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Room-temperature antiferromagnetic order in monolayer Fe2C
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We have studied the room-temperature long-range antiferromagnetic order in the Fe2C monolayer using the
combination of first-principles calculations and the Green’s function analysis within the anisotropic Heisenberg
model. The Fe2C monolayer is a semimetal with the out-of-plane antiferromagnetic order between two Fe
planes. The Green’s function approach within the random phase approximation is formulated to calculate the
temperature-dependent antiferromagnetic magnon energy and the spin correlation function in a two-dimensional
antiferromagnetic monolayer. The correlation function is used to evaluate the sublattice magnetization and study
the magnetic phase transition in monolayer Fe2C. Moreover, the spin Hamiltonian and the Green’s function
formalism are developed to investigate the antiferromagnetic Fe2C monolayer in the presence of an external
magnetic field applied along the easy axis. The H-T phase diagram shows that the antiferromagnetic to spin-flop
and the spin-flop to paramagnetic phase transitions occur in low temperatures. Finally, we estimate the Néel
temperature and the critical values of the magnetic field strength for these two phase transitions.
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I. INTRODUCTION

Since the discovery of graphene, two-dimensional (2D)
materials have received great attention because of their pecu-
liar electronic and magnetic properties and vast technological
applications (e.g., spintronics, storage energy devices, and
quantum computing) [1]. The 2D monolayers can be iso-
lated from the bulk layered materials. The layers of these
materials are bonded by either weak van der Waals (vdW)
or covalent interactions, where strong forces hold the atoms
together within the layers. For some decades, the existence
of a long-range magnetic order in 2D materials remained
elusive. In the meantime, many techniques have been drawn
to induce magnetic order into 2D materials by changing the
crystal structure, in particular, by using localized defects, dop-
ing, adsorption of magnetic atoms, or proximity effect. The
restriction of these methods in the application of 2D materials,
including difficulty to achieve a homogeneous distribution of
defects/dopants/adatoms, low critical temperatures, and lim-
itations of atoms adsorption in monolayers, has motivated a
discovery of intrinsically two-dimensional magnetic materials
[2–8].

The Mermin-Wagner-Hohenberg theorem states that ther-
mal fluctuations exclude long-range magnetic order in
one- and two-dimensional isotropic Heisenberg magnets
with short-range exchange interactions [9,10]. The magnetic
anisotropy is crucial in 2D materials to prevent the thermal
fluctuations and stabilize 2D long-range intrinsic magnetism
[11–17]. The dependence of magnetic phases on the number
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of layers has been found in vdW CrI3: ferromagnetic (FM)
order in the monolayer, antiferromagnetic (AFM) order in
the bilayer, and, again, FM order in the trilayer [14]. The
long-range AFM order with a low transition temperature has
been first observed in bilayer Cr2Ge2Te6. It has been found
that the transition temperature can be controlled by using a
low magnetic field and the observed phenomena are explained
by using the renormalized spin-wave theory [13]. The Fe2N
monolayer with a square lattice can be synthesized on a Cu
substrate. It is found that monolayer Fe2N exhibits FM or-
der with in-plane magnetic anisotropy [18]. The long-range
2D FM order is observed for VSe2 and MNSe2 above room
temperature [19,20]. To date, several 2D magnetic materials
with various chemical compositions have been synthesized
with different methods [18–26]. Predicting and designing new
2D monolayers with intrinsic magnetic order is an interesting
research field in theoretical physics nowadays. These research
results show that 2D materials have possessed the long-range
magnetic order down to the monolayer limit because of the
presence of magnetic anisotropy, which arises from the spin-
orbit interaction [27–40].

AFM materials are more appropriate than FM materials
for spintronic applications because of the large magnetoresis-
tance transport, higher switching frequencies, and high speed
operation. AFM materials, unlike FMs, do not generate re-
dundant magnetic fields that can affect the general operation
and restrict the smallest possible size of a device. Moreover,
AFM materials are insensible to an undesired magnetic field
because of zero net magnetization [41–46]. Nevertheless, the
AFM 2D materials have been remarkably less researched, in
contrast to the FM monolayer materials. Some limited studies
indicate that FePS3 exhibits an AFM behavior from bulk to
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the monolayer limit, with the Néel temperature independent
of the layer thickness [47,48]. Raman spectroscopy shows that
the magnetic order of NiPS3 and MnPS3 is of the AFM type
in bulk and remains the same down to two layers. For MnPS3,
tunneling magnetoresistance measurements indicate the AFM
order at the monolayer limit [49,50]. The AFM order has also
been detected in tetragonal FeTe thin flakes where the Néel
temperature is reduced from 70 to 45 K [26].

Besides the thermal fluctuations, it is widely known that
an applied magnetic field H also can disrupt the AFM order.
At sufficiently low temperatures, when the H field parallel to
the easy-axis direction reaches a critical value, spins suddenly
realign perpendicular to the H direction, known as a spin-flop
phase. The AFM to spin-flop phase transition occurs when
the anisotropy energy is much weaker than the exchange
interaction. In this situation, the antiferromagnetic coupling
between spins is maintained while spins are rotated. Indeed,
the magnetic field energy overcomes the magnetic anisotropy
energy, but not the exchange interaction. The spin-flop phase
has great potential to be employed in AFM spintronic appli-
cations [51,52].

