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The magnetocaloric effect (MCE) plays a major role in magnetic refrigeration. However, a large MCE near
room temperature has rarely been observed in the fast-growing family of two-dimensional (2D) materials. Using
2D non-van der Waals crystals, herein we design an intrinsic and physically realistic system to achieve a large
MCE. Based on first-principles calculations, we identify that 2D MnCoAs is a robust ferromagnetic metal, whose
specific heat shows anomalous bimodal behavior. The MCE in 2D MnCoAs generates a Curie temperature of
214-221 K, a magnetic entropy change of 1.4—4.3Jkg~! K~!, a relative cooling power of 28.4—244.5Jkg~!,
and a full width at half maximum of the entropy change peak of 20-57 K for a magnetic field change of 1-7 T. For
comparison, the value of magnetic entropy change is 0—0.2 Jkg~! K~! in bulk MnCoAs. Obviously, the reduced
dimensionality leads to a significant improvement in the MCE. In addition, 2D MnCoAs is highly ductile, which
is conducive to magnetic refrigeration cycling stability. We also show that a 2D MnCoAs crystal can be grown
on a Si (001) substrate while it retains its MCE value, paving an avenue to the desired goal of on-chip cooling.
Our results provide not only an alternative MCE thin film for cooling applications in nanodevices, but also a
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fundamental understanding of the impact of reduced dimensionality on MCE.
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I. INTRODUCTION

The magnetocaloric effect (MCE) is defined as the temper-
ature change of a magnetic material upon applying an external
magnetic field. There has been great interest in utilizing this
effect for magnetic refrigeration, which provides the prospect
of an environmentally friendly and cost-effective cooling
technology alternative to conventional vapor compressor re-
frigeration [1,2].The rapid development of two-dimensional
(2D) magnetic materials over the past decade has opened an
avenue for their potential use in nanoscale cooling, lab-on-
chip cooling, thermal switches, and microrefrigerators [3,4],
satisfying the trend for miniaturization of devices.

Most three-dimensional (3D) magnetocaloric materials
with large MCE have a first-order magnetostructural transi-
tion, resulting from their strong spin-lattice interaction [5].
For the 2D systems, the effect of the reduced dimensionality
on the magnetic and magnetocaloric response of materials
remains unclear. Recently, the MCE on magnetic films includ-
ing FeRh, Fe,Ta, EuTiO3, Gd;gp_,Co, and Mn-Ni-X systems
has been reported [6—11]. In general, the decrease in dimen-
sionality of magnetic materials leads to a decrease in Curie
temperature (7¢), saturation magnetization, and the magnitude
of magnetic entropy change [8,12]. For example, Hung et al.
reported that MnP film have a low MCE of 0.6Jkg™! K~!
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compared to bulk compounds [13]. Moreover, the quality of
the films also affects the evaluation of their magnetocaloric
properties. Lampen-Kelley et al. showed that the MCE in
EuO;_; thin films is sensitive to the oxygen vacancies [14].
Compared with the MCE of intrinsic magnetocaloric materi-
als, the proximity-induced MCE is generally not robust [15].
Simultaneously, the experimentally measured critical temper-
atures of 2D magnetocaloric films such as GdsSi; 3Ge;, 7 [16],
[(CH2),(NH3),]CuCly [17], (C12HasNH;),CuCly [18], and
oxalate-bridged Gd-based MOF [19] are 194, 34, 13, and 2 K,
respectively. Such low magnetic transition temperatures sig-
nificantly hinder the application of magnetic devices at room
temperature.

