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Modern advanced technologies have been employed to synthesize new two-dimensional (2D) materials
of various compositions. Since ionic bonds have no orientation, the ability of 2D ionic crystals to resist
thermal fluctuation perpendicular to the 2D surface is worth studying. In this paper, we propose a
theoretical analysis on the existence of 2D ionic EuS crystals. Although the Mermin-Wagner theorem
denies the possibility of long-range magnetic order in 2D systems, our theoretical model predicts that 2D
EuS crystals are ferromagnetic semiconductors. The mechanism of magnetic anisotropy in maintaining

Keywords: the magnetic order is uncovered. The model indicates the effect of the low-energy gap in the spin-
2D ferromagnetism wave spectrum on preventing thermal disturbance from destroying the ferromagnetism. A new type of
Spin wave magnetic interaction in 2D EuS crystals is revealed, which leads to the enhancement of Curie temperature

Magnetic anisotropy by applying a gate voltage. Our theoretical research can benefit future research of other magnetic 2D

crystals.
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1. Introduction

The development of new two-dimensional (2D) materials pro-
motes improvements in new technologies and devices. 2D com-
pounds may be obtained by mechanical exfoliation from bulks. It
is noteworthy that mechanical exfoliation only works for layered
crystals where the bulk structures consist of weakly bound layers
which can be detached and transferred onto substrates [1,2]. Even
so, ionic materials with atomic thickness are still desired. Recently,
Na,Cl and NasCl as 2D Na-Cl crystals are observed on reduced
graphene oxide membranes and graphite surface [3]. Decades ago,
Landau’s theory predicted that the thermal fluctuation in low-
dimensional systems is of the same order of magnitude as the
size. Since ionic bonds have no orientation, the ability of 2D ionic
crystals to resist thermal fluctuation perpendicular to the 2D sur-
face is an important factor related to the existence of free-standing
2D ionic crystals. A recent study reports on the existence of ex-
otic hexagonal NaCl thin films [4] and ionic materials with atomic
thickness are proposed to be used as gate dielectrics in field-effect
transistors [4,5]. Overall, the exploration of 2D ionic crystals is sig-
nificant to the current research of materials.

For a long time, people keep seeking spintronics materials using
for data storage and manipulation. Several techniques are devel-
oped to exploit electron spin for logical operations. Manipulating
the electron spin states is a superior route for information process-
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ing with lower energy consumption [G]. In spin field-effect transis-
tors, 2D electron gas in the interface of semiconductor heterojunc-
tion is employed as a transport layer for spin current. However, 2D
electron gas between ferromagnetic (FM) electrodes always suffers
from low spin injection efficiency. To solve this problem, people
have paid attention to magnetic semiconductors, e.g. EuS [7], (In,
Mn)As [8] and (Ga, Mn)As [9,10]. The recent development of 2D
materials brings opportunities for finding new spintronic materials.
2D magnetic semiconductors can be ideal materials for transmit-
ting spin current. Nonvolatile control of 2D magnets is proposed
as an important technology for magnetoelectric devices [11]. How-
ever, the Mermin-Wagner theorem [12] asserts that long-range
magnetic order cannot exist in an isotropic 2D system. Fortunately,
in recent study [13] people have found 2D layered systems with in-
trinsic magnetocrystalline anisotropy (e.g. Crlz [14-18], Cr,Ge,Teg
[19] and CrSiTes [20]). The study on 2D magnetic semiconductors
will promote the implementation of emerging spintronics devices.

In this paper, theoretical evidence is provided to indicate the
existence and stability of 2D ionic EuS crystals. Atomically thin EuS
layers are proved to be magnetic semiconductors with the valence
and conduction bands consisted of Eu 4 f and 5d orbitals, respec-
tively. A theoretical model is proposed to uncover the mechanism
of magnetic anisotropy in maintaining the long-range magnetic or-
der of 2D systems. A new type of magnetic interactions between
Eu atoms is revealed. Based on the mechanism, a gate voltage is
introduced as an approach to enhance the Curie temperature. The
theoretical method used in this work can be extended to future
research of 2D magnetic systems.


