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Abstract

Magnetocaloric materials, which exploit reversible temperature changes induced by magnetic

field variations, are promising for advancing energy-efficient cooling technologies. The potential

integration of two-dimensional materials into magnetocaloric systems represents an emerging op-

portunity to enhance the magnetocaloric cooling efficiency. In this study, we use atomistic spin

dynamics simulations based on first-principles parameters to systematically evaluate how magne-

tocaloric properties transition from three-dimensional (3D) to two-dimensional (2D) ferromagnetic

materials. We find that 2D features such as reduced Curie temperature, sharper magnetic tran-

sition, and higher magnetic susceptibility are beneficial for magnetocaloric applications, while the

relatively higher lattice heat capacity in 2D can compromise achievable adiabatic temperature

changes. We further propose GdSi2 as a promising 2D magnetocaloric material near hydrogen

liquefaction temperature. Our analysis offers valuable theoretical insights into the magnetocaloric

effect in 2D ferromagnets and demonstrates that 2D ferromagnets hold promise for cooling and

thermal management applications in compact and miniaturized nanodevices.
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I. INTRODUCTION

Over the past few years, there has been significant interest in the exploration of novel

magnetic properties and their applications in two-dimensional (2D) magnets. [1–6] These

magnets have sparked numerous investigations, particularly in the context of their mono-

layer form. [7–12] The emergence of additional spin degrees of freedom compared to non-

magnetic 2D materials has presented fascinating possibilities in fields such as spintronics [13]

and magnetic memory devices. [14–16]. Fundamentally, these applications are enabled by

several unique physical characteristics of 2D magnets compared to their 3D counterparts.

For example, in van der Waals (vdW) layered lattices, a notable feature is the existence of

strong anisotropy in exchange interactions, with varying strengths along distinct spatial di-

rections. [17] In addition, 2D magnets exhibit conventional exchange interactions along with

novel and complex exchange interaction mechanisms such as super-superexchange, extended

superexchange, and multi-intermediate double exchange interactions. [18] The existence and

interplay of these various exchange mechanisms contribute to the rich and diverse landscape

of magnetic interactions in 2D magnets. Furthermore, in contrast to their bulk counterparts,

2D magnetism exhibits strong critical fluctuations that are sensitive to external perturba-

tions. [19] Practically, 2D magnets can be flexibly integrated into heterostructures, show

pronounced quantum confinement, and provide full tunability through an external electric

field or strain, showcasing the significant potential for voltage- or strain-controlled magnetic

applications.

Compared to the extensive efforts focused on 2D magnets for information technology [20–

23] and spintronics, [24–27] the study of other characteristic properties of 2D magnets and

their applications remains relatively underdeveloped. One example is the magnetocaloric

effect in 2D magnets and its potential application in magnetic cooling technologies. The

technology of magnetocaloric cooling is based on the magnetocaloric effect (MCE). [28–30]

By subjecting magnets to an external magnetic field, it is possible to achieve a reversible

change in temperature and entropy due to the alignment of the magnetic moments with the

external magnetic field. A cooling cycle can be constructed based on these processes. [31]

Bulk magnetocaloric materials have been widely used for cooling applications in space mis-

sions, astrophysics, low-temperature scientific experimentation, and as an environmentally

friendly alternative to vapor compression cycles. [32–36]
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In contrast, research on the MCE in layered van der Waals (vdW) materials and their 2D

monolayer limit remains scarce. Recent studies have focused on investigating the MCE in

bulk-layered vdWmagnets. These studies have reported figures of merit for MCE evaluation,

such as the isothermal magnetic entropy change (∆SM) and the adiabatic temperature

change (∆Tad). [37–42] ∆SM and ∆Tad can be determined by analyzing the magnetization in

relation to temperature and applied magnetic field, using thermodynamic Maxwell relations:

[43, 44]

∆SM(T,∆H) =

∫ Hf

Hi

(
∂M(T,H)

∂T

)
H

dH, (1)

and

∆Tad(T,∆H) =

∫ Hf

Hi

T

Cp

(
∂M(T,H)

∂T

)
H

dH, (2)

respectively, where ∆H = Hf − Hi is the change of the applied external field (Hf and Hi

are final and initial fields, respectively), Cp is the specific heat capacity under a constant

pressure, M is the magnetization, and T is the temperature. For example, MCE proper-

ties of the bulk crystals of the layered chromium halide family (CrI3, CrBr3, and CrCl3)

have recently been studied experimentally, showing great promise for practical applications

particularly at cryogenic temperatures. [37–40, 42] However, it remains unclear whether the

weak interlayer magnetic coupling contributes to their high MCE performance.