Compared to 2D van der Waals (vdW) compounds, 2D
non-vdW materials are derived from a nonlayered bulk coun-
terpart with strong chemical bonds in all three dimensions,
rather than weak interlayer vdW interaction [20]. Recent
experiments have made a significant breakthrough in the
synthesis of high-quality 2D non-vdW magnetic materials.
This emerging family of 2D materials has many advantages
in the context of designing magnetocaloric materials with
large MCE. Using advanced synthesis techniques, such as
chemical vapor deposition (CVD) and molecular beam epi-
taxy (MBE), a number of high-quality 2D non-vdW magnetic
materials have been recently obtained, including 2D Cr,X,
(X = Te and Se) [21-26], FeX [27,28], and o-MnSe, [29]
ultrathin films. These systems exhibit robust ferromagnetism
with a high Curie temperature (7¢) of 125-367 K. In addition,
2D non-vdW materials exhibit good electronic and thermal
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conductivity and high mechanical strength [30-32], suggest-
ing their great potential as magnetocaloric materials with high
thermal cycling stability. In addition, the surfaces of 2D non-
vdW materials possess abundant dangling bonds. Hence, their
MCE may be improved by structural modifications, such as
decoration with metal atoms, surface passivation, and forming
heterostructures [20]. All these suggest that a large MCE
could emerge in 2D non-vdW compounds.

In this paper, we predict the 2D non-vdW ferromagnetic
metal MnCoAs from first-principles calculations. It has good
thermal stability, excellent ductility, and an appreciable Curie
temperature up to 221 K. The coexistence of a large mag-
netic moment (3.3 uz/Mn) and a weak out-of-plane magnetic
anisotropy energy (0.17 meV /formula) allows easy control of
the polarization of MnCoAs ultrathin film under an external
magnetic field, while Mn-Co interaction could act as an ad-
ditional internal field to further polarize the Mn ions when
an external field is applied. These two polarization mecha-
nisms cause abnormal bimodal behavior in the specific heat
of 2D MnCoAs. Therefore, 2D MnCoAs has a large magnetic
entropy change, a high relative cooling power (RCP), and a
wide operating temperature range. Moreover, 2D MnCoAs
crystal might be grown on a Si (001) substrate and retains
its magnetic properties. To clarify the dimensional effect, the
critical MCE parameters of bulk MnCoAs are also calculated
for comparison. A similar magnetocaloric response and even
larger MCE (AS,, = 4.7Jkg~' K~!) were observed in 2D
MnNiAs.

II. COMPUTATIONAL METHODS

Our calculations were performed using spin-polarized den-
sity functional theory (DFT) with plane-wave basis sets
(cutoff energy of 600 eV), as implemented in the Vienna
ab initio simulation package (VASP) [33,34]. Projector aug-
mented wave (PAW) potentials were used to describe the
ion-electron interactions [35]. Exchange-correlation inter-
actions were described using the Perdew-Burke-Ernzerhof
(PBE) functional within generalized gradient approximation
[36]. A vacuum space of 15 A thickness was added to avoid
interactions between repeated images with periodic boundary
condition. The reciprocal space was sampled with 0.02 A~!
spacing in a Monkhorst-Pack scheme for structural optimiza-
tion. Both the lattice constants and atomic positions were fully
relaxed until the force was less than 1072eV/A~! and the
change in total energy was less than 107%eV, respectively.
Phonon dispersion calculations were carried out using the
finite displacement method implemented in the PHONOPY pro-
gram [37]. To confirm the thermal stability of the MnCoAs
compound, ab initio molecular dynamics (AIMD) simulation
within the NVT canonical ensemble was performed [38]. Dur-
ing the AIMD simulation, a 5 x 5 x 1 supercell was kept at
300 K, and the simulation lasted for 5 ps with a time step of 1
fs.

Regarding nearest-neighbor magnetic-exchange interac-
tions, the Hamiltonian of a classical Heisenberg model can
be written as

n=—Y JMM; =Y LMM, =Y JsMuM,, (1)
i,j k,l m,n

where J;, J», and J; are the first, second, and third nearest-
neighbor exchange parameters, respectively, and M is the on-
site spin magnetic moment. Meanwhile, magnetic anisotropy
energy (MAE) is defined as [39]

MAE = E([ll] — Eiot[-L], @

where E[||]] and Ey[L] are the total energies of states, with
magnetization directions parallel and perpendicular to the
horizontal plane, respectively. Monte Carlo (MC) simulation
is an effective approach for computing the magnetothermal
properties of a system at finite temperatures. Here we used a
Potts-like Ising model to perform the MC simulation [40] (see
Supplemental Material Scheme 1 for more details [41]; also
see [42—46] therein).

