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Proximity-induced spin-polarized magnetocaloric effect in transition metal dichalcogenides
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We explore proximity-induced magnetocaloric effect (MCE) on transition metal dichalcogenides, focusing
on a two-dimensional (2D) MoTe, monolayer deposited on a ferromagnetic semiconductor EuO substrate

connected to a heat source. We model this heterostructure using a tight-binding model, incorporating exchange,
and Rashba fields induced by proximity to EuO and including temperature through Fermi statistics and
mean-field calculations. The MCE is induced on the 2D MoTe, layer due to the EuO substrate, revealing
large spin-polarized entropy changes for energies out of the band gap of the MoTe,-EuO system. By gating
the chemical potential, the MCE can be tuned to produce heating for spin up and cooling for spin down across
the K- and K’-valley splitting in the valence band, whereas heats for both spins in the conduction band up to the
EuO Curie temperature. The Rashba field enhances the MCE in the valence zone whereas decreasing it in the
conduction bands. The exchange field-induced MCE could be useful to produce tunable spin-polarized thermal

responses in magnetic proximitized 2D materials.
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I. INTRODUCTION

The magnetic proximity effect takes place when the mag-
netization of a magnetic crystal is induced on a neighboring
nonmagnetic material [1]. Diverse nonmagnetic materials are
used to react to the induced magnetism, but considerable
attention is lately given to atomically thin two-dimensional
(2D) layers [2—4]. The thinness of 2D layers allows for short-
range induced magnetism, driving to modifications in the
combined electronic states [1] as seen in the band-structure
responses. One attractive class of 2D materials that can be
mixed with magnetic crystals to produce magnetic proximity
effects include transition metal dichalcogenides (TMDs) of
the semiconducting M X, family (M = Mo and W; X = S, Se,
and Te) [5]. The intrinsic lack of inversion symmetry and spin-
orbit coupling (SOC) in TMDs cause a sizable spin splitting
at the valence-band edges of the spin-valley coupled K and
K’'—degenerated, yet inequivalent—uvalleys in the Brillouin
zone (BZ) [6], which are related each other by time-reversal
symmetry (TRS) [7].

Valley splitting to encode information requires lifting the
degeneracy of K and K’ TMD valleys, which can be achieved
due to broken TRS by either an external magnetic field [8]
or induced magnetic exchange fields (MEFs) driven by fer-
romagnetic substrates [9—12]; however, the resulting valley
splittings because of the former are small (~0.1-0.2 meV/T)
[13,14]. The induced MEFs on 2D TMDs may have some
advantages over large external magnetic fields needed to
break TRS and achieve valley polarization. For example, a
giant valley splitting (300 meV) at zero K was predicted for
MoTe,-EuO [15], a large valley splitting of 16 meV/T at a
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temperature of 7 K has been experimentally obtained due to
the induced MEF in a WS,-EuS heterostructure [16], and a
valley splitting of ~3.5 meV was measured in WSe,-Crl; at
5 K. As one can note, the thermal conditions of typical van der
Waals experiments clearly play an important role, as the valley
splittings of the proximitized TMDs show large dependence
on the Curie temperature of the magnetic substrates [10].

Entropy is a useful fundamental thermodynamic quantity
intimately related to temperature and accounting for the num-
ber of accessible states of a system. When a material is at
constant temperature, and subjected to external magnetic-field
changes, it experiences entropy changes, and the magne-
tocaloric effect (MCE) arises cooling or heating the sample
[17-19]. The MCE has been analyzed in diverse magnetic
structures [20], including a spin-gapped material [21], a one-
dimensional spin-1/2 system [22], frustrated magnets [23],
spin-1/2 2D lattices [24], nanomagnets [25], and superlattices
showing large entropy changes due to exchange interactions
[26]. In 2D layers of graphene and gold, the MCE shows an
oscillatory behavior [27,28], and an external magnetic field is
capable to control the entropy in TMDs [29]. The MCE has
also been reported in bulk EuS [30] and EuO [31] as well as
in EuO thin films [32], finding maxima entropy changes near
the Curie temperature of each ferromagnet.