Furthermore, only a very limited number of studies have examined how the MCE prop-

erties differ in the bulk and the monolayer limit. Recently, He et al. [45] reported a giant

MCE and its strain tunability in monolayer magnets, including CrX3 (X = F, Cl, Br, and

I) and CrAX (A = O, S, and Se) compounds. Notably, CrF3 exhibits excellent MCE (max-

imum −∆SM ∼ 35µJ m−2K−1 and ∆Tad ∼ 11 K) at low temperatures, while CrOF and

CrOCl excel at medium temperatures. They further showed that MCE in these 2D magnets

can be enhanced by a compressive strain. Despite these promising results, a fundamental

understanding of how the reduced dimensionality impacts the magnetocaloric properties of

2D magnets is still lacking. For example, from Eqns. 1 and 2, ∆SM and ∆Tad sensitively

depend on the saturation magnetization, the Curie temperature, how the magnetization

changes with temperature near the Curie temperature, and the specific heat capacity, all of

which are qualitatively impacted by the reduced dimensionality in 2D magnets.

In this work, we investigate the MCE response in 2D magnets by employing atomistic

spin dynamics (ASD) simulation with exchange interaction parameters evaluated from first-
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principles density functional theory (DFT) calculations. In particular, we systematically

examine the influence of critical factors such as the weakening of interlayer exchange inter-

actions, the Curie temperature (TC), field-dependent saturation magnetization, and specific

heat capacity, revealing the mechanisms driving the difference between 2D and 3D bulk

materials in terms of the MCE. Through detailed studies of the MCE in model systems

such as CrX3 (X = F, Cl, Br, I) and GdSi2 monolayers, we show that 2D magnets exhibit

a lower Tc and sharper transition of magnetization with temperature near Tc due to weak-

ened interlayer vdW interactions and stronger critical fluctuations. These are beneficial for

obtaining a higher ∆SM and indicate that 2D magnetocalorics can potentially be driven by

a smaller external magnetic field. We also show that, although the magnetic specific heat

is suppressed in 2D magnets compared to 3D bulk materials, the phononic specific heat is

generally enhanced due to the flexural modes, limiting the enhancement in ∆Tad. Our work

provides a systematic physical framework to understand the characteristic behaviors of the

magnetocaloric effect in 2D magnets. Our work also suggests GdSi2 as a novel 2D mag-

net with promising magnetocaloric properties for applications near 20K, such as hydrogen

liquefaction. [46]

II. COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations were performed using the Vienna ab initio

simulation package (VASP), employing projected augmented wave pseudopotentials. [47,

48] Structural optimization was carried out using the Perdew-Burke-Ernzerhof form of the

generalized gradient approximation (PBE-GGA). [49] A plane-wave cut-off energy of 600 eV

was utilized for all calculations. We set the energy convergence criterion to 1 × 10−5 eV

and the force convergence criterion to 0.01 eV/Å. For the structural optimization of CrX3

(X = F, Cl, Br, I) and GdSi2, we employed Monkhorst-Pack k-point grids [50] of 8 × 8 ×

1 to sample the Brillouin zone. For accurately determining the energy differences between

different magnetic configurations, a denser k-grid of 12 × 12 × 1 was used.