https://doi.org/10.1016/j.physleta.2021.127229
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/pla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physleta.2021.127229&domain=pdf
mailto:zzlin@xidian.edu.cn
https://doi.org/10.1016/j.physleta.2021.127229

L.-R. Cheng and Z.-Z. Lin

@ ¢ (b) © ¢ bd
S g r¢( ¢(

Physics Letters A 395 (2021) 127229

(d) (e)

2-layer 3-layer
e O 0 Q Q0 $%¢ TT T
SRS o SRRSO O Pans N I 722N
GO GO Y TN s
L] — § SN § st
e ety BN A B
| | *.7.? £ /\/\ 2| ;
' ' . Q( 9‘( .9 @ - 2 K = 2
( ( Y Y ¥ == — |
( 6{ 6{ ( ¢{ 222{;20.82 J/m? 1r \
: : ( 6( 6‘& 3-layer , “}'_}'— q 9
side view side view Afigq =085 Jim r X M r r X M r

Fig. 1. The structure and stability of 2D EuS. (a) The structure of 2-layer EuS. (b) The stru
spectrum of 2-layer EuS. (e) The phonon spectrum of 3-layer EuS.

2. Theory
2.1. DFT calculation

To evaluate the structure, thermal stability and electronic prop-
erties of 2D ionic EuS crystals, density functional theory (DFT)
calculations are performed within the projector augmented-wave
method [21,22] as implemented in the Vienna ab initio simulation
package [23-26]. Plane-wave basis with a kinetic energy cutoff of
400 eV is employed. Convergence is achieved with the energy dif-
ference between two successive iteration steps less than 107> eV.
The spin-orbit coupling (SOC) is included in the computation. The
Brillouin zone is sampled in 15x15x1 Monkhorst-Pack grid. The
correction of van der Waals interactions is treated by the DFT-D3
method with Becke-Jonson damping [27,28].

The primitive cell of 2-layer and 3-layer EuS is exhibited in
Fig. 1(a) and Fig. 1(b), respectively, with the periodic boundary
shown by dashed lines. Along the direction perpendicular to the
2D EuS surface, a vacuum layer of 12 A is set up. Geometry re-
laxations are performed at the level of Perdew-Burke-Ernzerhof
(PBE) functional [29] until all the atomic forces are below 0.001
eV/A. Then, phonon spectra are calculated to verify the stability
of the sructures. To obtain reliable results of the energy bands
and the projected density of states (PDOS), the hybrid Heyd-
Scuseria-Ernzerhof (HSEO6) functional [30,31] is employed in the
electronic structure calculations. In the computation for evaluat-
ing the Heisenberg coupling, the PBE functional plus Hubbard U
(PBE+U) is taken with a U value adjusted to reproduce a result of
electronic properties that are close to HSE06. The PBE+U method
saves computation time, and also provides credible predictions on
the magnetic properties.

2.2. Magnon and magnetic order

Mermin and Wagner demonstrated that spin-rotational invari-
ant systems with short range exchange interactions cannot pos-
sess long-range magnetic order [12]. Thus, in isotropic 2D systems,
the gapless magnon spectrum leads to a divergence of thermal
distribution. This indicates that the long-range magnetic order in
isotropic 2D systems will be destroyed at finite temperature. But
in anisotropic 2D systems, the low-energy gap in magnon spec-

cture of 3-layer EusS. (c) The exfoliation of 2D EuS layers from bulk. (d) The phonon

trum protects the long-range magnetic order escaping from ther-
mal disturbance. To understand the mechanism, let us start from
the Heisenberg model. The Heisenberg Hamiltonian in anisotropic
2D systems reads

H:—DZS,-ZZ—]ZEitgj. (
i
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~

Here, S; denotes the spin of the i Eu?" ion. J is the Heisenberg
coupling between nearest neighbors (NNs) (Fig. 4(a)). D describes
the single-ion anisotropy of Eu. D > 0 favors off-plane easy axis.
Now, the spins in the Hamiltonian (1) should be treated as quan-
tum operators within the linear spin wave approximation (SWA).
According to the Holstein-Primakoff representation [32], the spin
operators are expressed in terms of bosonic operators