Here, we study the persistence of the long-range AFM
order in monolayer Fe2C by using the combination of first-
principles calculations and the Green’s function method. The
Fe2C monolayer is a member of the MXene family of 2D
transition metal carbides, nitrides, and carbonitrides with the
formula of Mn+1Xn. The noncollinear ab initio results are
mapped into an anisotropic Heisenberg model to derive ef-
fective parameters. The temperature dependence of sublattice
magnetization and the transition temperature TN are investi-
gated within the random phase approximation (RPA) [53–55].
The present formalism is general and can be used to study
other 2D monolayers with AFM order. The paper is orga-
nized as follows. Section II A provides the details of density
functional theory (DFT) calculations for the Fe2C monolayer,
while Sec. II B introduces the Green’s function formalism
within RPA to describe the thermodynamics of AFM mono-
layers in the presence of an external magnetic field. In Sec. III,
we apply the Green’s function method to monolayer Fe2C
and investigate the magnetic properties of monolayer Fe2C in
the absence/presence of an external magnetic field. Finally, a
brief summary and conclusion are provided in Sec. IV.

II. METHOD AND MODEL

We start by introducing the details of the DFT + U calcu-
lations, then we provide the Green’s function formalism that
is used.

A. Density functional theory calculations

The DFT + U calculations are performed by applying the
Hubbard U correction on Fe-3d electronic states as imple-
mented in the QUANTUM ESPRESSO package [56,57]. The
ultrasoft atomic pseudopotentials and the revised Perdew-
Burke-Ernzerhof functional for solids (PBEsol) are used to
treat the electron-ion interactions and the exchange correlation
interactions, respectively. The cutoff energy for expansion of
wave functions is set to 140 Ry and we consider 1400 Ry for
the calculation of the electronic density. The electronic self-

(a) (b)

(d)(c)

FIG. 1. (a) The top and side view of the T-phase atomic structure
of monolayer Fe2C. The blue/red and green spheres display Fe
with spin up/down and C atoms, respectively. (b) The variation of
the energy difference between FM and AFM-1 states with Hubbard
U parameter. (c) The electronic band structure of monolayer Fe2C
calculated using DFT + U with (black solid lines) and without (red
dashed lines) the SOC effect. (d) The density of states for monolayer
Fe2C projected on atomic orbitals of a spin-up Fe atom in the AFM-1
ground state. The horizontal black line in (c) and (d) indicates the
Fermi level energy which is set to zero.

consistent convergence threshold is set to 10−8 Ry. The first
Brillouin zone is sampled by a 19 × 19 × 1 Monkhorst-Pack
k-point grid [58]. The electronic density of states is computed
within a dense k-point mesh of 38 × 38 × 1. We consider a T-
phase hexagonal atomic structure of monolayer Fe2C, where
the C atom layer is sandwiched between the two Fe layers.
The C atom is at the center of a hexagonal formed by six
neighboring Fe atoms, as shown in Fig. 1(a). In the FM state,
all Fe spins are oriented in the same direction. In monolayer
Fe2C with AFM order, the Fe atoms have the opposite spin
direction, resulting in the net magnetization being zero. To
find the magnetic ground state, we consider a supercell con-
taining 2 × 2 unit cells with four spin arrangements, i.e., FM,
AFM-1, AFM-2, and AFM-3 (see Figs. S1(a)–S1(d) in the
Supplemental Material [59]). A vacuum of 15 Å is implanted
between the two adjacent Fe2C monolayers to avoid artificial
interaction between periodic image layers. The lattice con-
stant and the atomic positions are optimized by using the
Broyden-Fletcher-Goldfarb-Shanno algorithm [60] until the
force on each atom is less than 10−5 Ry/Bohr. The Hubbard
correction in the DFT + U method is related to the strongly
correlated electronic structure of Fe-3d atomic orbitals, which
can change the ground-state properties [61–64]. The Hub-
bard U parameter is calculated self-consistently within the
linear response approximation based on the density functional
perturbation theory (DFPT) [65–67]. In the linear response
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approximation, the Hubbard U parameter is derived from the
perturbative response of occupation states to a small shift in
the potential. The nonorthogonalized atomic orbitals are used
as the projector functions to construct the Hubbard manifold.
The DFPT calculation is carried out with a 4 × 4 × 1 mesh to
sample the reciprocal space.

B. The Green’s function approach to the anisotropic
Heisenberg spin model

The most popular model used for AFM materials is the
two-sublattice model. In this model, a lattice is considered
as two identical interpenetrating sublattices, labeled A and B,
with opposite magnetic moments [68],

H =
∑
i∈A

∑
j∈B

Ji, j

[
Sz

i Sz
j + 1

2
(S+

i S−
j + S−

i S+
j )

]

− D

(∑
i∈A

Sz
i Sz

i +
∑
j∈B

Sz
jS

z
j

)
− μH

(∑
i∈A

Sz
i +

∑
j∈B

Sz
j

)
.