III. RESULTS AND DISCUSSION

Inspired by the experimentally demonstrated Mn-based
magnetocaloric materials [13,47-50], we explore the possible
MCE in a 2D non-vdW crystal of MnCoAs. Supplemen-
tal Material Fig. S1 [41] depicts the atomic structures and
equation of state of several possible phases of the MnCoAs
crystal, including orthorhombic (no. 62) [51], hexagonal (no.
189), cubic (no. 216), and tetragonal (no. 129) ones, some of
which are taken from MnNiAs and MnFeAs solids. Among
them, our DFT calculations show that the tetragonal phase is
energetically most stable under ambient conditions, and the
calculated phonon dispersion indicates its dynamic stability.
Inheriting from its 3D counterparts, 2D MnCoAs down to
single unit cell thickness crystallizes in a tetragonal lattice
with P4/nmm space group and lattice constant of a = 3.58 A
[Fig. 1(a)]. It has a multilayer configuration comprising a
Co atomic layer sandwiched between bottom and top MnAs
layers. Specifically, each Mn/Co atom is surrounded by four
As atoms, forming a tetrahedral CoAs, unit and square planar
MnAsy unit, respectively.

To assess the thermodynamic stability of 2D MnCoAs, we
compute its formation energy, E; = Emncoas — Evn — Eco —
Exs, where Eyg, Eco, and Eag are the energy per atom of
Mn, Co, and As in their most stable elemental phase, respec-
tively. The formation energy of 2D MnCoAs is calculated
to be —0.02 eV /atom, meaning that the chemical synthesis
reaction should be exothermic. In Supplemental Material Fig.
S2 [41], the calculated phonon dispersion shows an absence
of soft phonon modes. As displayed in Supplemental Material
Fig. S3 [41], after 5 ps AIMD simulation at 300 K, the 2D
MnCoAs supercell retains its geometric structure well. In
addition, three nonzero 2D elastic constants (Cy1, Caz, and Ceg)
satisfy the Born-Huang criteria [52]. (Supplemental Material
Table S1 [41]) All these results confirm the thermal, thermo-
dynamic, dynamic, and mechanical stability of 2D non-vdW
MnCoAs.

Figure 1(b) presents electronic band structure of 2D Mn-
CoAs, showing evident metallic characteristics. According to
the atom-projected density of states in Fig. 1(c), such metallic-
ity arises from both Co and Mn atoms. Figures 1(d) and 1(e)
show the projected density of states (PDOS) for Co 3d and
Mn 3d orbitals. Clearly, the electronic state at the Fermi level
is dominated by both the d,. /dy, orbital of the Co atom and the
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FIG. 1. (a) Side and top views of 2D MnCoAs. The pink, gold, and green spheres correspond to Mn, Co, and As atoms, respectively.
(b) Electronic band structure. Orange and blue lines represent the spin-up and spin-down bands, respectively. (c) Total and orbital-projected
densities of states for Mn, Co, and As atoms, respectively. The d orbital resolved density of states for (d) Co and (e) Mn atoms in 2D MnCoAs.

The Fermi level (black dashed line) is set to zero.

dy>— o orbital of the Mn atom. The electronic behavior in 2D
MnCoAs is further revealed by the charge density and electron
localization function (ELF) in Supplemental Material Fig. S4
[41], showing that the electrons are localized around the Mn
and Co atoms. Compared to the Co atom, the electrons on
the Mn atom are more localized. The calculated Bader charge
indicates a net charge transfer of about 0.6 electrons from
each Mn atom to its surrounding As atoms. In other words,
both localized and itinerant electrons are present in the 2D
MnCoAs compound.

