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Flat-band ferromagnetism in the quasi-one-dimensional electride Y,Cl; induced by hole doping
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Mielke and Tasaki’s theoretical proposal of flatband ferromagnetism with the Hubbard model has attracted
much attention due to the promising possibility of ferromagnetic order in electronic materials. Using first-
principles density-functional theory calculations and tight-binding analysis, we present hole-doping-induced
flatband ferromagnetism in the van der Waals layered insulating electride material Y,Cl;, whose struc-
tural framework consists of an array of weakly coupled one-dimensional (1D) Y wires. It is revealed that
Y,Cls, featuring a 1D paired, puckered diamond lattice of Y atoms, possesses three occupied valence states:
the first- and second-highest (S; and ) states give rise to flatbands due to the destructive interference of Bloch
wavefunctions, whereas the third-highest (S3) state exhibits a dispersive band along the interstitial space within
the paired diamond lattice. Upon partial hole doping of the §; band with a density larger than 0.3 holes per
unit cell, we predict the emergence of ferromagnetism by satisfying the Stoner criterion, enabled by a high
density of states at the Fermi level. Interestingly, the spin polarization of the S; band induces the nearly equal
spin splitting of the S, and S; bands via the facilitated exchange interactions with the presence of interstitial
anionic excess electrons. Our findings offer theoretical insights into an intricate flatband ferromagnetism in the
experimentally synthesized 1D electride Y,Cl; by hole doping, thereby enriching the family of 1D electride

materials for spintronic applications.
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I. INTRODUCTION

At the beginning of the 1990s, Mielke [1-3] and Tasaki
[4] proposed an intriguing quantum state of flatband ferro-
magnetism based on the Hubbard model. Since then, many
tight-binding (TB) Hubbard models have been investigated
in a variety of lattices, i.e., Lieb [5], kagome [6], dia-
mond [7], and checkboard [8], to demonstrate the emergence
of flatband ferromagnetism. In such nontrivial lattices, flat-
bands are constructed by the destructive interference of Bloch
wavefunctions [9-11]. The resultant localized electron wave-
functions in real space lead to the dominance of repulsive
Coulomb interaction compared to the quenched kinetic en-
ergy. It has been theoretically predicted that, when the flatband
is half-filled, arbitrary on-site Coulomb interaction U > 0
can induce a nontrivial ground state with ferromagnetic order
[12]. More rigorous analyses of the flatband Hubbard models
and their numerical simulations demonstrated that ferromag-
netism remains undestroyed even in cases where the flatness
and half-filling of a single band deviate from a perfectly half-
filled flatband [13,14]. However, the challenge lies in finding
real materials possessing the proper occupancy of a nearly flat
band at the Fermi energy Er, which exhibit a ferromagnetic
ground state.
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To date, a number of low-dimensional materials have
been proposed as possible candidates for the emergence of
flatband ferromagnetism. Based on spin-polarized density-
functional theory (DFT) calculations, one-dimensional (1D)
organic polymers [15], some 1D inorganic materials [16],
two-dimensional (2D) metal-organic frameworks [17], and 2D
carbon-based monolayers such as kagome graphene [18] and
cyclic graphdiyne [19] were reported to have a nearly flatband
crossing Er, which leads to spin splitting via a Stoner instabil-
ity with high density of states (DOS): i.e., the highly localized
flatband electrons can align their spins to lower the potential
energy of repulsive electron-electron interactions, according
to the Pauli exclusion principle. Despite the longstanding the-
oretical efforts [20,21], the realization of crystalline flatband
systems has been rarely accomplished in experiments. A re-
cent discovery of flatbands in twisted bilayer graphene [22,23]
has provided a platform to investigate many exotic quantum
states including unconventional superconductivity [22], frac-
tional quantum Hall states [24,25], and ferromagnetism [26].
Since the flatbands in twisted bilayer graphene are attributed
to the localized electron wavefunctions in the moiré pattern
at certain magic angles, their associated ferromagnetism was
observed to survive only at low temperatures below a few
degrees Kelvin, indicating a very weak magnetic coupling
due to the large unit cell size. Compelling examples of crys-
talline flatband systems include various kagome metals such
as FeszSn, [27], FeSn [28], CoSn [29], and YMngSne [30],
which have multivalence 3d electrons with a complicated
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mixture of nearly flatbands and dispersive bands. It is thus
difficult to study the intrinsic properties of isolated flatbands
in these 3d transition-metal compounds. In this regard, the
search for new materials having isolated flatbands is highly
desired for exploration of flatband ferromagnetism.