We propose here a MCE associated with changes of the in-
duced EuO MEF on MoTe, driving to large entropy changes.
The strength of the induced MEF could be modulated through
van der Waals engineering of proximitized materials [10] via
nonmagnetic spacer layers [9] or through biaxial strain [33].
Time-reversal symmetry breaking on MoTe, due to the MEF
causes spin-polarized entropy production [34,35], then a spin-
polarized MCE can be generated in the valley splitting energy
zones. The MoTe,-EuO heterostructure is modeled by a three-
orbital tight-binding (30TB) model, and the MCE is derived

©2022 American Physical Society
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FIG. 1. (a) K-I'-K’ band structure for suspended MoTe, mono-
layer (black lines) and MoTe,-EuO with Az = 0 (yellow 25%, red
50%, and blue 100% of B, and B.). I' = (0,0), K = é—’;(—l, V3),
and K’ = Z (1, +/3) with a = 3.56 A the 2D MoTe;, lattice constant.
Spin-polarized density of states (DOS) (b) D' and (c) D. The inset
in (a) shows the BZ for MoTe,-EuO, the shaded area indicates where
the DOS is calculated in (b) and (c). The inset in (b) shows a
schematic of MoTe,-EuO enclosed by a thermal source at temper-
ature 7. Horizontal dashed lines indicate two selected Fermi levels
Er; = —1.17 and Er, = 0.2 eV where we obtain the MCE.

from Fermi statistic and mean-field calculations. The former
method considers temperature-independent MEFs, whereas
the latter allows to estimate temperature-dependent MEFs to
obtain the MCE. For both approaches, we find that when
the Fermi energy is tuned along the K and K’ valleys of the
valence band, the MoTe,-EuO system is able to heat for spin
up and cools for spin down, whereas heats for both spins in the
conduction band up to the Curie temperature of EuO. We also
analyze the effect of the Rashba field within the Fermi-Dirac
method, showing that it enhances the cooling effects in the
valence band. The generic existence of spin-polarized TMD
electronic states given by TRS breaking that can be accessed
by gating, suggest that these hybrid systems could be used
as tunable thermal spin filters [36] for functional applications
considering the anomalous Hall effect [37] as a possible plat-
form to produce the induced MCE.

II. QUANTUM-THERMODYNAMIC MODEL

To describe the low-energy spectrum and MCE of the
MoTe,-EuO heterostructure [15,38], we use a 30TB model
[39] to include MEF effects. The model has relevant lattice
symmetries and has been proven to reliably describe TMDs
on diverse situations on magnetic substrates [40—42], induced
magnetic interactions, [43,44], and heterostructures [45]. The
nearly commensuration of MoTe,-EuO(111) [15,46] (2.7%
lattice mismatch), incorporates the substrate effects into the
pristine MoTe, as on-site magnetic exchange [see the inset of
Fig. 1(b)] and Rashba fields on the Mo atoms as

HmoTe,-Euo = HMoTe, + Hex + Hr. (1)

Hwmotre, 1s the pristine 2H phase TMD Hamiltonian
[39], including intrinsic SOC and a matrix of hoppings
considering next-nearest neighbors (NNNs), it is writ-
ten in a basis of relevant transition metal d-orbitals
{ld2, s;), |dxy, s2), |de_y2, s;)} with spin-z component s, =1
,4 [39]. The induced MEF is spin diagonal with blocks
Hex,(TT) = _Hex,(¢¢) = diag{—BC, —B,,, —Bv}, where BC =
206 and B, = 170 meV correspond to conduction and va-
lence exchange fields, respectively. Figure 1(a) shows the
spin-polarized band structure from Eq. (1) for the suspended
MoTe, 2D monolayer (Hex = Hg = 0), and MoTe,-EuO with
‘Hr = 0 and different values of the exchange fields. The MEF
breaks TRS, yielding large valley splittings in the valence and
conduction bands [15,33], decreasing it as the MEF strength
reduces. The Rashba Hamiltonian Hy in Eq. (1) is given by
antidiagonal blocks, mixing the spin and orbital components
in the MoTe, monolayer with coupling Az = 72 meV. All
parameters are obtained from density functional theory (DFT)
calculations [15,39], see the Appendix for an analysis of the
30TB in comparison to DFT. We first analyze the MCE for
different values of the EuO MEFs and vanishing Rashba cou-
pling (Ag = 0) after that we include the Rashba effect for
the MCE whitin the Fermi-Dirac statistics, then we calcu-
late the MCE using a mean-field approximation as we will
see later.

