out-of-plane direction. In a 3 x 2 x 1 supercell model
with a bending radius of 3.72 A (Fig. 4(b)), the curved nan-
otube configuration exhibits the lowest energy, being more
stable than the planar Gd,COF monolayer by 0.008 eV/A?
(Figs. 4(c) and 4(d)).
be stabilized when supported on a monolayer MoS; sub-

However, the planar Gd;COF can

strate (Fig. S6), since the interfacial binding energy exceeds
—0.008 eV/A2 (—0.024 eV/A2?); the flat surface electrostatic
potential in the regions on both sides of the heterojunction
shows that the vacuum space is thick enough (Fig. S7). More-
over, the substrate can also induce biaxial strain which can
modulate the electronic and magnetic properties!’?) effec-
tively. In this work, we systematically investigated the elec-
tronic and magnetic properties of the Gd,COF monolayer un-
der biaxial strain of —5% ~ +5%. It is found that the Gd,COF
monolayer maintains an FM ground state. The magnetic mo-
ments of Gd; and Gd; ions remain 6 ug and 7 Up, respec-
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tively, but those of C, O, and F ions remain negligible. Con-
sequently, the double-exchange interlayer coupling and the
multi-path super-exchange intralayer interactions remain un-
changed. Gd,COF monolayer undergoes a phase transition
from metal to half-metal and then to semiconductor (Fig. 5).

(b)

(e) 3.0 (d) 11
~ 25 ~ 10F
> >
< 20 < o
> ’ = 8k
2 15 2
S 10 A
9 ) o 6
'E 0.5 E
=7 g 5
Q) o
= 0 @4t
o5l T [ T S R S R

Lo
—20 2 4 6 8 10121416
Number of primitive cells

14 16 18 20 22 24 26 28 30 32
Number of primitive cells

Fig. 4. (a) The primitive cell of a square lattice, (b) the curved nanotube
in a square lattice with a 3 x 2 x 1 supercell, the bending radius is 3.72 A,
(c)—(d) variation of the relative energy between the curved nanotube and
the monolayer structure with the supercell size, the supercell can only
extend in the x-direction.

Under the compressive strain of —5% ~ —4%, the elec-
tronic states from both spin-up and spin-down channels cross
Under the
strains of —3% and +3%, the monolayer exhibits a robust half-

the Fermi level, characteristic of a FM metal.

metallic state: the spin-down channel has a band gap of about
3.05 eV, while the spin-up channel remains metallic. Under
the strains below +1%, the VBM increases firstly, and then
decreases slightly, but the CBM changes in an opposite trend,
the maximum VBM and CBM are 0.50 eV and 2.94 eV at
the strains of +1% and —3%, respectively. At the larger ten-
sile strains of 4% ~ 5%, Gd,COF monolayer transforms into

(a) —=5% (b) —4%

(c) —3%

a FM semiconductor, with both spin channels possess band
gaps, in which the VBM and CBM are dominated by the spin-
up channel with a band gap of 1.95 eV. At a strain of 4%, the
VBM is only 0.15 eV below the Fermi level, leading to a ther-
mally induced valence—Fermi level occupation probability on
the magnitude order of 1073 at 300 K (Fig. 6(a)).

With increasing strain, band structures move downwards
overall because of weaker Coulomb repulsion, leading to
phase transition from metal to half-metal and then to semi-
conductor. For both spin channels, occupied C-p,/p, orbitals
have less weight in the highest occupied energy band, while
unoccupied Gd;-e; and e, orbitals have more weight in the
lowest unoccupied energy band, indicating these orbitals are
also more sensitive to the in-plane biaxial strain and thus tend
to move downwards with increasing strain correspondingly
(Fig. S8). On the other hand, under compressive strain, in-
teractions between Gd-d and C-p orbitals become stronger,
which makes both Gd-d and C-p orbitals more delocalized
(Fig. S9). In the spin-up channel, a more delocalized high-
est occupied energy band crosses the Fermi level, resulting in
half-metallicity. In contrast, under tensile strain, weaker in-
teractions between Gd-d and C-p orbitals make these orbitals
become more localized (Fig. S9); thus, in the spin-up channel,
they become far from the Fermi level, and at —4% and —5%
strain, both spin channels are semiconducting. Compared with
Gd;-d orbitals, hybridizations between Gd;-d and C-p orbitals
are more sensitive to the biaxial strain.