N b b;
SH=v28,/1- 5 bi (2)
_ [ bib
S; =~2Sb[1— '25 (3)
Siz=S — b/ b; (4)

with b; and bi+ the bosonic annihilation and creation operators on
the site (here S = 7/2 is the spin of Eu*t ion with 4f7 configura-
tion). Such representation leads to a complicated non-linear Hamil-
tonian. SWA consists of only the quadratic terms in the bosonic
operator b. Such approximation is valid for low-energy excitation,
i.e. small occupations of the bosonic modes. By SWA, the Hamilto-
nian (1) reads

Hswa =25 (D +niJ)bjbi —2JS > bi'b; (5)
i ijeNN
where n; is the numbers of NNs of the i™ Eu?t ion. The magnon
spectrum can be gotten from the spin wave Hamiltonian (5).
For the square primitive cell of 2-layer EuS with a lattice con-
stant a (Fig. 1(a)) and n; = 8, the Bloch Hamiltonian reads

(6)

HSWA(;)Z(eo_JSf”_(\;) —~JSfia(k) )

—JSfi2(k) & — ]5f11(z)
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= 2S(D + 8]), f11(k) = 4(coskxa +
coskya) and fia(k) = 4 (cos bt + cos @a). The resulting
magnon spectrum is

where the on-site energy &g

E(k)=e0— JSFi1(k) £ JS

le(;)‘- (7)

This spectrum contains a low-energy gap A =¢&9 — 16JS =2SD.
For the 3-layer EuS (Fig. 1(b)) with ny = 8, np = 12 and n3 = 8,
the Bloch Hamiltonian reads

HSWA(E)
€01 — JSfll(;) —JSflz(FL o (8)
= —JShz(k) g2 = JSfulk)  —JSfia(k)
0 —JSf12(k) €01 — JSf11(k)

where the on-site energies are €91 = 25(D + 8J) and &gy = 25(D +
12]). The solutions are

N ‘l N
E(k)= 5(801 + €02 —2JSf11(k)

9)
+ \/(801 —€02)% +8J252f} (k)
and
E(k) =0 — JSF (k). (10)

The lowest band also contains a low-energy gap A = %(801 +&02 —
16JS — /(co1 — €02)2 + 512J252) = 2D, which is the same as
that of 2-layer EusS.

At zero temperature T = 0, all the local magnetic moments are
perfectly arranged in a same direction. For T > 0, the magnon
modes are excited. To estimate the low-energy excitation, the
magnon spectrum around the energy minima (i.e. the I' point) is

expanded as E(k)~ A + pk? (for 2-layer p = 3/Sa?, for 3-layer p
= 13—0 JSa?). According to the bosonic statistics, the magnetization of
one primitive cell reads

d2
M = Mo — / K an
(277 )2 ) GEGO/KsT

where My is the magnetization at T = 0 (for 2-layer My = 2S, for
3-layer Mp = 3S). In the absence of magnetic anisotropy, A = 0
leads to an infinite integral

/ d? k
E(k)/kgT
5z € (k)/kpT —

&k
%kBT/ —I; — 0. (12)
1 pk

BZ

This divergence indicates that 2D long-range magnetic order can-
not persist without magnetic anisotropy. The magnetic anisotropy
leads to a non-zero gap A > 0 and protects the magnetic order at
finite temperature.

To estimate the Curie temperature, we now turn to the non-
linear spin wave theory. The initial expressions (2) and (3) are
expanded up to

St~ V2S( (13)
T~ +/25b}f (14)

The Hamiltonian (1) containing high-order terms of bosonic oper-
ators is not exactly solvable. We deal with the fourth-order term
by a substitution
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b?—bib;_bj =(< b?_bi > +Ci)(< bj_bj > +Cj)
=< b?—b,’ > b}rb]’ + b?_bi < bj_bj >
- < b?—b,’ >< b;_bj > +CiC;
—< bfb,‘ > bfbj +b,7~_bi < b}_b]‘ >

(15)

Here C; is the perturbation terms. The last step removes the con-
stant term and ignores the high-order perturbation. Using a mean-
field approximation [33,34], we have
SizSjz = (S —b;bi)(S — b;rbj)
=S = S(b;'bi +b]bj) + b bib}b; (16)
— —(S—<b¥b>)(bfbi +bb))

and

s+so s a5kl - ST 17
i%j i j( _T) (17)
_ <btbh>

S; s].+—>2$bi+bj(1 - f)' (18)