In order to correlate both the 30TB model and the MCE,
we numerically calculate the spin-polarized DOS D* using
a 2D BZ, i.e., k;, =0 in reciprocal k space. We use a fine
mesh of about 10 x 10° of k points in the shaded area of
the BZ [inset of Fig. 1(a)]. For every k state, we evaluate the
eigenvalues from each band of the Hamiltonian of Eq. (1). The
DOS D*(E, B,, B;) depends on the eigenvalue with energy
E, and both exchange fields B,, B, induced on the MoTe,
monolayer. Figures 1(b) and 1(c) show D*(E,B,, B.) for
the suspended MoTe, monolayer and MoTe,;-EuO system.
Note that for the suspended MoTe,, the DOS are equiv-
alent, i.e., D'(E,0,0) = DY(E,0,0) (as expected from a
nonmagnetic material), whereas D' (DY) is downward (up-
ward) shifted from the suspended MoTe, DOS because of the
induced MEFs.

The total spin-polarized entropy Sy = S (T) +
SZM (By, B¢, T) includes two terms, the entropy of the lattice
S1at(T), giving account of the phonon contribution where we
assume it is only dependent on T; and the electromagnetic
entropy S5;, coming from the full Hamiltonian of Eq. (1),
and depending on the exchange fields and temperature. The
electromagnetic entropy reads

E,

Sz;V[(va BC’ T) = _kB/

E

D*(E, By, B))F(np)dE, (2)

with Ejy) as the energy of the lowest (highest) occupied
electronic eigenvalue. The probability of occupation of each
eigenvalue is given by the Fermi-Dirac function distribution
ne(E, T, 1) = 1/[ePE=H 4+ 1] with B = 1/kgT, kg as the
Boltzmann constant, p as the chemical potential, and T as
the heat-source temperature. In Eq. (2),

F(ng) = ngInng + (1 — ng) In(1 — ng) 3
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is approximated by a Lorentzian-like function L(E, T, pn) =
C/[e(E-1/2T)” 4 1], By considering low- and high-T val-
ues and C = 1.4, we obtain excellent agreement between
Eq. 3)and L(E, T, u) with —F (np) = L(E, T, u). Note that
this approximation can be applied to other quasi-2D materials
because L is a generic function depending on the system’s
eigenenergies E, i, and T as demonstrated, for example, in
Ref. [47]. Therefore Eq. (2) transforms as

Ej
SZ}W(BU,BC,T):kB/ D%(E,B,,B.)L(E,T, w)dE. (4)

E

The main contribution of L(E, T, u) to S.;, is given by their
temperature-dependent width, capturing more available states
of the DOS as temperature increases. As revealed in Eq. (4),
$%, is the link between the electronic and thermodynamic
properties of the system. Therefore, the MCE in MoTe,-EuO
is obtained through constant temperature (isothermal) calcula-
tions of entropy changes —AS;, between the entropy at zero

MEEF, and a final MEF as
—AS}y = So(By =B =0,T) = 833, (By, B, T),  (5)

where we have ascribed the fact that Sy, (7) is not affected
by the MEFs so that it does not present changes as B, and B,
vary. In case to obtain —AS};, > 0, we are in the presence of
the direct MCE, that is, MoTe,-EuO is capable to heat as B,
and B, change. In the opposite case, when —AS’;, < 0, the
system presents an inverse MCE, and the sample cools down.
This quantum-thermodynamic model provides an efficient and
reliable approach to study spin-polarized properties of the
proximity-induced MCE within both the Fermi-Dirac and the
mean-field methods.