ASD simulations were performed with UppASD code, [51] employing magnetic exchange

energies obtained from DFT calculations. The Monte Carlo method was utilized to esti-

mate the TC . This involves a system of 30 × 30 × 1 unit cells running for 10,000 steps at

each temperature, enabling the in-plane periodic boundary conditions to reach equilibrium.
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Next, the mean magnetization was extracted by a statistical average obtained over 10,000

steps. Temperature-dependent magnetization (M ∼ T) curves were generated using the spin

dynamics approach, while systematically increasing the external magnetic field to 5T with

a step size of 1T. Using these M ∼ T curves, TC values were estimated by fitting the curves

with M(T ) =
(
1− T

TC

)β

, where β denotes the critical exponent. The field-dependent M ∼

T curves are utilized to evaluate ∆SM using Equation 1.

The total specific heat (CT ) is another essential parameter for estimating the MCE perfor-

mance of materials and is typically determined as a combination of phononic (Cp), magnonic

(Cm), and electronic (Ce) contributions, expressed as:

CT = Cm + Cp + Ce. (3)

However, since the CrX3 monolayers are semiconductors, we can neglect the electronic

contribution (Ce), simplifying the expression to:

CT = Cm + Cp. (4)

We start by determining the magnetic energy (U) of the magnetic compound to derive

Cm i.e.

U = −
∑
ij

λijJ⃗i · J⃗j −
∑
i

gµBJ⃗i · hext. (5)

In this equation, the first term indicates the spin-spin exchange interaction, where λij is the

exchange interaction parameter and J⃗i denotes the total angular momentum of the magnetic

ions. The second term represents the Zeeman interaction of the total angular momentum

with the external applied field hext. To calculate the mean energy value ⟨U⟩ at a given

temperature, we employ

⟨U⟩ = 1

(NC −N0)

NC∑
i>N0

Ui, (6)

where NC and N0 represent the total number of Monte Carlo cycles and the number of cycles

used for thermalization, respectively. The mean square energy ⟨U2⟩ is obtained similarly to

Equation 6. Now, the magnetic heat capacity is calculated as

Cm(T, h
ext) =

⟨U2⟩ − ⟨U⟩2

kBT 2
, (7)

where kB is the Boltzmann constant. The simulations were performed using the UppASD

software, [51] which provides the magnetic heat capacity as one of the outputs.
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After determining the phonon frequencies via the frozen phonon method, we calculate the

constant volume phonon heat capacity (CV ) using the equation implemented in the Phonopy

code [52, 53]:

CV =
∑
qj

Cqj =
∑
qj

kB

(
ℏωqj

kBT

)2
exp(ℏωqj/kBT )

[exp(ℏωqj/kBT )− 1]2
, (8)

where q represents the wave vector, j is the band index, ωqj denotes the phonon frequency,

and ℏ is the reduced Planck’s constant. We approximate calculated CV as the constant-

pressure heat capacity Cp, as in the low-temperature regime of solids, CV ≈ Cp. [54] Next,

we estimate ∆Tad employing the calculated CT in Equation 2:

III. RESULTS AND DISCUSSIONS

A. Curie Temperature and Temperature-dependent Magnetization

First, we analyze how the transition from 3D to 2D affects the Curie temperature and

the temperature derivative of the magnetization at the Curie temperature. Both parameters

have a strong impact on the magnetocaloric entropy change ∆SM . For this purpose, we

choose the CrX3 family and simulate how their properties depend on the distance between

adjacent atomic layers. The general structural configuration of bulk CrX3 systems is depicted

in the inset of Fig. 1 (a), wherein six halide atoms are chemically bonded to a central Cr

atom, forming polyhedral units. The crystalline arrangement of CrX3 adopts a layered

structure within a rhombohedral lattice framework (space group R3). Table I provides the

calculated magnetocrystalline anisotropy energy (MAE) values for CrX3 monolayers, which

are in qualitative agreement with previous calculations. [45] Notably, the CrI3 monolayer

exhibits a substantial MAE of 0.643 meV, attributable to the pronounced influence of spin-

orbit coupling (SOC) within the iodine ions. In the case of CrX3, the out-of-plane MAE

energy is lower than the in-plane counterpart, thus establishing an easy axis orientation along

the out-of-plane c direction. Table I also presents the exchange interaction parameters (Ji,

where i designates the ith nearest neighbor). Here positive values of J denote a ferromagnetic

coupling within the monolayer structures. In the context of bulk CrX3, the strength of the

out-of-plane exchange coupling interaction, denoted as Jz, follows the hierarchy J1 > Jz

> J2 > J3. This result is in line with the experimental observation, where the out-of-
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Table I. The lattice constants, exchange energies (J1, J2, J3), magnetic anisotropy energies (MAE),

Curie temperatures (TC), and magnetic entropy changes (∆SM ) for CrX3 monolayers.