(1)

In the Heisenberg spin model [Eq. (1)], the first term de-
scribes the isotropic magnetic exchange interaction, where
Ji j is the exchange interaction coupling between the ith and
jth magnetic moment, Si is the spin operator associated with
the ion at site i with component (Sx

i , Sy
i , Sz

i ), and S±
i =

Sx
i ± iSy

i . The second term introduces the single-ion mag-
netic anisotropy on the A and B sublattices. The last term

is the Zeeman energy for each sublattice in an external ap-
plied magnetic field H , which is considered perpendicular to
the monolayer plane. The magnetic exchange and single-ion
anisotropy parameters for monolayer Fe2C are determined
using finite energy differences obtained from the DFT + U
results.

To investigate the thermodynamic behavior of the magnetic
monolayer, the retarded double-time temperature-dependent
Green’s function [69] is used,

〈〈S+
λl (t ); eaSz

μm (t ′ )S−
μm(t ′)〉〉

= −iθ (t−t ′)〈[S+
λl (t ); eaSz

μm (t ′ )S−
μm(t ′)]〉, (2)

where Sλl is the time-dependent spin operator for magnetic
ion at site l in sublattice λ, and a is an arbitrary parameter.
The square brackets, single-angle brackets, and double-angle
brackets denote commutation relations, the thermal average
over the canonical ensemble, and the Green’s function, respec-
tively. The θ (t ) is the step function, which takes 1 for t > 0
and 0 for t < 0.

The equation of motion for the Fourier transform of the
Green’s function with respect to time is [69]

E
〈〈

S+
λl ; eaSz

μm S−
μm

〉〉
E

=
〈
[S+

λl , eaSz
μm S−

μm]
〉

2π
δλl,μm + 〈〈

[S+
λl ,H]; eaSz

μm S−
μm

〉〉
E . (3)

Due to the anisotropic Heisenberg Hamiltonian, given by
Eq. (1), and the spin commutation relationships, the equa-
tion of motion can be rewritten as

(E − μH )
〈〈

S+
λl ; eaSz

μm S−
μm

〉〉 =
〈[

S+
λl , eaSz

μm S−
μm

]〉
2π

δλl,μm + 2
∑
ν∈n

Jλl,νn
〈〈(

Sz
λl S

+
νn − S+

λl S
z
νn

)
; eaSz

μm S−
μm

〉〉
+ D

〈〈(
S+

λl S
z
λl + Sz

λl S
+
λl

)
; eaSz

μm S−
μm

〉〉
(λ �= ν), (4)

where the E subscript for the Green’s function is dropped for simplicity. The λ, μ, and ν are referred to each A and B sublattice
where λ �= ν. The exchange term, 〈〈(Sz

λl S
+
νn − S+

λl S
z
νn); eaSz

μm S−
μm〉〉, and the anisotropy term, 〈〈(S+

λl S
z
λl + Sz

λl S
+
λl ); eaSz

μm S−
μm〉〉,

contain the higher-order Green’s functions that satisfy an analogous equation of motion. The RPA is adopted for decoupling
the exchange term in Eq. (4) into the Green’s function 〈〈S+

λl ; eaSz
μm S−

μm〉〉. In the RPA scheme, the spin correlation between Sz
λl

and S+
νn (for λl �= νn) is disregarded and the Sz

λl operator is substituted by its average value 〈Sz
λl〉,〈〈

Sz
λl S

+
νn; eaSz

μm S−
μm

〉〉 λl �=νn−→ 〈
Sz

λl

〉〈〈
S+

νn; eaSz
μm S−

μm

〉〉
. (5)

For the anisotropy term, we take the decoupling scheme used by Narath [70] that is equivalent to Eq. (5),〈〈(
S+

λl S
z
λl + Sz

λl S
+
λl

)
; eaSz

μm S−
μm

〉〉 −→ 2
〈
Sz

λl

〉〈〈
S+

λl ; eaSz
μm S−

μm

〉〉
. (6)

By using the RPA [Eq. (5)] and the Narath approximation [Eq. (6)], one can write the equation of motion for the Green’s
function as

(E − μH )
〈〈

S+
λl ; eaSz

μm S−
μm

〉〉 =
〈[

S+
λl , eaSz

μm S−
μm

]〉
2π

δλl,μm + 2
∑
n∈ν

Jλl,νn
(〈

Sz
λl

〉〈〈
S+

νn; eaSz
μm S−

μm

〉〉 − 〈
Sz

νn

〉〈〈
S+

λl ; eaSz
μm S−

μm

〉〉)
+ 2D

〈
Sz

λl

〉〈〈
S+

λl ; eaSz
μm S−

μm

〉〉
(λ �= ν). (7)

Here, for the ground state of monolayer Fe2C with
AFM order, Eq. (7) is solved in the absence of an ex-
ternal magnetic field at a finite temperature. We also

investigate the effect of a perpendicular magnetic field on
the thermodynamics of monolayer Fe2C in the following
sections.
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III. RESULTS AND DISCUSSION