Recently, as a special species of ionic crystal, low-
dimensional inorganic electrides having interstitial anionic
electrons separated from cationic atoms have been experi-
mentally synthesized [31-34]. Since such anionic electrons
are weakly bound to the constituent nuclei and are confined
in interstitial spaces along 1D channels [35-37] or between
2D interlayers [38—42], electrides usually have the attractive
features of high electrical conductivities and low work func-
tions [31,43-45]. Specifically, the interplay between the novel
electride properties and magnetism could be most promis-
ing for future applications in spintronics. Here, we identify
the existence of isolated flatbands in the quasi-1D electride
Y,Cl; with the paired diamond lattice, which in turn hosts
flatband ferromagnetism via hole doping. Notably, Y,Cl; was
synthesized experimentally several decades ago [46] and was
recently identified as a 1D electride with anionic excess elec-
trons [37]. However, the origin of the flatbands in Y,Cl; has
not been previously addressed.

In this article, using first-principles DFT calculations and
TB analysis, we demonstrate that the quasi-1D electride
Y,Cl; with the paired, puckered diamond lattice of Y atoms
has three occupied valence states where the first- and second-
highest (S} and §;) states exhibit a flatband feature due to
the destructive interference of Bloch wavefunctions, whereas
the third-highest (S3) state represents a dispersive band. We
find that the S, S>, and S5 states originate dominantly from
the Y d»_, dy,, and d,; orbitals, respectively. However, the
three states also have the anionic character of interstitial ex-
cess electrons residing inside the paired diamond lattice. By
hole doping in the topmost S; band, the ferromagnetic order
emerges via the Stoner instability with a high DOS at Er. The
resulting flatband ferromagnetism gives rise to the spin split-
ting of the Sy, S,, and S5 bands with nearly equal magnitudes,
indicating that the exchange coupling between different Y-4d
orbitals can be effectively facilitated with interstitial anionic
electrons.

II. CALCULATIONAL METHODS

Our first-principles DFT calculations were performed us-
ing the Vienna ab initio simulation package with a plane-wave
basis [47,48]. The interactions between core and valence
electrons were described using the projector-augmented wave
method [49], where the valence electron configurations of Y
and Cl were considered as [4s” 4p® 4d" 55%] and [2s? 3p°], re-
spectively. The plane wave basis was employed with a kinetic
energy cutoff of 550 eV, and the exchange-correlation en-
ergy was treated with the generalized-gradient approximation
functional of Perdew et al. [50]. The k-point samplings were
conducted using 8x8x6 k points for structure optimization
and 16x16x 12 k points for the DOS calculation. All atoms
were allowed to relax along the calculated forces until all
residual force components were less than 0.001 eV/A. The
effect of van der Waals (vdW) interactions between Y,Cls
layers was taken into account by employing the optB86b func-

FIG. 1. (a) Optimized structure of bulk Y,Cl;. The crystal struc-
ture of Y, Clj has the space group C2/m with the lattice constants a =
7.87 A, b="7.87 A, ¢ =10.10 A, and the angles o = 28.4° between
a and b and B = 116.8° between b (or a) and c. Here, the dashed
lines represent the primitive unit cell. The x-axis is taken along the
Y wire. A single Y wire in the paired, puckered diamond lattice is
illustrated in (b). The numbers in (a) and (b) represent the calculated
Y — Y distances (in A). Figure (c) presents a schematic diagram
illustrating the destructive interference of Bloch wavefunctions in the
1D diamond lattice.

tional [33,51]. In the hole-doping simulations, the hole density
was tuned by removing electrons from the unit cell, with a
jellium background with opposite charge added to maintain
charge neutrality, and the atomic structures were optimized
at different hole densities. The phonon calculations of Y,Cls
were carried out using the QUANTUM ESPRESSO package
[52], with 8x8x6 k points and 4 x4 x3 g points.