To determine the most favorable magnetic ordering,
ferromagnetic (FM), ferrimagnetic (FiM), and various anti-
ferromagnetic (AFM) configurations for 2D MnCoAs have
been examined in Supplemental Material Fig. S5 [41]. The
calculated energy differences among different magnetic con-
figurations are summarized in Supplemental Material Table
S2 [41], suggesting the FM ground state for 2D MnCoAs.
As presented in Supplemental Material Fig. S6 [41], which
shows the spin density distribution of 2D MnCoAs in FM
configuration, the magnetism originates mainly from both Mn
and Co atoms. As discussed above, each Mn atom sits inside
a square planar crystal field formed by four neighboring As
atoms. Under Dy, symmetry, the crystal field splits the Mn 3d
orbitals into four states: d../d,., dxy, dxa—y», and d;, orbitals.
However, the Co atom resides in a distorted tetrahedral coor-
dination because of its 7; symmetry breaking by neighboring
Mn atoms. In the tetrahedral crystal field, five degenerate d
orbitals of the Co atom should be split into a; states (d,»
and dy;_,») and a, states (dyy, d,;, and d,;). Distortion of the
tetrahedral CoAs, unit leads to further splitting of the a; and
a levels; consequently, the d,y, d», and dy,_,, orbitals are
no longer degenerate. As shown in Fig. 2, the d\,_,» and
dy./d,, orbitals of the Co atom are fully occupied in both

spin-up and spin-down channels, while d,, and d,, orbitals
are roughly half occupied, resulting in a magnetic moment of
0.2 up for the Co atom. Five d orbitals of the Mn atom in the
spin-up channel are fully occupied, while the d, and d../d,,
orbitals in the spin-down one are partially filled, giving rise to
a magnetic moment of 3.3 p; for the Mn atom. This picture
is also supported by the occupation numbers of Mn d and Co
d orbitals (Supplemental Material Table S3 [41]). In addition,
magnetic anisotropy energy (MAE) is an important param-
eter of a 2D ferromagnet, which preserves long-range FM
ordering. From our noncollinear calculations with inclusion
of the spin-orbital coupling (SOC) effect, the MAE value in
2D MnCoAs is 0.17 meV per formula, favoring perpendicular
anisotropy.

Based on the above discussion about electronic behav-
ior, we inferred that the FM ground state of 2D MnCoAs
originates from the coexistence of itinerant and localized mag-
netism. On one hand, the itinerant electrons in the dy, orbital
of Co atoms favor intralayer Co-Co FM coupling. On the other
hand, for localized exchange coupling, there is competition
between direct- and indirect-exchange coupling. The direct-
exchange interaction arising from the overlap of electronic or-
bitals of the Mn-Co pair is short range. Meanwhile, long-range
indirect-exchange coupling is rationalized by Ruderman-
Kittel-Kasuya-Yosida (RKKY) and superexchange mecha-
nisms. The on-site magnetic moments interact effectively
through an indirect-exchange process mediated by either As
atoms or conduction electrons [46,53]. Previously, the above
magnetic coupling mechanisms have also been found in
tetragonal solids of Fe,As and MnFeAs [54,55]. In 2D Mn-
CoAs, Mn-Co and Co-Co coupling prefer FM coupling, while
indirect Mn(Co)-As-Mn(Co) and Mn-Co-Mn exchange inter-
action favor AFM coupling. The detailed magnetic-exchange
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FIG. 2. Schematic structure of (a) square planar and (b) tetra-
hedral coordination in 2D MnCoAs compound. Schematic repre-
sentation of d orbital splitting of (c) Co and (d) Mn atoms. (e)
Side view showing magnetic-exchange parameters Ji, J,, and J3 in
a 2D MnCoAs crystal. (f) Schematic representation of the exchange
parameters J3, together with the magnetic paths for these parameters
in 2D MnCoAs.

paths and evolution of magnetic interactions in 2D MnCoAs
are discussed in Supplemental Material Scheme 2 and Figs. S7
and S8 [41].

In 2D MnCoA:s, there are three types of exchange interac-
tions between magnetic ions, corresponding to first, second,
and third nearest neighbor exchange constants Jj, J>, and
J3, as shown in Fig. 2(e). A positive J favors FM ordering,
while a negative J favors AFM ordering. For nearest-neighbor
intralayer Co-Co exchange (2.53 A), the itinerant magnetism
yields a value of 23.4 meV for J;. Another shortest interaction,
the second nearest neighbor Mn-Co interlayer exchange with
interatomic distance of 2.55 10\, involves significant orbital
overlap and may be identified as the direct-exchange pathway.
Therefore, the calculated J, value is 8.1 meV, giving rise to
FM coupling. However, the shorter Co-As and Mn-As bonds
mean that long-range magnetic coupling in the third near-
est neighbor Mn(Co)-Mn(Co) exchange (3.58 A) is mediated
by Mn(Co)-As-Mn(Co) superexchange coupling. Moreover,
the third-nearest Mn-Mn exchange interaction also occurs
across the square of the Co atoms, which is a combination
of RKKY and superexchange interaction. The competition
between 90° Mn(Co)-As-Mn(Co) AFM superexchange and