The DFT + U calculations are performed for the T-
phase atomic configuration of monolayer Fe2C as shown in
Fig. 1(a). The Hubbard U parameter is evaluated from the self-
consistent linear response method and converged to ULR =
4.66 eV (see Fig. S2 in the Supplemental Material [59]). The
four spin configurations are considered to determine the mag-
netic ground state of monolayer Fe2C (see Figs. S1(a)–S1(d)
in the Supplemental Material [59]). The DFT + U calcula-
tions with ULR show that the AFM-1 state has the lowest
energy (see Fig. S1(e) in the Supplemental Material [59]).
The AFM-1 configuration is composed of two FM sublattices
coupled antiferromagnetically, leading to a zero net magne-
tization. To study the influence of the Hubbard U parameter
on the magnetic state, we have examined the variation of the
energy difference between the FM and AFM-1 states with the
Hubbard U value. As shown in Fig. 1(b), the magnetic order
of monolayer Fe2C is strongly affected by the Hubbard U
parameter. For U � 2, monolayer Fe2C has the FM ground
state, which is consistent with the previous studies with small
U values [71–73]. For U � 3, there is a transition from FM to
AFM-1 coupling between two iron layers. In the remainder
of this paper, we have used the self-consistent Hubbard U
correction, ULR = 4.66 eV, for the DFT + U calculations to
obtain the electronic structure and the magnetic properties of
the AFM-1 Fe2C monolayer.

The T-phase atomic configuration of the AFM-1 Fe2C
monolayer after atomic relaxation is shown in Fig. 1(a). The
optimized lattice constant, the Fe-C bond length, and the
vertical distance between two Fe layers are 2.90 Å, 1.96 Å,
and 2.05 Å, respectively. The electronic band structure of
the AFM-1 Fe2C monolayer by considering the spin-orbit
coupling (SOC) is plotted in the reducible first Brillouin zone
in Fig. 1(c). In the presence of SOC, the electronic states are
represented by spinors with nonzero spin-up and spin-down
components. The AFM-1 Fe2C monolayer is a semimetal that
the conduction band minimum crosses the Fermi level at K
points on the boundaries of the Brillouin zone. The valence
band maximum crosses the Fermi level between the K and
� points. This is equivalent to the injection of a portion of
one valence electron into the conduction band. In the presence
of time-reversal symmetry and inversion symmetry, the elec-
tronic bands are doubly degenerate, known as Kramers pairs
[74]. The Kramers degeneracy is lifted due to the breaking
of time-reversal symmetry in the magnetic materials. As a
result, there is an asymmetry between the electronic bands in
the entire first Brillouin zone. For example, one can see the
asymmetry of valence bands between the ±K and � points.
Due to the AFM-1 order and the equivalent chemical envi-
ronment of two Fe atoms, their atomic projected density of
states (PDOS) is similar (see Fig. S3 in the Supplemental
Material [59]). Around the Fermi level, the Fe-3d orbitals
have a larger contribution than the Fe-4s, Fe-4p, and C-3p
orbitals. As a result, the PDOS of atomic 3d orbitals is plotted
for one of the iron atoms in Fig. 1(d). The crystal field splits
Fe-3d orbitals into a nondegenerate dz2 orbital and twofold
degenerate dxz/dyz and dxy/dx2−y2 orbitals. The dz2 is deep
below the Fermi level for both spin-up and -down states. The
main contribution of the spin-up state in the Fe-3d orbitals

close to the Fermi level arises from the two degenerate 3d
orbitals.

Our DFT + U calculations show that the magnetic
anisotropy energy is continuously enhanced by the rotation
of magnetic moments from the out-of-plane to the in-plane
direction (see Fig. S4 in the Supplemental Material [59]). As
a result, the ground state of monolayer Fe2C is AFM-1 with
easy axis along the z direction (the hexagonal c direction).
The DFT + U results are then mapped into the anisotropic
Heisenberg Hamiltonian [Eq. (1)]. The magnetic exchange
between nearest-neighbor Fe atoms, J = 25.3 meV, and the
magnetic anisotropy, D = 0.2 meV, are derived from EFMz −
EAFM-1z = 12J and EAFM−1z − EAFM-1x = 2D, where AFM-1z
and FMz are the AFM-1 and FM spin configuration along
z, and AFM-1x is the AFM-1 spin configuration along the x
axis. The value of magnetic anisotropy is small but crucially
important to stabilize the finite-temperature long-range anti-
ferromagnetic order. In the previous works, it has been shown
that the values of nearest-neighbor and next-nearest-neighbor
exchange interactions have the same order of magnitude in
the FM ground state [71,72]. Based on our DFT + U results,
the next-nearest-neighbor magnetic exchange parameter is es-
timated to be −2.7 meV, which is one order of magnitude
smaller than the value of the nearest-neighbor exchange, so
it has been ignored in the following (see Sec. 4 in the Supple-
mental Material [59]).