System Lattice constant J1, J2, J3 MAE (meV) TC −∆SM

(Å) (meV) (meV) (K) (J.kg−1.K−1)

CrF3 5.19 1.5, 0.06, -0.01 0.085 18 32.2

CrCl3 6.06 1.7, 0.3, 0.01 0.035 22 21.9

CrBr3 6.44 2.4, 0.5, 0.02 0.147 36 12.5

CrI3 7.01 2.7, 0.7, 0.04 0.643 48 7.1

plane interaction was found to be comparable to the in-plane interaction in bulk CrI3. [55]

The dominant source of the robust Jz coupling stems from the out-of-plane superexchange

interaction. [56] Jz gradually diminishes to a negligible value with an increase in the interlayer

separation distance, denoted as d in this work.

Figure 1(a) presents the magnetization versus temperature (M vs. T ) curves for various

d values in CrI3 [d = optimized (6.5), 8, and 20 Å]. In our analysis, the system with an

optimized d value represents the bulk configuration, while the system with d = 20 Å has

negligible interlayer interactions, thus approaching a 2D limit. The calculated TC values are

as follows: 58 K for bulk CrI3, 43 K for the 2D system, and an intermediate value of 51

K for d = 7 Å. Notably, the simulated TC value decreases as the d value increases. This

behavior is consistent with the expected trend, as the increasing distance between adjacent

layers weakens Jz. We have also performed similar ASD calculations for the freestanding

monolayer CrI3 using the optimized lattice constants. The TC value was estimated to be 48

K, in good agreement with the reported measured value of 45 K. [2] In general, a lower TC

gives rise to a higher ∆SM due to a stronger dependence of magnetization on temperature.

Next, we analyze the temperature-dependent magnetization in CrI3 as a function of d and

estimate the critical exponents (β) for each case. Determining critical exponents provides

valuable insights into the interactions occurring during the magnetic transition. It also di-

rectly affects the magnetocaloric entropy change, as ∆SM is determined by the “sharpness”

of the magnetization transition at the Curie temperature as suggested by Eqn. 1. Taroni
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et al. [57] conducted a thorough examination of critical exponents and established a typical

range of approximately 0.1 ≤ β ≤ 0.25 for critical exponent β in the context of 2D magnets

(2D Ising model gives a critical exponent of 0.125). [22] In contrast, 3D models provide a

critical exponent ranging from 0.3265 to 0.369. [22] Since a smaller critical exponent suggests

a sharper transition of the magnetization, the smaller critical exponent associated with 2D

magnets should lead to a higher ∆SM . To verify this hypothesis, we apply the Curie-Weiss

function, M ∼ (1 − T
TC

)β near the Curie temperature, to the magnetization data obtained

from ASD simulations conducted on CrI3 with different d values [Fig. 1(a)]. The estimated

β values are determined to be 0.34 for the bulk and 0.22 for the d = 20 Å configuration

[Fig. 1(b)], in good agreement with the expectation from analytical models. [22] The contin-

uously weaker out-of-plane interaction as a function of d makes the out-of-plane magnetic

moment alignment unstable, even at temperatures below the Curie temperature, leading to a

reduced value of β. [58] The β value for the monolayer system is estimated to be 0.20. These

values imply that the magnetic interactions within CrI3 exhibit a noticeable transition from

3D to 2D behavior as a function of d. This observation highlights the critical role played by

interlayer coupling in influencing the magnetic properties of this class of materials.