III. MAGNETOCALORIC REPONSE IN MoTe,-EuO

In the electronic spectra of MoTe,-EuO in Fig. 1, we
have chosen two different Fermi levels to obtain the MCE
as spin-polarized electromagnetic entropy changes —AS.;,.
These Fermi levels can be shifted by an overall gate field
perpendicular to the TMD layer [1,48], allowing for a tun-
able MCE in MoTe,-EuO. The first Fermi-level p(T = 0) =
Er; = —1.17 eV is along the valence band, taking energies
mainly from K and K’ valleys, whereas y(T = 0) = Epy =
0.2 eV crosses the K-I'-K’ k path of the BZ, capturing ad-
ditional valleys in the conduction band [see Fig. 1(a)]. As
we use EuO in our calculations, it is important to know that
their Curie temperature 7 = 69 K [31,49] can be larger when
EuO is doped [50] or when placed in close proximity to a 2D
layer, such as graphene [51]. The latter shows that magnetic
proximity effects including EuO are suitable for the study of
magnetocaloric responses considering temperatures beyond
the T¢ of EuO.

Figure 2 shows —AS};, as a function of temperature for
MoTe,-EuO considering w1 and pu, and different values of
temperature-independent exchange fields B, and B.. Note
that the units for the vertical axis (ueV/K) ~ (Jkg~!' K1)
as the MoTe, unit cell in the 30TB model has one Mo
atom, and one mole of Mo weighs ~0.096 Kg. Clearly, the
MCE has very different behavior for both Fermi levels in
Fig. 2. At u; = —1.17 eV in Fig. 2(a), the MCE shows nearly
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FIG. 2. Spin-polarized —AS, as a function of T for
MoTe,-EuO when Az = 0, B,, and B, are 25% (yellow), 50% (red),
and 100% (blue) within the Fermi-Dirac statistics. The chemical
potential is set to (a) u; = —1.17 eV, and (b) u, = 0.2 eV.

a linear response as temperature increases, is strongly spin
polarized for all MEF values, and it is seen that weaker
MEFs result in reduced MCE. At this Fermi level, the spin-up
polarized entropy changes are —ASJM > 0, contributing to

heat the system, whereas for spin-down —ASjM < 0, cooling
down the sample up to room temperature. This dual behav-
ior for the MCE is fully related to the connection of the
DOS and entropy S.;, from Eq. (4). The DOS with spin-
up component D' of the suspended MoTe, monolayer is
larger than all other D's with MEFs different from zero, that
is DY(u1,B, =0,B. =0) > D' (u1, B, # 0, B. # 0). This
gives a positive MCE from Eq. (5), whereas the opposite is
true for DV at w1 As we will see later, these results are qual-
itatively preserved up to the T of EuO within the mean-field
approximation (MFA).

In striking contrast, when the Fermi-level u, = 0.2 eV is
along the conduction band as shown in Fig. 2(b), —AS}},s
are nonlinearly spin polarized and one order of magnitude
larger than at ;. For MEF of 100% (blue lines), —AS);,s
start to be spin polarized for T > 120 K, heating the sam-
ple for both spins. As B, and B, decrease to 50%, both

spin-polarized components of —AS’;, (red lines) still heats
up, and —ASJM (dotted red line) has the same value as the
entropy changes for 100% of EuO up to 7 ~ 90 K because
the L function [Eq. (4)] captures the same amount of states
of the DOS. —AS);, for MEF of 25% are fully spin po-
larized from 0 to 300 K, —ASJM (yellow dotted line) heats
up, whereas —ASiM (yellow solid line) cools down. This
behavior is fully related to the magnitudes of D% as we
describe below.