The anisotropic Heisenberg Hamiltonian is used to inves-
tigate the finite-temperature thermodynamics of the AFM-1
Fe2C monolayer in the absence/presence of an external mag-
netic field. Considering the translational symmetry of the two
sublattices, one can perform the Fourier transform of the
Green’s function to reciprocal sublattices,

〈〈
S+

λl ; eaSz
μm S−

μm

〉〉 = 2

N

∑
k

Gλμ(k)eik.(Rλl −Rμm ), (8)

Jλl,μm = 2

N

∑
k

Jλμ(k)eik.(Rλl −Rμm ), (9)

where k is a reciprocal lattice vector in the first Brillouin
zone associated with each sublattice, Rλl is a direct lattice
vector for site l in sublattice λ, and N

2 is the number of
sublattice sites. In the nearest-neighbor approximation, the
Fourier transform of the exchange interaction is Jλμ(k) =
J

∑
� e−ik.�.

Utilizing the Fourier transform of the Green’s function and
the magnetic exchange interaction, the equation of motion
[Eq. (7)] in the absence of a magnetic field can be written as

(
E + 2Jλν (0)

〈
Sz

νn

〉 − 2D
〈
Sz

λl

〉)
Gλμ(k)

= 	λ(a)

2π
δλ,μ + 2Jλν (k)

〈
Sz

λl

〉
Gνμ(k)(λ �= ν), (10)

where 	λ(a) ≡ 〈[S+
λ , eaSz

λS−
λ ]〉.

In a zero external magnetic field, the magnetizations of two
sublattices have equal values but opposite directions, 〈Sz

A〉 =
−〈Sz

B〉. The matrix elements of G(k) in the two-sublattice

174423-4



ROOM-TEMPERATURE ANTIFERROMAGNETIC ORDER IN … PHYSICAL REVIEW B 106, 174423 (2022)

FIG. 2. (a) The magnon energy spectrum at different temperatures along a high-symmetry path in the first Brillouin zone. (b) The variation
of temperature-dependent magnon energies with normalized magnetization at the �, K, and M high-symmetry points. (c) The temperature
dependence of normalized sublattice magnetization for monolayer Fe2C in the absence of an external magnetic field. The saturated sublattice
magnetization M(0) is 0.79 S.

model, A and B, are derived from Eq. (10) (see the Appendix),

GAA(k) = 	A(a)
2π

(
E+(2J (0)+2D)

〈
Sz

A

〉
E2−

(
2J (0)

〈
Sz

A

〉
+2D

〈
Sz

A

〉)2
−
(

2J (k)
〈
Sz

A

〉)2

)
,

GBA(k) = −	A(a)
2π

(
2J (k)

〈
Sz

A

〉
E2−(2J (0)

〈
Sz

A

〉
+2D

〈
Sz

A

〉
)2−(2J (k)

〈
Sz

A

〉)2

)
.

(11)

Due to the symmetry between two sublattices, GAA and GBA

carry the same thermodynamic information as GBB and GAB.
The poles of the Green’s function determine the energy spec-

trum of two magnon branches inside the first Brillouin zone
(Eu,d ). In the absence of a magnetic field, the two magnon
branches Eu and Ed in the Fe2C unit cell are doubly degener-
ate,

Eu,d = E0 = [2J (0) + 2D]
〈
Sz

A

〉√√√√1−
(

2J (k)
〈
Sz

A

〉
2J (0)

〈
Sz

A

〉 + 2D
〈
Sz

A

〉)2

.

(12)

To investigate the thermodynamics of the AFM-1 mono-
layer, the correlation function is calculated within the spectral
theorem [69],

〈
eaSz

μm (t ′ )S−
μm(t ′)S+

λl (t )
〉 = lim

ε→0
i
∫ +∞

−∞

[〈〈
S+

λl ; eaSz
μm S−

μm

〉〉
E+iε − 〈〈

S+
λl ; eaSz

μm S−
μm

〉〉
E−iε

] × e−iE (t−t ′ )

e
E

kBT − 1
dE . (13)

In the limit of t = t ′, the Fourier transform of the correla-
tion function [Eq. (13)] is

ψλμ(k, a) =
∑

Rλl −Rμm

〈
eaSz

μm S−
μmS+

λl

〉
e−ik.(Rλl −Rμm ). (14)

The finite-temperature sublattice magnetization on each
Fe atom can be derived from ψAA(k, a). By exploiting the
Green’s function [Eq. (11)], the correlation function is ob-
tained via ψAA(k, a) = 	A(a)φ(k), where

φ(k) = 1

2E0

E0 + [
2J (0)

〈
Sz

A

〉 + 2D
〈
Sz

A

〉]
e

E0
kBT − 1

+ 1

2E0

E0 − [
2J (0)

〈
Sz

A

〉 + 2D
〈
Sz

A

〉]
e− E0

kBT − 1
. (15)

Finally, the sublattice magnetization can be derived using
algebraic procedures (see the Appendix for more details),

〈
Sz

A

〉 = (SA − )(1 + )2SA+1 + (SA +  + 1)2SA+1

(1 + )2SA+1 − 2SA+1
, (16)

where  ≡ 1
N

∑
k φ(k). At the Néel temperature TN , the sub-

lattice magnetization tends to zero and, consequently,  →
∞. Therefore, one can expand Eq. (16) in the power of −1

and estimate the Néel temperature,

〈
Sz

A

〉 = SA(SA + 1)