Considering the effect of substrate, under biaxial strain
of —5% ~ —2%, the heterostructure is an FM metal, while it
converts to a half-metal under biaxial strain of —1% ~ 3%.
With biaxial strains of 4% ~ 5%, it is still an FM semiconduc-
tor, and the magnetic moments of Gd; and Gd; ions remain
unchanged throughout this strain range (Fig. S10).

(@) ~2% 1 (0 1%

BN Y

Energy (eV)

Energy (eV)

M K

M K

M K

Fig. 5. Spin-resolved band structure for Gd, COF monolayer under biaxial strain from —5% to 5%.
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Fig. 6. (a) Valence band maximum (VBM), conduction band minimum (CBM), and band gap, M, HM and S represent metal, half-metal and
semiconductor, respectively. (b) Exchange coupling parameters J, J, and J3, (c) magneto-crystalline anisotropy energy (MCE), shape anisotropy
energy (SAE) and magnetic anisotropy energy (MAE) per formula unit for Gd, COF monolayer under biaxial strain from —5% to 5%.

Moreover, the structural asymmetry along the z-axis gives
rise to out-of-plane piezoelectricity with the piezoelectric co-
efficient e3; of 56.3 pC/m and 78.2 pC/m in the Gd;COF
monolayer under a biaxial strain of 4% and 5%, respectively.
This value is much larger than those of monolayers Janus
MXY (M = Mo, W; X/Y =8, Se, Te) (1 ~ 3.8 pC/m),[1%]
comparable to those of monolayer Y,CO, (88 pC/m),[101
InySes (51.7 pC/m),“OZ] yet smaller than those of Sc,CO,
(196 pC/m) and La,CO, (120 pC/m),["°! in comparison
with other FM monolayers, this value is much larger than
those of CrSI (2 pC/m),[1%31 VSeTe (11 pC/m),['%4 and VSTe
(36 pC/m),[1%41 comparable to that of CrSBr (71 pC/m),!1%3
smaller than that of CrSCI (121 pC/m).”O3J Since there have
been no reports so far on the piezoelectricity of 2D FM RE
materials, monolayer Gd, COF would be a research hotspot in
the field of RE piezoelectric ferromagnetism.

Consistent with M,CO, (M = Sc, Y, La) monolayers,[10]
the in-plane piezoelectric coefficients e;; of Gd;COF,
287.3 pC/m and 354.2 pC/m at strains of 4% and 5%, are sig-
nificantly larger than its out-of-plane coefficients. Moreover,
both e and e3; for Gd, COF/MoS; heterostructure at 4%/5%
strain are 328.6/376.3 pC/m and 68.2/83.8 pC/m, respectively,
indicating the piezoelectricity of Gd,COF monolayer can be
reinforced by the MoS, substrate.

Under the biaxial strains of —5% ~ 5%, the magnetic ex-

(a) 0.05

& &
-~ 0.04 39 )
5 T A
2 L
0 il
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Q 5 [
2 0.03F Vo
] @ -1% ' 1
@ —2% 1 1

-3% | 1)

—4 % o

5% | 1

0.02 N | L | N
600 700 800 900 1000

Temperature (K)

change parameters Ji, J>, and J3 all decrease monotonically
with increasing strain (Fig. 6(b)). Firstly, the direct FM ex-
change between Gd ions is weakened, because the Gd—Gd
bond length is elongated under tensile strain. Secondly, quan-
titative descriptions of bonding characteristics by the COHP
analyses are given in Fig. S11. The positive/negative values
of —COHP denote the bonding/anti-bonding states; thus, both
the Gd—C and Gd-O/F bonds are weakened under the tensile
strain, which reduces the indirect FM exchange interactions
and lowers the Curie temperature. The values of integrated
orbital-projected -COHP (-IpCOHP) for both Gd;—O (0.058)
and Gdy—F (0.017) bonds are close to zero (Fig. S11), indi-
cating their stronger ionic bonding characteristic, which orig-
inates from the great differences in electronegativity between
Gd (1.2) and O (3.44)/F (3.98) elements, while the larger val-
ues of -IpCOHP for both Gd;—C and Gd;—C bonds indicate
these bonds have a more covalent tendency, which is in agree-
ment with our previous analysis of the ELF. Moreover, com-
pared with Gd;—C bond, the smaller value of —-COHP for Gd,—
C bond is probably due to its stronger ionic bonding feature,
even though the Gd,—C bond length is shorter. Throughout
this strain range, the values of —I[pCOHP for all specified in-
teractions are still small, indicating all these bonds are still