We calculated —AS.;, as a function of the chemical poten-
tial for 100% and 25% of EuO, and selecting two values of
temperature (below and above the 7¢ of EuO). Figure 3(a)
shows —AS’, at T = 65K and Fig. 3(b) at T = 150 K.
Because the MEFs compete with the intrinsic SOC of the
2D MoTe, monolayer, —AS;, is strongly spin polarized as a
function of p for both values of 7 and MEF strengths of EuO.
For both temperatures and in the range of energies of the va-
lence valley polarization (—1.5eV S u < —0.9 eV), —AS};,
for full EuO MEF (blue lines) show positive (heating) and
negative (cooling) peaks near where D* s present maxima, i.e.,
at u ~ —1.5 eV for suspended MoTe; and at u >~ —1.3 eV
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FIG. 3. Spin-polarized —AS.;, as a function of u for MoTe,-
EuO when Az =0 and B,, B, are 25% (yellow) and 100% (blue).
The temperature is set to (a) 73 = 65 K below the 7¢ of EuO, and
(b) T =150 K above the T of EuO. The dashed vertical lines
indicate the chemical potentials used in Fig. 2.

for DY of 100% EuO, respectively, see Figs. 1(b) and 1(c).
—AS};, vanishes in the band-gap region of the combined
MoTe,-EuO system (—0.9 eV < u < —0.4 eV) for both val-
ues of T and MEFs strengths as there are not available states
in the energy spectra.

For Fermi levels in the conduction bands (—0.4 eV <
w < 0.5 eV), there are large positive and negative peaks for
—AS>,. For 100% of EuO, a clear negative peak is near
w2~ 0 due to the maxima of D" at this Fermi level [Fig. 1(c)].
Two other positive peaks are almost nonspin polarized about
> = 0.2 eV [in agreement with Fig. 3(b)] as D* of the sus-
pended MoTe, monolayer presents maxima near this energy.
Two negative peaks are about & ~ 0.4 eV, where D shows a
large peak, whereas D' is reduced, giving different —ASY,
values near this Fermi level for 100% of EuO. Note that
—AS}, is about two times larger for 7 = 150 K because
the L function in Eq. (4) captures more states of the DOS
when temperature increases. As the MEFs decrease to 25% of
EuO, some —AS;, conduction peaks are shifted from 100%
of EuO and have opposite spin polarization at u, = 0.2 eV
due to similar D¥ magnitudes for MoTe, with 25% of EuO
[Fig. 1(b)].

Because the entropy changes for the MoTe,-EuO het-
erostructure are highly dependent on the chemical potential
and temperature, we present contour plots for the spin-
polarized —AS;, as a function of  and T for EuO full MEF,
—AS], in Fig. 4(a) and —ASjM in Fig. 4(b). We can see that
into the valence valley polarization energy zone ~— 1.3 to
—1 eV, the system is capable to heat for spin up, and cools
for spin down. As higher Fermi levels are reached in the con-
duction bands (u 2 —0.2 eV), —ASJM cools, then heats, and

again cools, whereas —ASjM heats and then cools. Accord-
ingly, by tuning the Fermi level across the structure one could
modulate the spin-polarized MCE in the MoTe,-EuO system
to cooling or simultaneously heating through the anomalous
Hall effect [37], for example.

The broken spatial symmetry generated by the proximity
with the EuO substrate generates an interfacial Rashba field
[41,42,52-54] that produces in-plane spin contributions s, and
s, on the MoTe; 2D monolayer [15]. We have incorporated the
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FIG. 4. Contour plots for —AS’;, as a function of the chem-
ical potential and temperature for MoTe,-EuO when Az = 0 and
B, and B, are 100%, (a) spin up and (b) spin down. Horizontal
gray dashed lines indicate the two different 1 values for —AS’;,
calculations in Fig. 2. Vertical gray dashed lines show temperatures
used in Fig. 3, T} = 65, T, = 150 K. The color bar indicates positive
(negative) entropy changes as a red (blue) gradient. Note that the
units for —ASS, (neV/K) >~ (J kg~'K~!) are equivalent within our
30TB model.