With M = Mo(S— < b*b >)/S, the above results are equivalent
to making substitutions b;"b; — iLb;"bi and b'bj — Fblb; in
Hswa. Such renormalization leads to a self-consistent equation

a? d2;
M(T)=Mo—(2n)/ _ . (19)

2
/, eEGOM(D)/MoksT _ 1

This equation implies that the temperature T reduces the energies
of magnon quasiparticle and decreases the low-energy gap. At a
given temperature T, the magnetization M(T) can then be derived
by numerically solving this equation.

2.3. 4 f—5d indirect exchange

Here we provide a model to describe the magnetic interactions
between neighboring Eu?* ions. Eu2* ions have an electronic con-
figuration of 4f7 (S = 7/2), in which the orbital radius is small.
So Eu?t ions are difficult to contact with their neighbors, and the
direct exchange should be weak. In magnetic ionic crystals, pos-
itive ions usually interact by superexchange which is transmitted
by the p electrons of neighboring negative ions. However, DFT cal-
culations show that the conduction bands above Eu 4 f orbitals are
mainly composed by Eu 5d orbitals (Fig. 2(a) and (c)), and the S 3p
orbitals are very high above Eu 4 f orbitals (~ 10 eV). So it is very
difficult to realize the 4 f-3p-4 f superexchange. We infer that the
magnetic interactions are intermediated by a mechanism of 4 f-5d
indirection exchange, which is exhibited in the following text.

For two ideal Eu?* ijons A and B, the atomic orbitals are 4f
(half-filled) and 5d (empty). The Hamiltonian reads

Ho=gs5 Y & (0n)ai(0a) +€sa Y a; (0a)ai(on)

icA4f ieA5d (20)
+ea Y 6 (08)ai(0B) + €51 Y af (0B)ai(0p)
ieB4f ieB5d

Here, oap | op denotes the spin direction in ion A | B. a; is the
fermionic operator on the orbital i. The hexahedral crystal field
of neighboring S~ may influent the electrons in Eu®t. This effect
reads

H.= Z tij (aT(UA)ai(UA)+a?—(UA)aj(O'A))
icA4f
jeA5d

+ Z tij (a;r(UB)ai(GB) +ai+(GB)aj(CTB)>

ieB4f
jeB5d

(21)
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Fig. 2. The electronic structure and properties of 2D EusS. (a) The energy bands of 2-layer EuS. (b) The PDOS of 2-layer EusS. (c) The energy bands of 3-layer EuS. (d) The PDOS

of 3-layer EusS. (e) The band gaps of 2D EusS. (f) The carrier concentration in 2D EusS.

where t;; is the hopping. H{ leads to 4f —5d transitions, and the
interaction between the excited electrons reads

+ +
Hee=) Viyjziir @i, (0n)a}, (08)aj, (0B)ai; (OA)-

We have a total perturbation H' = H. + H_..

The system has a FM ground state |WiM)= [Ticaas i) x
]—IjeBM [j(1)) in which the ions A and B are both spin-up.
There also exists an antiferromagnetic (AFM) state |Wh™) =
]_[ier [i(1)) ]_[jemf |j({)), in which the ion A (B) is spin-up (spin-
down). The energy difference between FM and AFM states can be
estimated by the perturbation theory. The first-order perturbation
energy is AE(") = (Wg| H' |Wg) =0 because H, converts the ground
state into an excited state that is orthogonal to |Wg) and Hp, does
not work on |Wg). The second-order perturbation is

2 =2

mag mag

Here, all the |y, ) are the excited states of the system. For the
case of FM and AFM, their AE® are the same because H/ does
not contain the spin direction. So, the energy difference of FM and

(22)

AE® — | ‘l’g| H' | ‘I’m

ol ol

AFM states cannot be distinguished at the level of second-order
perturbation. The third-order perturbation reads

2

mag
nzg

(We| H'| Wm) (Wm| H'| Wn) (Wn| H'| Wg)
(Eg — Em)(Eg — En)

AE® =

AE(I)Z | “Ilg| H’ | Wm) |

mzg

(wg| HL| \ym><\pm| H'| Wn) (Wn| H| W)
(Eg—Em)(Eg_El'l)

(24)

=
mz#g
nzg

Since (Wg| H(| Wn) involves only single excitation to 5d, we have

Lo (Wl Hel ¥m) (Wl H'| o) (Wl He] W)
n#£g

AE® =
(€54 — €4f)?