ionic.
(b) 0.05 T
g ¢° :
U’ " 1
> ' I
S S ad?
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Fig. 7. (a) and (b) The simulated averaged specific heat with respect to temperature for Gd, COF monolayer under biaxial strain from —5% to 5%.
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Across the strain range of —4% ~ 5%, J, remains the
largest one among the three parameters, attributable to the
stronger super-exchange interactions along both Gd;—C-Gd;
and Gd;—O-Gd; pathways. Although the interlayer nearest-
neighbor Gd ions are mediated only by the Gd;—C-Gd, ex-
change path, J; remains greater than J3 due to the domi-
nant role of the double-exchange mechanism. At a strain of
—5%, J| and J; are nearly equal, the Curie temperature of the
Gd;COF monolayer decreases with increasing biaxial strain,
from 900 K at —5% to 550 K at 5%, but remains above room
temperature across the entire strain range (Figs. 7(a) and 7(b)).
After considering the substrate effect, the Ji, J, and J3 re-
main nearly unchanged throughout this strain range, positive
values for J;, J», and J3 indicate a preference for FM cou-
pling for both interlayer and intralayer NN Gd ions, the simu-
lated Curie temperature for the Gd,COF/MoS; heterostructure
also remains unchanged (Fig. S12), except at —1%/4% strain
which the Curie temperature increased/decreased slightly to
760 K/580 K, respectively.

Throughout this strain range, the easy magnetization axis
remains perpendicular to the xy-plane. The MCE reaches a
maximum value of 1.62 meV at a strain of 4% (Fig. 6(c)). It
decreases from 1.53 meV to 1.31 meV as the strain is changed
from —5% to 2%, then increases at a strain of 4%, but de-
creases to 1.37 meV at a strain of 5%. In contrast, the SAE
consistently favors in-plane magnetization. The magnitude
of SAE decreases with increasing strain due to the enlarged
R. Since the SAE contribution opposes that of MCE, the
inclusion of SAE weakens the overall out-of-plane magnetic
anisotropy. Nevertheless, the net MAE maintains the same
easy axis direction as the MCE, with values ranging from
0.22 meV to 0.61 meV across the applied strain range.

4. Conclusion

In summary, we designed an asymmetric MXene mono-
layer GdyCOF to modulate both interlayer FM and double-
exchange interactions, for which the stability, electronic struc-
ture, and magnetic properties of Gd;COF monolayer have
been systematically investigated. Our findings demonstrate
that Gd,COF is an FM half-metal with a Curie temperature
of 750 K, a spin-down band gap of 3.09 eV, and a significant
out-of-plane MAE of —0.25 meV per formula unit, possess-
ing the highest Curie temperature among the predicted 2D FM
RE monolayers. The total magnetic moment is 13 ug per for-
mula unit, predominantly contributed by the Gd ions. Under
a biaxial strain of —5% ~ 5%, the system undergoes a phase
transition from metal to half-metal and then to semiconduc-
tor. The Curie temperature decreases from 900 K to 550 K,
as the biaxial strain is increased. This can be ascribed to the
weakened direct and indirect FM exchange interactions, as a

result of the elongated Gd—Gd bonds and the softened Gd—
C/O/F bonds, respectively. The easy magnetization axis re-
mains out-of-plane across the entire strain range. Furthermore,
notable out-of-plane piezoelectricity is observed under tensile
biaxial strains of 4% and 5%.
nar GdyCOF can be stabilized when supported on monolayer
MoS; substrate to avoid bending, and the Gd, COF/MoS; het-
erostructure also has a high Curie temperature of 550 K ~
900 K with —5% ~ 5% biaxial strain. The metal-half-metal—
semiconductor transition and large piezoelectricity with strain

More importantly, the pla-

can be similarly observed in this heterostructure.
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