Rashba field in our calculations for exchange fields of 100%
and 25% as shown in Fig. 5 for —AS%, as a function of T.
In order to compare the effect of the Rashba field, we have
used the previous MCE results when Az = 0 (Fig. 2) through
—ASHY = —ASL, + (—ASY,

Figure 5(a) shows that at pu; = —1.17 eV, the Rashba
field produces a negative MCE (cooling) for both EuO MEF
strengths and linearly enhances the entropy changes for EuO
full MEF (symbol green line). At u, = 0.2 eV in Fig. 5(b),
the entropy changes for 100% of EuO have the same values
with and without the Rashba field up to near the 7¢ of EuO.
As temperature increases, the Rashba field does not improve
the entropy changes up to room temperature. A contrasting be-
havior is seen for MEFs of 25% of EuO in which the entropy
changes present different values for all temperatures, and the
Rashba field enhanced it starting in 7 &~ 100 K. These results
suggest that for full EuO MEFs, the in-plane spin components
are stronger in the valence band than in the conduction band

(a) 1 80
0+ .
a 60
< 2
>
e 40 -
=3 4
r J 1
2 -6 J4—B,.B, 100%, 2,=0 20
) B, B, 100%, %,,=72 meV
8 B, B, 25%, 1,,=0 0k
—— B, B, 25%, A,=72 meV
L LA BRI L B UL LI B L B |
0 60 120 180 240 300 O 60 120 180 240 300
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FIG. 5. —AS®, as a function of T for (a) u; = —1.17 eV and
(b) u, = 0.2 eV for MoTe,-EuO when A = 0 (solid lines), Ap =
72 meV (symbol lines), and B,, and B, are 25% (yellow and pink),
and 100% (green and blue) of EuO.
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FIG. 6. Aeen as a function of temperature when Az = 0 for
MoTe,-EuO with B, and B, values from Fig. 1. We have fixed the
Curie temperature for the MoTe,-EuO system at 7 = 100 K be-
cause the intrinsic 7z = 69 K of EuO changes when in proximity to a
2D material [51]. Vertical violet lines indicate selected T values from
Ref. [32], and orange circles highlight the A, — T correspondence
for exchange fields B, and B,.

as temperature increases, generating an enhanced MCE when
the Rashba field is present.

IV. MEAN-FIELD APPROXIMATION

In order to obtain the entropy changes with the
temperature-dependent exchange fields B, and B,, we present
mean-field calculations for the MoTe,;-EuO system con-
sidering the previous spin-polarized DOS results and the
experimental data for magnetization as a function of tem-
perature for EuO thin films [32]. Figure 6 shows the energy
difference Aeen = |ET(By, B.) — EY(B,, B.)| as a function
of T for the larger peaks in the conduction band with different
B, and B, values we have plotted in the DOS of Figs. 1(b)
and 1(c), and considering a new Curie temperature for the
combined MoTe,-EuO system of 7/ = 100 K. When we have
100% of the exchange field values, we obtain Aexep = 0.4 eV
at low-temperature 7 = 10 K. For 50% and 25% of B, and B,
Acxch decreases as T increases, reaching a vanishing value for
T > 100 K as the MoTe, monolayer presents a paramagnetic
behavior when decoupled from the EuO substrate. With this
Acxen(T) relation, now we can calculate new entropies of the
form S;}VI[Aexch(T)]. These new entropies are obtained from
Eq. (4) by using the calculated DOS from Fig. 1 and fixing the
temperature in the L function to the values showed by vertical
violet lines in Fig. 6. Within this approximation, we obtain
a discrete set of three spin-polarized entropies (100%, 50%,
and 25% of B, and B.) where each one of them includes the
Aexeh — T correspondence from Fig. 6 indicated with orange
circles. Then, we interpolate these discrete entropy values to
get continuous entropies as a function of temperature for se-
lected Fermi levels, which allow us to get the desired entropy
changes within the MFA.