In the subsequent analysis, we verify that ∆SM is enhanced due to the decreased β

during the 3D to 2D transition. The calculated ∆SM values (with an applied magnetic

field of 5 T) as a function of d are given in Fig. 1(b). For bulk CrI3, the calculated ∆SM

value is ∼ -4.75 J kg−1 K−1. The notable overestimation of the computed ∆SM value in

comparison to experimental data (∼ -3.35 J kg−1 K−1) [42] could be ascribed to disparities

in sample preparation techniques and sample purity. Remarkably, there is an approximately

58% enhancement in the ∆SM value when transitioning from bulk to monolayer CrI3. The

computed value of ∆SM for monolayer CrI3 is ∼ -22 µJ m−2 K−1 (equivalent to ∼ -7.5 J

kg−1 K−1) under an applied magnetic field of 5 T [See Fig. 1(b)]. This enhancement is in

qualitative agreement with the previous report by He et al. [45] The enhancement in the

∆SM values observed during the transition from bulk to the 2D limit can be attributed to

two factors: (i) a lower TC value due to the weaker out-of-plane exchange interaction, and

(ii) a lower β value indicating a sharper transition in the M ∼ T curves, resulting in a higher

∂M
∂T

.
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Figure 1. Transition of the magnetocaloric properties from 3D to 2D in CrI3 by in-

creasing the interlayer distance. (a) Magnetization vs. temperature (M ∼ T ) curves for CrI3

with different interlayer distance (d). The inset shows the atomic structure of CrI3. The optimized

d value of 6.5 Åcorresponds to the bulk CrI3. (b) The critical exponent (β) and the magnetic

entropy change (∆SM ) values as a function of d for CrI3. The M ∼ T curve for free-standing CrI3

monolayer (ML) is also given as an inset of (a).

B. Sensitivity of the MCE to External Magnetic Field

Another important factor in MCE applications is the magnetic field required to drive the

MCE cycle. The sensitivity of magnetization to external magnetic fields has been observed

to be significantly higher in 2D ferromagnetic materials as compared to their bulk counter-

parts near the Curie temperature. [59–61] In the former, even minute magnetic fields have

demonstrated the capacity to induce a substantial increase in magnetization, consequently

facilitating the attainment of saturation magnetization at considerably lower field strengths.

This is due to stronger critical fluctuations near the magnetic transition in 2D magnets, [19]

which leads to a larger critical exponent γ for the divergence of the magnetic susceptibility

(χ ∼ |1− T
TC

|−γ) near the magnetic transition in 2D compared to 3D: 2D Ising model predicts

γ = 1.75 while 3D models predict γ in the range of 1.237 to 1.396. [22] To evaluate this effect

on the MCE in 2D magnets, Fig. 2 (a) shows the simulated isothermal magnetization curves

for both bulk and monolayer configurations of CrI3, spanning various temperatures around

the TC , i.e. 0.8TC , 1.0TC , and 1.2TC . A notable difference in saturation magnetization is

observed when comparing the characteristics of bulk and monolayer CrI3. Specifically, the

9



Figure 2. Field-dependent magnetic and magnetocaloric properties of bulk and mono-

layer CrI3. The normalized magnetization as a function of applied field for three temperatures

around TC i.e. 0.8TC , 1.0TC , and 1.2TC for both bulk and monolayer CrI3 systems. (b) The

normalized magnetic entropy change (∆SM ) values as a function of the applied field for bulk and

monolayer CrI3; the monolayer shows higher values even at lower applied fields.

magnetization was found to be higher in the monolayer configuration at a given field. Across

all temperature ranges, the monolayer exhibited a faster approach to saturation magneti-

zation at lower applied magnetic fields compared to the bulk configuration. In Fig. 2(b),

we compare the ∆SM values for bulk and monolayer CrI3 at various applied fields at TC .

Notably, even at lower applied fields, the CrI3 monolayer exhibits higher ∆SM values com-

pared to the bulk configuration. This suggests that higher ∆SM values can be achieved

with relatively lower external fields in a monolayer of vdW layered ferromagnets, another

potential advantage of 2D magnets for MCE applications.