(25)

In (Wn| H'| ¥p) = (| H.| Wn) + (Wm| HLe| Wn), only H, con-

tributes to the energy difference AEy (3) - AE‘(SF)M and the main con-
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tributions are m = n. For the FM state, the terms (Wp]| Hée] W)

involve both Coulomb repulsion and exchange. However, for the

AFM state, the terms ({ Wp,| H’ee‘ W,) only involve Coulomb repul-
/

sion because the spin directions oa and op in Hy. are opposite.
Finally, we can approximately estimate that

1

3)
AE 7 — _
M (€50 — €45)?

3
AES), x (26)

3. Results and discussion

2D EuS lattices (Fig. 1(a) and (b)) have tetragonal symmetry
with Eu?t and S?~ arranging in NaCl type. The lattice constant
of 2-layer (3-layer) EuS is a = 4.09 A (4.11 A), respectively. The lat-
tices have a very slight compression in the direction perpendicular
to the 2D surface (~ 2% of the thickness). The distances of a Eu®*t
ion to its nearest neighbors are almost the same. For a 2D layered
material, the exfoliation energy is important to decide whether it
can be peeled off from the bulk. Exfoliation progress is described
in Fig. 1(c). The calculated exfoliation energy is AEqxs = 0.82 (0.85)
J/m? for 2-layer (3-layer) EuS, which is larger than the two times
of graphene (~0.36 J/m?). Indeed, the exfoliation of ionic crystals
is more difficult than layered van der Waals crystals. But the AEeys
of 2D EusS indicates that it is still possible to be produced from the
bulk.

Ionic crystals are held together by electrostatic interactions.
The total energy of an N-atom lattice can be expressed as E =

2
N(— ﬁ‘im + ME). Here, o = 1.748 is the Madelung constant of EuS
bulk, r is the Eu-S bond length and m = 6 is the number of nearest

neighbors in EuS bulk. The balanced bond length (i.e. dE/dr = 0)
is ro = (4”2"7'}'”3)5. By fitting the total energy from bulk calcula-

tions with different r (Supplementary Sec. 1), we get n = 6.36. For
2-layer EuS, the Madelung constant is o = 1.682, and the neigh-
bor number is m = 5. In 2D EuS layers, the reduction of neighbors
m leads to a decrease of repulsion energy. But the decrease of
Madelung energy is not that much as the repulsion energy. Since

o o (m/a)nl*l, we can estimate that the bond length in 2-layer
EuS is about 2.6% shorter than the bulk. This prediction is coin-
cidence with the previous DFT calculation and reveals the ionic
feature of 2D EusS layers.

To verify the dynamic stability of 2D EuS, the phonon spec-
trum (Fig. 1(d) and (e)) are plotted. We can see a small band of
imaginary frequencies near the I" point. This indicates that free-
standing 2D EuS layers have a limit of size, and larger areas be-
come unstable. Such a feature also exists in 2D germanene [35].
We can estimate the size limit of free-standing 2D EuS by the
range of imaginary phonon momentum, i.e. 0 ~ qo. The wave-
length of a phonon mode is A = 27 /q. When the size is smaller
than 2 /qp, the imaginary modes do not work and then free-
standing 2D EuS can exist. For 2-layer (3-layer) EusS, the calculated
size limit is 27 (57) A, respectively. So, free-standing 2D EuS can
exist in nanoscale.