Figure 7 shows the entropy changes —AS’;, as a func-
tion of temperature in the MFA at the Fermi levels we have
previously used. Clearly, the —AS;, shapes are different as
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FIG. 7. —AS};, as a function of T in the mean-field approxima-
tion for (a) u; = —1.17 eV and (b) u, = 0.2 eV for MoTe,-EuO
when Az = 0 with spin up (dotted red lines) and spin down (solid
blue lines).

presented in Fig. 2 because the induced exchange fields B,
and B, now are temperature dependent. For Fermi-level u;
in Fig. 7(a), —AS,, is positive (heating) whereas —ASjM is
negative (cooling) for the whole temperature range, and both
spin-polarized entropy changes linearly increase up to T ~
65 K as also seen in Fig. 2(a). Both components show the ex-
pected magnetic transition near the 7¢ of EuO where absolute
maxima are seen, then they decrease as temperature increases.
At Fermi-level u, in Fig. 7(b), both spin components show the
magnetic transition near the 7¢ of EuO where two positive
maxima occur near T¢ & 70 K. The spin-up component is
positive for all 7's [similar to —ASJM in Fig. 2(b)], whereas
the spin-down component is positive up to 7 =~ 80 where it
presents a sign change, then increases with negative values
where a minimum is present about 7 ~ 90 K, and finally it
decreases with 7. This behavior is different from —ASjM of
Fig. 2(b) because the DOS with spin-down component DY
and 25% of B, and B. is larger than D' for the suspended

0.5+ . .
004 __
= -0.5-
o, ] —DFT
> - = =NNN TB model .
D 1.0
() S
cC 4 _ 2 X \\
L / NN ]
1597/ N\ AN / \
l X i :
2.0 N T
K T K’

FIG. 8. Comparison for the band structures of MoTe,-EuO with
different theoretical approaches as indicated. Red dashed lines cor-
respond to the NNN tight-binding model, and black lines are DFT
calculations [15].
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MoTe,, yielding to negative entropy changes for 7 > 80 K.
Therefore, the spin-down polarized component can heats for
T < 80 K and cools for T > 80 K, giving account of a mixed
induced magnetocaloric effect at the Fermi-level p, in the
MoTe;-EuO system.

V. CONCLUSIONS

Time-reversal symmetry breaking on the 2D MoTe, mono-
layer because of induced EuO magnetic exchange fields result
in density of states variations, producing large spin-polarized
entropy changes across the valley splitting energy-momentum
space, yielding to the magnetocaloric effect in the combined
MoTe,-EuO system. By gating the heterostructure, tunable
spin-dependent heating and/or cooling can be achieved in the
valence and conduction energy zones, improving it when the
Rashba field is taken into account in the valence band. Fermi-
Dirac statistics is in agreement with mean-field calculations
up to the intrinsic Curie temperature of EuO, and we would
expect larger Curie temperatures for MoTe,-EuO in a similar
way as for graphene on EuO [51]. The proximity-induced
magnetocaloric effect in semiconducting MoTe, on EuO re-
veals spin-dependent quantum-thermodynamic responses that
could be used in the design of novel atomistic cooling
technologies.
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APPENDIX: TIGHT-BINDING AND DFT MODELS

Figure 8 shows a comparison between the tight-binding
model we use in our calculations and the density functional
band structure for MoTe,-EuO with full exchange field val-
ues B, =170 and B, =206 meV and Ap = 72 meV from
Ref. [15]. We see excellent agreement between the tight-
binding Hamiltonian [Eq. (1)] and the density functional
model [15] near the K and K’ valleys in the valence and
conduction bands. Our magnetized 30TB model provides
an excellent description for energies ~300 meV from the
valence-band edge, for example, corresponding to hole dop-
ings on the order of ~10'?> cm~2, similar to experimental
doping values [55].
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