C. Heat Capacity and Adiabatic Temperature Change

In addition to ∆SM , we also evaluate the impact of dimensionality on the adiabatic tem-

perature change ∆Tad. From Eqn. 2, a larger ∆Tad requires a lower total heat capacity. To

understand how ∆Tad evolves from bulk to the 2D limit, we simulate the magnetic-field-

dependent specific heat for both bulk and monolayer CrI3 to investigate the dimensionality

effect. The total specific heat capacity of a magnetic material typically comprises lattice,
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Figure 3. Heat capacities of bulk vs. monolayer configurations of CrI3: Phonon dispersions

for CrI3 are shown in (a) for the bulk and (b) for the monolayer configurations. The field-dependent

magnetic heat capacity (Cmag) for the CrI3 monolayer is shown in (c). In (d), the total heat

capacities (Ctot) are presented, with contributions from phonons (Cph) and magnetism (Cmag),

expressed as Ctot = Cph + Cmag.

electronic, and magnetic contributions. In semiconducting materials, the electronic contri-

bution is negligible due to the absence of free electrons, thus omitted in our specific heat

estimation. Figures 3(a) and (b) display phonon dispersions for bulk and monolayer CrI3,

affirming their dynamic stability (no imaginary frequencies are observed). Slightly softened

phonons are observed in 2D due to the reduced interlayer interaction. Additionally, the

out-of-plane flexural phonon mode with a quadratic dispersion emerges in the 2D limit.

Overall lower phonon frequencies (and thus, a lower Debye temperature TD) in 2D lead to a
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higher lattice heat capacity compared to that in 3D. Total heat capacities including lattice

and magnetic contributions for both bulk and monolayer forms are presented in Fig. 3(c).

Notably, heat capacity exhibits sharp discontinuities at 58 K and 48 K for bulk and mono-

layer CrI3, respectively, due to magnetic transitions. Our analysis reveals that the magnetic

contribution dominates at low temperatures (T < 15 K) and the magnetic heat capacity

has similar values in bulk and 2D. Overall, due to the higher lattice heat capacity, 2D mag-

nets have a slightly higher total heat capacity, which can reduce the enhancement of ∆Tad.

To summarize our discussion so far, the 3D to 2D transition leads to (1) a lower Curie

temperature and a reduced critical component, both of which contribute to an enhanced

magnetocaloric entropy change ∆SM ; (2) a lower required magnetic field to drive an MCE

cycle; (3) a slightly increased lattice heat capacity that will reduce the enhancement in ∆Tad.

D. GdSi2 - 2D Magnet with Exceptional MCE Performance

Based on our understanding of the MCE effect in 2D magnets, we aim to discover new 2D

magnets with promising MCE properties. In this section, we focus our attention on the MCE

properties of a 2D rare-earth magnet GdSi2, whose monolayer has been recently grown on a

Si(111) surface. [62] Each GdSi2 monolayer can be conceptualized as a freestanding silicene

monolayer forming a honeycomb lattice, with Gd atoms fully covering the central position

of each hexagon of Si atoms. Notably, the GdSi2 monolayer stabilizes as a ferromagnetic

insulator despite the inherent antiferromagnetic ground state observed in the bulk GdSi2

crystal. [62, 63] The inset of Fig. 4(a) provides an illustrative representation of the structural

arrangement within the bilayer GdSi2, comprising two buckled monolayers separated by an

interlayer distance denoted as d. In contrast to the monolayer cases of CrX3, the MAE

for the GdSi2 monolayer, with an easy axis lying within the plane, is quantified at 0.175

meV. Due to the antiferromagnetism in bulk GdSi2, we investigated the interlayer-distance-

dependent magnetic properties by constructing a theoretical GdSi2 bilayer. It is essential

that the bilayer structure, optimized for the value of d, also maintains an antiferromagnetic

(AFM) state and experiences a transition from AFM to ferromagnetic (FM) behavior when

d exceeds 6 Å. Since ferromagnetic states usually have better MCE properties, we study the

bilayers with the d value larger than 7 Å, at which point the ferromagnetic state achieves

stability.
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Figure 4. Magnetocaloric effect in 2D GdSi2: (a) Magnetization vs. temperature (M ∼ T)

curves as a function of interlayer distance (d) for CrI3. (b) The simulated magnetic entropy change

Vs. temperature (∆SM ∼ T ) curves for monolayer GdSi2 under applied magnetic fields of 2T and

5T.