In the theoretical model in Sec. 2.2, the magnetic anisotropy D
is important to decide the thermal stability of long-range magnetic
order. Thus, the magnetic anisotropy energy (MAE) is calculated to
evaluate D. With tetragonal symmetry, the MAE of 2D EuS exhibits
uniaxial anisotropy and can be fit to [36]

MAE = Kj sin®6 + K> sin*6 (27)

where 6 is the angle relative to the easy axis. By fitting DFT calcu-
lation results (Fig. 4(f) and (i)), we have K; = -0.24 meV/cell, K, =
0 for 2-layer EuS, and K1 = -0.19 meV/cell, K, = 0.04 meV/cell for
3-layer EuS. The maximum MAE, which is defined as the energy
difference of the system with magnetization axis along the easy
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axis and perpendicular to it, is calculated to be 0.24 meV/cell for
2-layer EuS, and 0.15 meV/cell for 3-layer EuS. By MAEax = nDS?
(n is the number of Eu ions in one primitive cell) the magnetic
anisotropy D is finally obtained.

To investigate the electronic properties, the energy bands and
PDOS of 2D EusS are plotted. With the SOC, an electron in a certain
state does not have a definite spin. The electronic wavefunction is
presented as W = (W4 (r), \Pi(r))T, and the spin polarization of a
state reads

o J1w@f dr— [ |w o] dr
f|\IJT(r)|2dr+f|\IJ¢(r)|2dr

We plot each band state with color to show the polarization. For 2-
layer EuS, the energy bands and PDOS are plotted in Fig. 2(a) and
(b). The S 3p bands lie far below the Fermi level, which consti-
tute the electron orbitals around the S~ ions. The valence bands
are composed of Eu 4f orbitals and they are fully spin-polarized.
Eu?t jons have a half-filled 4f” configuration. In the rare-earth
ions, it should be the most stable. The conduction bands are com-
posed of Eu 5d orbitals. The spin-up bands have lower energy. This
electronic structure shows a feature of a magnetic semiconductor
with the valence bands top and the conduction bands bottom in
the same spin direction. The energy bands and PDOS of 3-layer EuS
are plotted in Fig. 2(c) and (d). A similar feature of magnetic semi-
conductor can be seen. With the quantum confinement effect, the
band gaps of 2D EusS layers are larger than EuS bulk (Fig. 2(e)). It is
worth noting that 2D EuS layers have a direct band gap, while the
band gap of EuS bulk is indirect (for the bands of EuS bulk, please
see Supplementary Fig. S1). The carrier concentration of 2D EuS
(Fig. 2(f)) can be evaluated by c = ¢, + cp. Here, the electron con-

centration reads ¢, = % (D(E) is the density of states)
)dE.

and the hole concentration reads ¢, = [ D(E)(1 — m
The results show that the carrier concentration sharply increases
(~ 10" ¢m~2) at T > 300 K, which is lower than graphene (~
10'2 cm—2) by an order of magnitude.

To save computation in the following study, we turn to the
PBE+U method and try to find a proper U value to approximate the
HSEO6 functional. It is known that the PBE functional always un-
derestimates the band gap. Here we consider the band gap and the
lower gap (the gap from S 3p band top to the valence band bot-
tom, see Fig. 2(a)). We try a wide range of U values and compare
the band gap and the lower gap with those of HSE06 (Fig. 3(a)).
However, the two cannot be both matched because the Hubbard
U only considers the electron correlation in the narrow Eu 4f
bands. The most appropriate value is U = 5 eV, for which the
band gap is around the value of HSEO6 and the lower gap is
not too small. A comparison of bands is shown in Supplemen-
tary Fig. S2. We can see that by PBE+U the shapes of valence
and conduction bands are roughly close to that of HSE06, while
the S 3p bands are a bit higher. Our choice of U is a compro-
mised adaption between the band gap and the lower gap. In the
following text, we adopt this U value for the subsequent calcula-
tions.

To prove the mechanism of 4f-5d indirect exchange, we turn
to Eq. (26) which is the result of three-order perturbation. In the
crystal field of S2—, some of the 4 f orbitals are affected and some
are not due to the symmetry matching. So the 4 f flat bands can be
seen as unperturbed energy. We estimate €54 — £4f = AEtran as the
gap from the average value of 4f flat bands to the 5d band bot-
tom. To probe the energy difference Eapv - Epv between the FM
and AFM states of two neighboring Eu?*t ions, we consider the two
configurations for 2-layer EuS in Fig. 4(b). By changing the Hub-
bard U, the electron correlation and Eapy - Epv is then changed.
The calculation results (Fig. 3(b)) fit the three-order perturbation
theory (Eq. (26) well.