III. RESULTS AND DISCUSSION

We first optimize the atomic structure of Y,Cl3 using DFT
calculations. Bulk Y,Cl; was experimentally synthesized [46]
and its structure is characterized by the 2D layered structure
[see Fig. 1(a)], the basic building block of which is composed
of the edge-sharing octahedral framework of six Y atoms.
There are two kinds of Y atoms (designated as Y and Yg)
bridged by CI atoms [37]. Such a 1D Y wire along the x-axis
has the paired, puckered diamond lattice [see Fig. 1(b)], where
the calculated Y — Y distances in the Y octahedral are given
in Figs. 1(a) and 1(b). Meanwhile, each Y wire is also bridged
to neighboring wires by Cl atoms, forming an array of Y wires
in the xy-plane. Note that a single 1D diamond lattice is one of
the simplest quantum frustrated systems [53]. As depicted in
Fig. 1(c), the destructive interference of Bloch wavefunctions
in the 1D diamond lattice is expected to give rise to compact
localized states and flatbands [53], which represent highly
degenerate manifold states of electrons, as discussed below.

Figure 2(a) shows the calculated band structure of bulk
Y,Cl3, together with the partial density of states (PDOS) for
the Y 4d and Cl 3p orbitals. There are three valence states
S1, Sz, and S3 with a band gap of 1.01 eV at the I point, in
good agreement with a previous [37] DFT calculation. The §;
(S>) state is represented by a rather flat band with a narrow
bandwidth of 0.17 (0.34) eV, whereas the S5 state exhibits
a dispersive band with a bandwidth of 0.74 eV. As shown
in Fig. 2(a) and Supplemental Fig. S1 [54], the PDOS and
band projection onto different orbitals indicate that the S;, S,
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FIG. 2. (a) Calculated band structure of bulk Y,Cls, together
with the PDOS for the Y 4d and C1 3p orbitals. The inset of (a) shows
the brillouin zone of the primitive unit cell. In (b), the perspective
and top views of the charge characters of the Sj, S,, and S5 states
are displayed with an isosurface of 0.04 ¢/A3. In (c), the calculated
ELF is drawn on the (201) plane with a contour spacing of 0.1. The
dashed circles in (b) and (c) represent the Wigner — Seitz spheres of
the X; and X, anions, the centers of which are (-1.928, 1.690, 0) and
(0, 0, 0) in Cartesian coordinates, respectively.

and S5 states originate dominantly from d,>_», dy., and d,,
orbitals, respectively. Meanwhile, the fully occupied CI 3p
orbitals are located around —4.0 eV below Ef, indicating an
anionic character of C1~ with cationic Y atoms. It is worth
noting that the S}, S,, and S5 states also have a characteris-
tic feature of anionic excess electrons residing in interstitial
spaces inside the paired diamond lattice, as discussed below.
In Fig. 2(b), the charge characters of the S;, S,, and S3
states are displayed by integrating the charge densities of
Bloch wavefunctions over the Brillouin zone. We find that
the S| state with the d,»_,» orbital character of Yy exhibits
an electron distribution mostly confined inside the paired di-
amond lattice with a minimal spread around the Y, atoms.
Such an electron localization may be related to a flatband-
induced localization due to a destructive interference in the
paired diamond lattice, as discussed below. Similarly, the S,
state with the d,, orbital character of Y, exhibits a local-
ized electron distribution inside the paired diamond lattice
with a minimal spread around the Yg atoms [see Fig. 2(b)].
Meanwhile, as shown in Fig. 2(b), the S; state with the d,,
orbital character of Y exhibits a strong delocalized electron
distribution along the x-axis inside the paired diamond lattice.
To identify the electride characteristics of Y,Cls, the electron
localization function (ELF) is plotted in Fig. 2(c). We find the
presence of anionic excess electrons at the positions marked
as X and X in the interstitial space inside the paired diamond
lattice. These local maxima positions of ELF in the xy-plane
agree well with those of a previous DFT calculation [37]. We

0 n/a

FIG. 3. (a) Calculated eigenvector signs of the ST® and ST® flat-
bands and (b) band structure in the TB analysis, with the parameters
t=-04,1ta =-0.2,15 = 0.5, and A = -1.0. These parameters were
selected to match the TB eigenvalues with those obtained from the