3
+ O(−2). (17)

Figure 2(a) shows the color plot of the magnon spectrum
energy at different temperatures [Eq. (12)]. There is a magnon
energy gap at the � point which guarantees the AFM-1 state
at a finite temperature [9,10]. By increasing the temperature,
the number of excited magnons increases which enhances
the magnon-magnon interaction and renormalizes the energy
spectrum [75]. As a result, the magnon energy gap is reduced
with temperature, as shown in Fig. 2(a), and vanishes at tem-
peratures above the Néel point. According to Fig. 2(b), the
magnon energy spectrum is reduced by a factor of M/S, which
is in agreement with the previous hypothesis of replacing S
with thermal average 〈S〉 [15]. The sublattice magnetization
dependence on temperature indicates the finite-temperature
AFM-1 order, shown in Fig. 2(c). At low temperatures, the
sublattice magnetization decreased slowly with temperature.
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(a) (b)

FIG. 3. (a) The variation of the normalized sublattice magnetization with temperature and external magnetic field for the AFM-1 ground
state in monolayer Fe2C. (b) The H-T phase diagram between AFM-1, paramagnetic, and spin-flop states in monolayer Fe2C. The solid black
and blue lines show the temperature-dependent critical magnetic fields for phase transitions from the AFM-1 to spin-flop and the spin-flop to
paramagnetic phases, respectively.

At the higher-temperature regime, the magnon spectrum is
softened (see Fig. 2(a) and see Fig. S5 in the Supplemental
Material for a 3D presentation [59]) and the number of ex-
cited magnons increases sharply. The Néel point where the
sublattice magnetization tends to zero is determined from
Eq. (17) for monolayer Fe2C at 390 K. To study the magnetic
phase transition in the AFM-1 Fe2C monolayer, an exter-
nal magnetic field is applied along the easy-axis direction
(perpendicular to the film). The AFM alignment of spins is
sustained at the weak magnetic field and sufficiently low tem-
peratures below the Néel point. In this case, the degeneracy of
magnon energy is lifted into two branches,

Eu = EH +
(

μH − 1

2
[2J (0) − 2D]

[〈
Sz

A

〉 + 〈
Sz

B

〉])
,

Ed = EH −
(

μH − 1

2
[2J (0) − 2D]

[〈
Sz

A

〉 + 〈
Sz

B

〉])
, (18)

where

E2
H = [2J (0) + 2D]2

(〈
Sz

A

〉 − 〈
Sz

B

〉) + 4J (k)2
(〈

Sz
A

〉〈
Sz

B

〉)
4

. (19)

Note that in the limit of H → 0, the two magnon branches
are degenerated, Eu = Ed = E0. In the AFM-1 state, the sub-
lattice magnetization of Fe2C can be obtained by the Green’s
function approach [see Eq. (16)]. The Fourier transform of the
correlation function [Eq. (13)] is

ψ (k, a) = 	A(a)

4EH

2EH + [2J (0) + 2D]
(〈

Sz
A

〉 − 〈
Sz

B

〉)
e

Eu
kBT − 1

− 	A(a)

4EH

{
2EH − [2J (0) + 2D]

(〈
Sz

A

〉 − 〈
Sz

B

〉)}

×
(

1

e
Ed

kBT − 1
+ 1

)
. (20)

The normalized sublattice magnetization at the different
external magnetic fields is illustrated in Fig. 3(a). At low

temperatures, the value of the sublattice magnetization is
constant. By increasing the strength of the external magnetic
field above the critical value Hc1, the alignment of sublattice
magnetic moments changes from the z axis to the x-y plane,

μHc1 = E0 + 1

2
[J (0) − 2D]

(〈
Sz

A

〉 + 〈
Sz

B

〉)
. (21)

The solid black line in Fig. 3(a) indicates the critical magnetic
field Hc1, which depends on temperature. In the presence of
the external magnetic field, the magnon spectrum is split into
two branches [see Eq. (18)]. For H � Hc1, the lower branch
magnon becomes negative and the AFM-1 state is unstable.
As a result, the AFM-1 to spin-flop phase transition occurs
at a low-temperature regime. In the spin-flop phase, the AFM
coupling of moments is maintained, while spins orient along
the canted direction relative to the magnetic field, which re-
sults in the net magnetization along the easy axis.