Mn-Co-Mn RKKY interaction leads to a J3 value of —0.9
meV.

As an intrinsic feature of magnetic materials, the MCE
of 2D MnCoAs has been further examined. Compared with
other 2D magnets, the following features make 2D Mn-
CoAs especially attractive as magnetocaloric material. The
relatively large magnetic moment of the Mn ion (3.3 ug)
means that it can be easily polarized by a moderate external
magnetic field. Simultaneously, a weak magnetic anisotropy
(0.17 meV /formula) allows rapid switching between ordered
and disordered magnetization states under an external field,
which is essential to induce large magnetic entropy change.
As shown in Fig. 3(a), when an external field (A#h) is applied,
the total magnetization (M) increases gradually with de-
creasing temperature, rather than saturating quickly below T¢.
This phenomenon is distinctly different from that in typical
ferromagnets [56]. In Figs. 3(b) and 3(c), one can see that
the magnetization of the Co sublattice indeed behaves like a
typical ferromagnet that has full magnetization under T, but
the magnetization of the Mn sublattice occurs obviously more
slowly than the Co sublattice. Compared with the magnetic
response curve of the entire 2D MnCoAs, the change of total
magnetization with magnetic field is mainly determined by the
Mn sublattice. The slow polarization of Mn ions leaves room
for a slight increase in the magnetic moment under an external
field at low temperatures below T¢. Therefore, a large mag-
netic entropy change is expected (Fig. 3). Our MC simulation
confirms that 2D MnCoAs yields a high 7 of 214 K. Because
of the strong intralayer ferromagnetic Co-Co interaction (J;),
the Co sublattice is almost saturated around 7-. Meanwhile,
the Mn-Co ferromagnetic interaction (J,) makes the fully
polarized Co sublattice more resistant to thermal fluctuation.
These two factors together lead to the high 7¢ value of 214 K.
Furthermore, the T value monotonically increases with the
external field up to 221 K (AR =7T).

Figures 3(d)-3(f) display the magnetic specific heat AS,,
and RCP of 2D MnCoAs. Interestingly, the specific heat
exhibits abnormal bimodal behavior; that is, the magnetic
specific heat does not drop sharply below 7¢, but has a
shoulder at low temperatures (7,). Such bimodal behav-
ior is insensitive to the external field. Due to the unique
bimodal behavior, 2D MnCoAs has a wide operating tem-
perature range from 20 K (Ah=1T) to 57 K (Ah=7
T). In general, the magnetocaloric films exhibit a wide AS,,
temperature distribution, resulting in a large RCP value,
but the AS,, value could decrease significantly. However,
2D MnCoAs retains its huge MCE over a broad operat-
ing temperature range, corresponding to the peak width at
half height §Trwrm [57] in Figs. 3(e) and 3(f) (from 20 K
under 1 T magnetic field to 57 K under 7 T), compared
to that of GdsSi;3Ge,; films (24 K) [16]. The obtained
AS,, and RCP values are 1.4Jkg~!' K and 28.4Jkg~' under
a magnetic field of 1 T and 4.3Jkg™ 'K and 244.5Jkg™!
under 7 T, respectively. Notably, the AS,, value for 2D Mn-
CoAs is much higher than the values recently reported for
3D layered magnetocaloric materials such as Fe;_,GeTe;
(1.2Tkg 'K~ [58] and VI3 (0.95T kg~ K=1) [59]. In mag-
netocaloric films (Table I), the AS,, value of 2D MnCoAs
is slightly higher than that of MnP (0.2—0.7Jkg~!' K1)
[13] and Lagg;Sr33Mn0O; [10] films (0.6—1.5Jkg~' K1),

054427-4



MAGNETOCALORIC EFFECT NEAR ROOM ...