DFT calculation of bulk Y,Cl; at k = 7 /a. In (a), the four Y atoms
in the unit cell are designated as Y, Ya’, Yg, and Yp'.

further examine how largely these interstitial anionic electrons
contribute to the Sy, S», and Sj states by calculating the PDOS
for X; and X, anions with a Wigner-Seitz radius of 1.0 A [see
the dashed circles in Fig. 2(c)]. As shown in Supplemental
Fig. S2, all Sy, S, and S3 states have much contribution from
X and X, anions, indicating a strong hybridization between
Y-4d cationic and interstitial anionic electrons. Specifically,
the S, (S3) state has a more significant contribution from
the X; (X) anion, which may result in a larger bandwidth
compared to the S} band [see Fig. 2(a)].

To gain insight into the nature of the S, S, and S5 states
in Y,Cls, we conduct a TB analysis for the single paired
diamond lattice, comprising four Y atoms per unit cell, des-
ignated Ya, Ya', Y, and Yp in Fig. 3(a). Considering the Y
oxidation state of 2+ in Y,Cl;s [55,56], we focus solely on a
single orbital TB analysis for this diamond lattice.

A A h h
H = A A h h )
e o 0 |

b g 0

where A represents the on-site energy difference between Y 5
(Ya) and Yp (Yp) sites; ta, tg, and ¢ represent the nearest-
neighbor hopping parameters of Y5 < Ya, Yz < Yp,
and Yo (Ya) < Yg (Yp), respectively; and h =t + tek¢
(a: the lattice constant along the x-axis). By solving the TB
Hamiltonian, we obtain two flatbands ST® and S7® with the
eigenvalues of E| = —tg and E; = —fa + A, and two disper-
sive bands SJ® and ST® [see Fig. 3(b)]. The eigenvector of
the ST® flatband is {0, 0, 1, —1}, indicating the presence of
nodes at Yo and Ya/, as depicted in Fig. 3(a). Meanwhile,
the eigenvector of the S;B flatband is {1, —1, 0, 0} with the
nodes at Yp and Yg'. These localized eigenstates are attributed
to the destructive interference of wavefunctions in the paired
diamond lattice. By comparing the DFT [Fig. 2(a)] and TB
[Fig. 3(b)] band structures, we can determine that the S; and
S5 bands originate from flatbands ST® and SJ®, respectively.
Note that the ST® band is unoccupied because of four valence
electrons in the TB model. However, for Y,Cl3, the S; band
is fully occupied by including two anionic excess electrons
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TABLE I. Calculated bond angles (°) and bond lengths (A) in the Y4 octahedra without and with hole doping.

ny, () ZYA-Cl-Yp ZYA-Y-Ya ZYg-Ya-Ys dYA —Cl dYBfCl dYA—YB
0 84.25 52.73 93.85 2.77 2.72 3.69
0.3 84.81 52.83 94.55 2.76 2.71 3.68
0.5 84.95 5291 94.66 2.74 2.70 3.67

per unit cell [see Fig. 2(a)]. In contrast to the perfect flatness
of the SITB and S;B bands in the TB model, the flatness of
the S; and S, bands in Y,Cls is weakened due to the pres-
ence of interstitial anionic electrons and intralayer/interlayer
interactions.