The magnetic phase diagram for monolayer Fe2C is illus-
trated in Fig. 3(b). The spin-flop is a metastable magnetic
phase and, upon increasing H , the angle between spins and the
magnetic field direction decreases to zero. As a result, there is
a spin-flop to paramagnetic phase transition at Hc2. The value
of the critical magnetic field Hc2, reduced by temperature, is

μHc2 = [2J (0) − 2D]
〈
Sz

A

〉
. (22)

At this critical point, the external magnetic field over-
comes the exchange interaction between iron moments and
the long-range intrinsic magnetic order disappears. The Hc1

critical field competes with the magnetic anisotropy energy
and brings moments into the hard plane (x-y plane). However,
the value of Hc2 is sufficiently large, which suppresses AFM
coupling between iron atoms in the spin-flop phase. In mono-
layer Fe2C, J 
 D and, therefore, the value of Hc2 is much
greater than Hc1. For temperatures above 150 K, there is a
direct AFM-1 to paramagnetic phase transition induced by an
external magnetic field without the intermediate metastable
spin-flop phase. The value of sublattice magnetization
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decreases by thermal fluctuations until it drops to zero at the
Néel point.

IV. CONCLUSIONS

In summary, we study the long-range intrinsic antiferro-
magnetic order using the combination of DFT + U and the
Green’s function formalism in monolayer Fe2C. The DFT +
U results are used to estimate the exchange interaction and the
magnetic anisotropy in an effective Heisenberg spin model.
The Heisenberg Hamiltonian with effective parameters is em-
ployed to investigate the thermodynamics of monolayer Fe2C.
Specifically, we calculate the doubly degenerated magnon
spectrum and iron sublattice magnetization as a function of
temperature in the random phase approximation. The magnon
spectrum is linearly softened with temperature, which can
be related to the lowering of sublattice magnetization. As a
result, the sublattice magnetization vanishes at nearly 390 K
for monolayer Fe2C. We show the detailed magnetic phase
diagram with antiferromagnetic, spin-flop, and paramagnetic
phase regions. In the antiferromagnetic Fe2C monolayer, there
are two phase transitions induced by an applied external mag-
netic field along the easy axis. At low temperatures, there
is a phase transition from the antiferromagnetic to spin-flop
state. For T > 150 K, the antiferromagnetic phase is directly
transformed into the paramagnetic spin configuration. The
metastable spin-flop state is eventually converted into the
paramagnetic phase at a critical magnetic field. The critical
values of the external magnetic field as a function of tem-
perature are calculated for both phase transitions (Hc1 and
Hc2). The presented formalism for monolayer Fe2C is quite
general and applicable for other 2D materials with the finite-
temperature long-range antiferromagnetic order.
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APPENDIX: GREEN’S FUNCTION FORMALISM

Here we bring the details of the Green’s function formalism
and the random phase approximation for thermodynamic eval-
uation of a 2D spin system with antiferromagnetic coupling.
The interaction between two magnetic moments localized at
Fe sites is modeled in the form of an anisotropic Heisenberg
Hamiltonian,

H =
∑
i, j

Ji j Si.S j −
∑

i

D
(
Sz

i

)2
. (A1)

Here, the summation is over the i and j sites which belong to
the A and B sublattices, respectively,

H =
∑
i∈A

∑
j∈B

Ji, j

[
Sz

i Sz
j + 1

2

(
S+

i S−
j + S−

i S+
j

)]

− D

(∑
i∈A

Sz
i Sz

i +
∑
j∈B

Sz
jS

z
j

)
− μH

(∑
i∈A

Sz
i +

∑
j∈B

Sz
j

)
.

(A2)

The equation of motion for the Green’s function is

E
〈〈

S+
λl , eaSz

μm S−
μm

〉〉 = 1

2π

〈[
S+

λl , eaSz
μm S−

μm

]〉
+ 〈〈[

S+
λl , H

]
, eaSz

μm S−
μm

〉〉
. (A3)

By definition, Gλl,μm = 〈〈S+
λl , eaSz

μm S−
μm〉〉 and with the

Fourier transform of Eq. (A3) with respect to time, one can
obtain

EGλl,μm =
〈[

S+
λl , eaSz

μm S−
μm

]〉
2π

δλl,μm +
∑
ν,κ

∑
n,g

Jνn,κk

(〈〈[
S+

λl , Sz
νnSz

κk

]
, eaSz

μm S−
μm

〉〉 + 1

2

〈〈[
S+

λl , S+
νnS−

κk

]
, eaSz

μm S−
μm

〉〉

+ 1

2

〈〈[
S+

λl , S−
νnS+

κk

]
, eaSz

μm S−
μm

〉〉) −
∑

ν

∑
n

D
〈〈[

S+
λl , Sz

νnSz
νn

]
, eaSz

μm S−
μm

〉〉
. (A4)

By using the random phase approximation [53], 〈〈Sz
νnS+

λl , S−
μm〉〉 = 〈Sz

νn〉〈〈S+
Al , S−

μm〉〉, and the decoupling scheme used by Narath
for the anisotropy term [70], 〈〈(S+

λl S
z
λl + Sz

λl S
+
λl ); eaSz

μm S−
μm〉〉 −→ 2〈Sz

λl〉〈〈S+
λl ; eaSz

μm S−
μm〉〉, Eq. (A4) becomes

EGλl,μm =
〈[

S+
λl , eaSz

μm S−
μm

]〉
2π

δλl,μm − 2
∑

ν

ν �= λ

∑
n

Jνn,λl
〈
Sz

νn

〉
Gλl,μm + 2

∑
ν

ν �= λ

∑
n

Jνn,λl
〈
Sz

λl

〉
Gνn,μm + 2D

〈
Sz

λl

〉
Gνn,μm. (A5)