PHYSICAL REVIEW B 108, 054427 (2023)

©

5

4_
—_ )
3t S
3 s

g2f
5 g

—
T

n

IS

w

N

[un

-ASmag (J/Kg-1 K-1)

ok . . ) ot ; ; : . 0 ! " \
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
(b) T (K) (d T (K) ® T (K)
. , [ — . , . — . : . 350 70
-@- RCP
300 -@- T rwaym 160
/o
g 1 8250} - /0 o 150 &
= —_ ] ¥ o o
E : S 0| AT A 13
S S 1 & 150l 2 o E
) T 150 ° 30
. g 1 & rd ¢ G
Q 100 o Qo 208
sof Y 10
1 0,
0 50 0 ' 0

100 150 200 250 300 350 400 0 50
T (K)

100 150 200 250 300 350 400
T (K)

<
-
N~
w
o~
wn
(=)
2
o

AR (T)

FIG. 3. Magnetization of (a) total, (b) Co, and (c) Mn atoms in 2D MnCoAs as a function of temperature from Monte Carlo simulations.

(d) Specific heat C,, and (e)

Compared to conventional magnetocaloric films, 2D MnCoAs
shows excellent MCE with a RCP value of 244.5 J kg~! which
is higher than EuTiO; (152Jkg™") [7], EuO;_s (223Jkg™!)
[14], Gdgo_<Co, (106—158Tkg~") [11], and GdsSi; 3Ge,;
(212Jkg™") [16] films. Moreover, 2D MnCoAs has a much
higher critical temperature (214-221 K) than Gd-based 2D
MOF [19] and Cu-based inorganic-organic hybrids [17,18]
(Ty =2-34K, Tr = 12 K).

To disclose the origin of abnormal bimodal behavior of
specific heat and the pronounced MCE in 2D MnCoAs, the
total energy is divided into four parts: H = H&) co T Hg)) Co
+ HCO—Mn + HMn—Mn:

(1 Aca  MBgh A
Hey_co = =N Zsi Sj - ) ZS[ ’ (3

TABLE I. The critical magnetic transition temperature 7 (K),
magnetic entropy change AS,, Jkg~!' K=!), and RCP (J kg™ ') values
of common magnetocaloric films.

T AS,, RCP Reference
MnCoAs 214-223 1.4-49 28.4-3247 Present
work
EuTiO; 3 24 152 [7]
EuO,_; 142-144 64 223 [14]
MnP 275-300 0.2-0.7 13.1-29.5 [13]
Lag6751033Mn0O; 312-321 0.6-1.5 34.2-50.2 [10]
FeRh 350 20 - [9]
Gdgo_.Co, 180-337 1.3-2.6 106-158 [11]
Gd;5Si; 3Ge, 7 192 8.8 212 [16]
[(CH,),(NHj3),]CuCly 34 0.1 2 [17]
(C12Hy5NH;3),CuCly 13 1.9 4.2-18.2 [18]

—AS,, for 2D MnCoAs. (f) RCP and 8 Trwim as a function of Ak for 2D MnCoAs.

upgh
HE =Y s - s @

(m,n)

1pghy"; S
Co Mn — ‘IZZSASB Z(SB)Z_%’

Q)
hz
Mn Mn — ‘132 :SBSB _z:(S?)z_% i SIB

(m,n) i
(6)