By increasing d from 7 Å till the monolayer limit, we can then study the 3D to the 2D

transition of the MCE properties in GdSi2. Accordingly, we conduct simulations to determine

the TC for the bilayer structure, comparing cases where d equals 7 Å and 20 Å [Fig. 4(a)].

From the simulations, we derive TC values of 32 K and 28 K for d values of 7 Å and 20

Å in the GdSi2 bilayer, respectively. We also simulate a free-standing monolayer of GdSi2,

which gives a TC of 25 K. These calculated TC values are slightly higher than those reported

by Tokmachev et al., [62] potentially due to the growth of GdSi2 layers on the Si(111)

substrate, which can result in reduced magnetization at Gd sites. In addition, Demirci et

al. [63] previously studied the free-standing GdSi2 monolayer computationally, reporting

a TC value of 122 K. This reported value markedly exceeds experimental measurements

and could be influenced by the choice of Coulomb correlation parameters employed in the

simulation. We note here that our simulations are conducted within the framework of PBE-

DFT, as it is proven to be capable of predicting the physical properties of GdSi2 and similar

compounds [64–67] in various dimensionalities. Our ASD calculations further yield a ∆SM

value of ∼ -22.5 J kg−1 K−1 for the GdSi2 monolayer under a magnetic field change of 5 T

[Fig. 4(b)]. Remarkably, due to its high areal density, the ∆SM value expressed in terms

of the surface area is ∼ -65 µJ m−2 K−2, marking it as the highest reported value for 2D

magnets to date.
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Figure 5. Heat capacity and adiabatic temperature change of monolayer GdSi2: (a)

Phonon dispersion and (b) the total heat capacity (Ctot), comprising contributions from phonons

(Cph) and magnetism (Cmag), are presented for monolayer GdSi2. (c) The calculated adiabatic

temperature change (∆Tad) of GdSi2 for applied fields of 2T and 5T

Figure 5 shows the heat capacity and the adiabatic temperature change ∆Tad of GdSi2.

The phonon dispersion of GdSi2 is shown in Fig. 5(a), where the quadratic flexural phonon

mode is present. Fig. 5(b) decomposes the total heat capacity to the magnetic and lattice

contributions, indicating that the magnetic contribution dominates under 40 K. In addition,

a notably high ∆Tad value of ∼ 6.2 K is predicted for the monolayer of GdSi2 under a

magnetic field of 5 T [Fig. 5(c)]. The large ∆SM and ∆Tad of GdSi2 in the 20 to 30 K range

suggest its potential application in technologically important applications such as hydrogen

liquefaction. [36]

IV. CONCLUSION

In summary, our investigation has revealed a stronger MCE observed in the vdW mono-

layers compared to their bulk counterparts, as analyzed through density functional theory

and spin dynamics simulations. The lower critical exponent (β) value in the monolayer con-

figuration leads to a sharper transition in the dM
dT

curve at TC , resulting in a higher ∆SM .

Our study highlights the significant role of out-of-plane exchange energy in reducing TC and

enhancing MCE in the monolayers of the vdW layered magnets. This suggests that the ver-

tical strain can effectively tune the MCE at desired temperatures. Additionally, the MCE

in monolayers is more responsive to applied magnetic fields compared to 3D bulk materials.

Due to the flexural phonon mode and generally lower phonon frequencies in 2D, however,
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the lattice contribution to the heat capacity in 2D magnets is higher, reducing the achievable

adiabatic temperature change ∆Tad. Furthermore, our calculations predict giant MCE in

recently synthesized GdSi2 monolayers with a critical temperature (25 K) around hydrogen

liquefaction temperature. Our study provides a systematic and general understanding of

magnetocaloric properties in 2D ferromagnets and suggests that promising magnetocaloric

materials for a wide range of application temperatures can be found in this group of novel

magnetic materials.
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