The Fourier transformations of G and J to the reciprocal lattice, given by Eqs. (8) and (9), are used on both sides of Eq. (A5),

EGλμ(k) = 	λ(a)

2π
δλ,μ − 2Jλν (0)

〈
Sz

ν

〉
Gλμ(k) + 2Jλν (k)

〈
Sz

λ

〉
Gνμ(k) + 2D

〈
Sz

λ

〉
Gλμ(k), (A6)
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where 	λ(a) ≡ 〈[S+
λl , eaSz

λl S−
λl ]〉 and Jλμ(k) = J

∑
� e−ik.�δλ,μ±1 = J (k)δλ,μ±1 in the nearest-neighbor approximation. The

AFM-1 monolayer contains two A and B sublattices. The Green’s function elements are

GAA(k) = 	A(a)

2π

(
E − μH + 2J (0)

〈
Sz

A

〉 − 2D
〈
Sz

B

〉
(E − Eu)(E + Ed )

)
, (A7)

GBA(k) = 	A(a)

2π

(
2J (k)

〈
Sz

B

〉
(E − Eu)(E + Ed )

)
, (A8)

GBB(k) = 	B(a)

2π

(
E − μH + 2J (0)

〈
Sz

B

〉 − 2D
〈
Sz

A

〉
(E − Eu)(E + Ed )

)
, (A9)

GAB(k) = 	B(a)

2π

(
2J (k)

〈
Sz

A

〉
(E − Eu)(E + Ed )

)
, (A10)

where Eu and Ed are the magnon energies defined in Eq. (18). One can evaluate the spin correlation function [69], which is given
by

〈
eaSz

Bm S−
BmS+

Al

〉 = lim
ε→0

i
∫ +∞

−∞

[〈〈
S+

Al , eaSz
Bm S−

Bm

〉〉
E+iε − 〈〈

S+
Al , eaSz

Bm S−
Bm

〉〉
E−iε

]e−iE
(

t−t
)

eβE − 1
dE . (A11)

yAfter Fourier transformation of both sides of Eq. (A11) and using definition ψ (k, a) ≡ 〈(eaSz
B S−

B )(k)S+
A (k)〉, one can obtain the

diagonal elements of the spin correlation function,

ψ (k, a) = 	A(a)

4EH

[
2EH + [2J (0) + 2D]

(〈
Sz

A

〉 − 〈
Sz

B

〉)
e

Eu
kBT − 1

− {
2EH − [2J (0) + 2D]

(〈
Sz

A

〉 − 〈
Sz

B

〉)}( 1

e
Ed

kBT − 1
+ 1

)]
. (A12)

EH is defined in Eq. (19).
Next, we define

φ(k) ≡ 1

4EH

[
2EH + [2J (0) + 2D]

(〈
Sz

A

〉 − 〈
Sz

B

〉)
e

Eu
kBT − 1

− {
2EH − [2J (0) + 2D]

(〈
Sz

A

〉 − 〈
Sz

B

〉)}( 1

e
Ed

kBT − 1
+ 1

)]
. (A13)

Here,  ≡ 1
N

∑
k φ(k) and ψ (a) ≡ 1

N

∑
k ψ (k, a). As a result,

ψ (a) = 	A(a). (A14)

The commutation relation defining 	A(a) is simplified by the identity [S+
A , (Sz

A)n] = {(Sz
A − 1)n − (Sz

A)n}S+
A . Hence,

	A(a) = 2
〈
eaSz

A Sz
A

〉 + (e−a − 1)
〈
eaSz

A S+
A S−

A

〉
. (A15)

By the identity Sz
A = SA(SA + 1) − (Sz

A)2 − S−
A S+

A , we substitute S+
A S−

A by terms of Sz
A,

	A(a) = SA(SA + 1)(e−a − 1)
〈
eaSz

A
〉 + (e−a + 1)

〈
eaSz

A Sz
A

〉 − (e−a − 1)
〈
eaSz

A
(
Sz

A

)2〉
. (A16)

Next, we introduce the quantity �(a) ≡ 〈eaSz
A〉 and the notation D ≡ d

da ,

	A(a) = SA(SA + 1)(e−a − 1)�(a) + (e−a + 1)D�(a) − (e−a − 1)D2�(a) (A17)

and

ψ (a) = 〈
eaSz

A S−
A S+

A

〉 = SA(SA + 1)�(a) − D�(a) − D2�(a). (A18)

The differential equation of �(a) can be solved,

�(a) = 2SA+1e−SAa − (1 + )2SA+1e(SA+1)a

[2SA+1 − (1 + )2SA+1][(1 + )ea − ]
. (A19)

Finally, the sublattice magnetization is

D�(a = 0) = 〈
Sz

A

〉 = (SA − )(1 + )2SA+1 + (SA +  + 1)2SA+1

(1 + )2SA+1 − 2SA+1
. (A20)

In the absence of a magnetic field, Ed = Eu = E0 which can be derived from Eq. (12).
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