As shown in Fig. 4, the competition among different
parts of energies induces a magnetic phase transition at T¢
as well as a low-temperature anomaly. Héi))_ co and Hey ypo
mainly contribute to the magnetic specific heat, suggesting
that the magnetic behavior of 2D MnCoAs depends mainly
on both Co-Co and Mn-Co interaction. As the magnetic field
increases, the maximum of BH&)_ co/ 0T shifts towards the
high-temperature end, indicating that Co-Co interaction (J;)
provides a higher magnetic transition temperature than Mn-Co
interaction. As discussed above, the ferromagnetic transition
around 7¢ is a consequence of the magnetic behavior of
completely ordered Co ions and partially polarized Mn ions.
Because of J; > J, and the relatively large spin moment of
the Mn ion, the magnetic moments of Co and Mn sublat-
tices evolve at a different rate below 7. When the Co ions
form ferromagnetic ordering, they provide an internal field
that enhances the polarization of the Mn ions through Mn-
Co interaction. Simultaneously, the more polarized Mn ions
make the ordered on-site moments of Co ions more robust
against thermal perturbation through the Mn-Co interaction,
resulting in a higher T¢ of 214-221 K. Both 0H,_),,/97T and
0Hy, o /07 exhibit an anomalous magnetic specific heat
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at a temperature of 7, = 60 K, indicating that the bimodal
behavior mainly originates from the Mn ions. Before the
Mn ions become completely saturated at 7,, the continued
polarization of Mn ions below T¢ slowly reduces the magnetic
specific heat. Because of the large spin moment of the Mn
ions, the completely saturated Mn ions at 7, possess high ther-
mal stability, meaning the anomaly at T}, is barely influenced
by an external magnetic field.

As a matter of fact, the magnetocaloric effect reflects the
interaction mechanism between magnetic ions. Specifically,
Co-Co interaction provides a relatively high 7, and the 25 +
1 magnetic levels of Mn ions are all occupied at zero field
due to its weak anisotropy. This produces high entropy and
large magnetic moment, making 2D MnCoAs easily polar-
ized by an external magnetic field. The Mn-Co interaction
provides an external field to further polarize the Mn ions.
Therefore, the MCE has a wide operation temperature span
of 20 K (Ah=1T) to 57 K (Ah =7 T), which benefits
from the unique bimodal behavior of specific heat, higher AS,,
(1.4—4.3Jkg ' K~!)and RCP (28.4—244.5J kg~'). All these
features hold great promise for application as a refrigerant.
Besides 2D MnCoAs, similar crystal structure and bonding
properties are also obtained for 2D MnNiAs. As shown in
Supplemental Material Fig. S9 [41], 2D MnNiAs is also a
promising magnetocaloric material which has an even higher
AS,, value (4.7Jkg~! K~!). This result further validates the
universality of our proposed mechanism.

Next, it is highly desirable that 2D MnCoAs can be exper-
imentally synthesized. To date, CVD is a standard technique
to fabricate 2D crystals from nonlayered bulk materials. For
example, 2D non-vdW crystals of CrTe, CrSe, Cr,Tes, FeTe,
and CrsTeg were successfully prepared on Si/SiO; substrate
using CVD [21,24,25,27,60]. Thus we speculated that a sim-
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ilar approach could be used to synthesize 2D MnCoAs. A
4\/5 X 3\/5 supercell of a MnCoAs sheet was matched to a
3 x 4 supercell of a Si (001) substrate with a lattice mismatch
of 1.2% and 1.4% for the a and b directions, respectively.
As shown in Supplemental Material Fig. S10 [41], placing
a 2D MnCoAs sheet on a Si (001) surface yields good lat-
tice commensurability with minor structural distortion. The
calculated binding energy for a MnCoAs sheet on a Si (001)
substrate is —0.15 eV/atom, which is comparable to that
of graphene on Cu (111) (—0.1 eV/atom) [61]. The small
lattice mismatches and weak binding energy suggested the
feasibility of experimental realization by epitaxial growth.
Additionally, we examined the effect of the substrate on the
magnetic behavior of 2D MnCoAs. On the Si substrate, the
magnetic moment of the Mn atom remains 3.3 ug, and the
energy differences between FM and various AFM states still
ensures the FM ground state of the supported MnCoAs (see
Supplemental Material Table S4 [41]). As shown in Sup-
plemental Material Fig. S11 [41], the Si substrates provide
the injection of holes into the MnCoAs film, enhancing the
itinerant magnetism that made its 7¢ value increase to 667 K
[62]. However, the hole injection also decreases the Mn-Co
interaction (0.11 meV), weakening the MCE, and the reduced
AS,, is 0.4Jkg™' K~!. As shown in Supplemental Material
Fig. S12 [41], the operating temperature range of MnCoAs
is broader than that of other magnetocaloric materials due to
the bimodal behavior, which explains the higher RCP values
of 153Jkg~! in the MnCoAs/Si film. Therefore, the Si (001)
substrate not only provides suitable support for depositing 2D
MnCoAs compounds, but also provides an extra degree of
freedom to tailor the magnetic properties.