(28)



L.-R. Cheng and Z.-Z. Lin

band gap / lower gap (eV

-0.2
-0.4
3

1.2
S 1.0
0.8
0.6

—#&— band gap
—&— lower gap

e &2
EELSEE'S

Physics Letters A 395 (2021) 127229

5
U (eV)

(b) 2-layer
__________ 25
201

% ]

£ 15F

S

10

g

R

5fm
1 0 1 1 1
v/ 0 1 2 3
l/AEtnlnZ (eV'z)

Fig. 3. The electron interactions in 2D EusS. (a) The band gap and lower gap of 2-layer EuS at the level of PBE+U. The blue (red) dashed line denotes the band (lower) gap at
the level of HSEO06. (b) The energy difference Eapv - Epm of 2-layer EuS varying with AEan. (For interpretation of the colors in the figure(s), the reader is referred to the

web version of this article.)

(a)

2-layer

(C) 3-layer
a Lt’%{(
& &
8§ KR/
B P
e

-

energy (meV)
~

( d) 2-layer

w A

—

energy (meV)
~

Lol —]

0
k(A 95

1
—
'
—

15

10

M (uB)

energy (meV)
el =
Ve

2-layer
- \\'
]
e 0 . o
0 2 4 6 8 10 12 14
T (K)

E

£ 7
g —
g
S
X M r
(h) .
-layer
25 y
20-'\
2= "~
%15- \\.
= ol H
5-
ol " " " n " 8
0 2 4 6 8 10 12 14

 (meV)
= E
S

0 30

¢ /4
/50' ...... A

~5 1
- V
© 4
E3 ]
82
g1
g

I X M

r

1 1 1
90 120 150 180
0 (degree)

30 60 90 120 150 180
0 (degree)

Fig. 4. The magnetic interactions and spin wave in 2D EuS. (a) The Heisenberg coupling J in 2D EuS. (b) The magnetic configurations of 2-layer EuS. (c) The magnetic
configurations of 2-layer EuS. (d) The magnon spectrum of 2-layer EuS. (e) The magnetic moment of 2-layer EuS varying with temperature T. (f) MAE of 2-layer EusS. (g) The
magnon spectrum of 3-layer EuS. (h) The magnetic moment of 3-layer EuS varying with temperature T. (i) MAE of 3-layer EuS.



L.-R. Cheng and Z.-Z. Lin

2-layer

~
)
~

2-layer (b)

0
>

S

N

~

ol

\

density of doped electron (10"cm™)
Py
T
Curie temperature (K)
&
T

0 02 04 06 08 10 1.2 00 02 04 06 08 10
Fermi energy (eV) Fermi energy (¢V)

e

(8

Physics Letters A 395 (2021) 127229

3-layer (d) 3-layer

40

~
o
~

IS

w
T

N

density of doped electron (10'‘cm™)
=
\.
e
Curie temperature (K)
= S
= i

\

el

0.0 0.2 04 06 0.8 0.0 02 0.4 0.6 0.8
Fermi energy (eV)

)

)

Fermi energy (eV)

Fig. 5. The effect of gating on 2D EuS. (a) The electron density in 2-layer EuS. (b) The Curie temperature of 2-layer EuS. (c) The electron density in 3-layer EuS. (d) The Curie

temperature of 4-layer EuS.

Next, to obtain the magnon spectrum, the coupling | between
neighboring Eu?* ions (Fig. 4(a)) should be evaluated to map
into the Heisenberg model. For 2-layer EuS, every Eu?* ion has
four neighbors in one layer and four in the other layer. For the
two configurations o« and f in Fig. 4(b), the Heisenberg ener-
gies in one primitive cell are Eq = Eg — 1652 and Eg =Ep (ie.
Eg — Eq = 16J52%). By calculating the energy difference between
o and B, we obtain | = 4.28x1072 meV for the 2-layer EuS. By
a similar method, we consider the configurations &, B, ¥ and
8 in Fig. 4(c). The corresponding energies are Ey = Eq — 2852,
Eg=Eq—12]S? Ey =Eq+4]JS? and Es = Eg. DFT calculations
result in J = 4.52x 1072 meV for the 3-layer EuS.

The magnon spectrum of 2-layer (3-layer) EuS is shown in
Fig. 4(d) (Fig. 4(g)), respectively. In the lowest band, we can see
the low-energy gap A = 2SD at the I"' point. The magnetization
at any temperature T can then be estimated numerically by the
self-consistent equation (19). The results (Fig. 4(e) and (h)) shows
that the magnetic moment sharply decreases when T is near the
Curie temperature. The Curie temperature of 2-layer (3-layer) EuS
is about T. = 12 (13) K, respectively, which is close to the recently
discovered 2D ferromagnet Fe3;GeTe; [37]. To verify this result, we
further perform quantum Monte Carlo simulations for 20 x 20 EuS
supercells (for the detail, see Supplementary Sec. 3), and obtain
similar M-T curves to Fig. 4(e) and (h).

According to the mechanism of 4f-5d indirect exchange, the
electrons entering the Eu 5d orbitals are pivotal to generate the
FM interaction. If modulation is employed to let more electrons
going into the Eu 5d orbitals, the Heisenberg coupling |/ may be
enlarged and the Curie temperature is then enhanced. In experi-
ments, this can be done by applying a gate voltage on 2D EuS. In
DFT calculations, it is simulated by enhancing the Fermi level. We
calculate the Heisenberg | under given Fermi level by the above
method and then obtain the Curie temperature by solving the self-
consistent equation (19). The results are shown in Fig. 5. For both
2-layer and 3-layer EusS, the density of free electron increases with
enhancing Fermi level. When the Fermi level is elevated up into
the Eu 5d conduction bands, the electron density and the Curie
temperature sharply increases. This result further confirms the the-
ory of 4 f-5d indirect exchange and reveals a pathway to modulate
the magnetic properties in 2D magnets.

Finally, we concern about the influence of phonons on the
magnon spectrum. In 2D systems, the low-energy gap A is im-
portant to keep the long-range magnetic order. It is known that
magnon-phonon scattering may soften the quasiparticle energies
of magnons and then lower A. Here, we estimate the effect of
longitudinal acoustic (LA) phonons which leads to the stretching
of lattice and the change of Heisenberg coupling J. The effective
magnon-phonon interaction Hamiltonian is accounted as

h L
——2i[ 9 e RNN |
" 20Aw(q) (29)

Hup~SIV]l Y
NN, 4,

x(1—cosk e ENN)(aAbir _bo—atbt _bo).
9 k+q k q k—9q k

This Hamiltonian Hp,_p represents a magnon who releases a virtual
phonon and then adsorbs it. At the level of second-order perturba-
tion, the self-energy correction of magnons reads

2nhS?|V J|?
oc(hc —2pk)’

ED (k) > —

(30)
The detailed explanation of above theory is presented in Supple-
mentary Sec. 4. For 2- and 3-layer EuS, we finally obtain a rough
estimation of E,(ﬁ)_p> -8x10~* meV. Such small value ensures that
the low-energy gap of magnon is protected from the thermal dis-
turbance of phonons.

4. Conclusions

By a combination of the theoretical model and DFT calculations,
we systematically provide theoretical pieces of evidence for the ex-
istence and stability of 2D ionic EuS layered crystals. 2D magnets
with magnetic anisotropy are able to hold long-range magnetic
order at finite temperature. Our theoretical model reveals a mecha-
nism beyond the Mermin-Wagner theorem. The model reveals the
effect of a low-energy gap in the magnon spectrum on prevent-
ing thermal disturbance from destroying the ferromagnetism. 2D
EuS layers are proved to be magnetic semiconductors with the va-
lence and conduction bands fully spin-polarized. The mechanism
of 4f-5d indirect exchange between Eu®* ions is uncovered. Our
theory clarifies the way of this new type of magnetic interactions,
in which the dynamic interactions between the excited Eu 5d elec-
trons play an important role in generating the exchange. Based
on the mechanism, a gate voltage is introduced as an approach
to enhance the Curie temperature. Our theoretical research would
benefit future research of other magnetic 2D crystals.
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