Our findings for 2D MnCoAs should help improve the
cycling stability required to obviate the mechanical brittleness
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inherent to typical magnetocaloric materials, e.g., GdsSi,Ge,
Heusler alloys, and La(Fe, Si);5 [63]. To this end, we inves-
tigated the mechanical properties of 2D MnCoAs in terms
of ideal strength and fracture toughness. The stress-strain re-
sponse under biaxial tensile strains for 2D MnCoA:s is plotted
in Supplemental Material Fig. S13 [41]. The ideal strength is
10 GPa, and the critical breaking strain is about 30%. Such
value is advantageous compared to other 2D magnets, such as
Crl; and CrCl; whose highest sustained strains of 6.5% and
6.0% and ideal strength of 3.6 and 2.2 Gpa, respectively [64],
indicate a highly ductile deformation behavior.

To obtain a more general overview of the dimensional
effect on the magnetic behavior of the MnCoAs compound,
we further study the MCE in bulk MnCoAs for comparison.
In bulk MnCoAs, the evaluated T value is 245 K, which is
slightly higher than 2D MnCoAs. The MAE value of bulk
MnCoAs is increased to —0.4 meV per formula, which favors
the in-plane anisotropy. (see Supplemental Material Table S5
[41]) The increased MAE value could counteract thermal fluc-
tuations and reduce the MCE performance in bulk MnCoAs.
Compared to 2D MnCoAs, there is an additional interlayer
AFM Mn-Mn interaction (—1.03 meV) in bulk MnCoAs. The
existence of interlayer Mn-Mn coupling not only enhanced
the AFM coupling in bulk MnCoAs but also made the bi-
modal behavior disappear (see Supplemental Material Fig.
S14 [41]). Moreover, the magnetic moment of the Mn ion
(3.0 up) is decreased. The increased MAE value, decreased
magnetic moment, and disappearance of the bimodal behav-
ior result in a very small MCE in bulk MnCoAs (AS,, =
0—0.2Jkg~! K~"). Therefore, the reduced dimensionality of
MnCoAs material could improve its MCE, which is differ-
ent from previous reported magnetocaloric material such as
Lag7CagsMnO; films [12].

IV. CONCLUSION

In summary, we proposed 2D tetragonal non-vdW Mn-
CoAs as a promising magnetocaloric material with high

cycling stability. Due to direct Co-Co and Mn-Co exchange
interactions, the predicted 2D MnCoAs exhibits robust fer-
romagnetism with Curie temperature up to 214 K and large
magnetic moment of 3.3 uz/Mn atom, weak MAE of 0.17
meV /formula along the out of plane direction (which pro-
duces a high magnetic entropy change), and an anomalous
bimodal specific heat curve. Under an external magnetic field,
the Co-Co interaction provides high transition temperature,
while the Mn-Co interaction further polarizes the Mn ions.
Therefore, 2D MnCoAs possesses an excellent MCE with
a high AS,, value of 1.4—4.3Jkg ' K~!, a high RCP of
28.4—244.5Tkg™", and a wide operation temperature range
of 20-57 K. Encouragingly, 2D MnCoAs can be grown di-
rectly on a Si (001) substrate and it still retains the desired
magnetic properties, endowing 2D MnCoAs as a promising
candidate for on-chip cooling. To confirm the universal-
ity of this design strategy, another 2D non-vdW compound
with same structure, i.e., MnNiAs, was also identified as a
promising magnetocaloric material with large MCE (AS,, =
47Jkg™! K. Moreover, compared to bulk MnCoAs, 2D
MnCoAs exhibits a more distinct MCE, compared to other
magnetocaloric materials. Our results not only highlight a
unique way to design superior magnetocaloric materials near
room temperature with large MCE, but also shed light on the
mechanism of magnetovolume coupling at low-dimensional
limits.
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