By hole doping in nonmagnetic, insulating 2D monolayers
such as GaSe [57] and In;Ses [58], a Stoner-type magnetic
instability was predicted to drive itinerant ferromagnetism:
i.e., the hole doping in the narrow valence bands induces spin
polarization via exchange interaction, where spin-polarized
electrons remain farther apart by Fermi statistics to lower
the Coulomb repulsion energy. Similarly, we introduce holes
into the narrow §; band in Y,Cl; to examine the possibility
of ferromagnetic instability. Table I presents the calculated
bond angles and bond lengths in the Y4 octahedra without
and with hole doping. We find that at a hole density of
n, = 0.3e (0.5¢), the angles £YA-Cl-Yg, £YA-Yg-Ya, and
ZYp-Ya-Yg are 84.81° (84.95°), 52.83° (52.91°), and 94.55°
(94.66°), respectively, showing a slight increase compared to
the angles without hole doping (84.25°, 52.73°, and 93.85°).
Meanwhile, the bond lengths dy, _c1, dy,—c1, and dy, _y, are
2.76 (2.74), 2.71 (2.70), and 3.68 (3.67) A at n, = 0.3e
(0.5e), respectively, showing a slight decrease compared to
the bond lengths without hole doping (2.77, 2.72, and 3.69
A). Additionally, we compare the charge character of the S,
state at n, = 0, 0.3, and 0.5¢ in Supplemental Fig. S3. Here,
each charge character is displayed by integrating the charge
densities of the occupied §; state over the Brillouin zone.
We find that the electron distribution of the S; state having
the d,>_,» orbital character of Yp slightly decreases with hole
doping. As depicted in Supplemental Fig. S4, the bandwidths
of Sy, S», and S5 without hole doping are estimated to be 0.17,
0.34, and 0.74 eV, respectively. With a hole density of n; =
0.3e (0.5¢), the bandwidths of Sy, S,, and S3 change slightly
to 0.20 (0.21), 0.32 (0.29), and 0.73 (0.71) eV, respectively
[59]. As shown in Fig. 4(a), the ferromagnetic state emerges
as the hole density n; increases. For n, > 0.3e per unit
cell (equivalent to 8.5 x 10'* cm™2), the ferromagnetic state
becomes more thermodynamically stable than the nonmag-
netic state with an energy gain of spin-polarization energy
Eqin [see Fig. 4(a)]. Note that the typical doping densities
are in a range between 5 x 10'> cm™2 and 8 x 10" cm™
[60]. Based on phonon calculations, we confirm that the fer-
romagnetic structure is dynamically stable without imaginary
phonon frequencies (see Supplemental Fig. S5 [54]). The
calculated magnetic moment M increases monotonically as
ny, increases [see Fig. 4(a)]. We find that M jumps sharply
to 0.4 up at n, = 0.4e and reaches 1 upg at n, = 1.0e. Due
to an increased DOS at Er under hole doping, the Stoner
criterion can be fulfilled to drive a ferromagnetic instability.
Indeed, we find that for n, = 0.5¢, the nonmagnetic state has

a high DOS of 5.18 states/eV per spin at Ep [see Fig. 4(b)].
Consequently, the Stoner criterion /-D(EF) is larger than 1,
where the Stoner parameter / = 1.36 eV is estimated from the
exchange splitting of 0.17 eV [see Fig. 4(c) and Supplemental
Fig. S6] divided by M = 0.125 up per Y atom. It is thus
demonstrated that the partially hole-doped S; band at the
top of the valence states induces a ferromagnetic instability
via a Stoner mechanism with the exchange splitting of other
electronic states, as discussed below.

Figures 4(c) and 4(d) show the ferromagnetic band struc-
tures of Y,Cl; at n;, = 0.5¢ and 1.0e, respectively. We find
the strong spin splitting of the S;, S», and S3 bands. For
0.3e < nj, < 1.0e, the Fermi level crosses only the spin-down
S| band, yielding a half-metal state with fully polarized spin
transport. Meanwhile, at n;, = 1.0e, the system becomes a
ferromagnetic semiconductor with a narrow gap of ~70 meV
[see Fig. 4(d)]. Interestingly, for n, = 0.5¢ (1.0e), the spin
splitting energies of the S;, S», and S3 bands are the nearly
same as 0.15 (0.30), 0.12 (0.30), and 0.11 (0.33) eV at the
I' point, respectively [see Figs. 4(c) and 4(d)]. This result
indicates that the ferromagnetic instability of the S; band
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FIG. 4. (a) Calculated spin-polarization energy Ejy, and mag-
netic moment M of bulk Y,Cl; as a function of n;,. The units of
Egin and M are per unit cell. The calculated band structure and
DOS of the nonmagnetic state at n, = 0.5e are displayed in (b).
The band structures of the ferromagnetic state at n;, = 0.5¢ and 1.0e
are displayed in (c) and (d), respectively. The numbers in (c) and
(d) represent the spin splitting energies (in eV) of the Sj, S,, and S;
bands at the I" point.

024413-4



FLAT-BAND FERROMAGNETISM IN THE ...

PHYSICAL REVIEW B 110, 024413 (2024)

(a)
60 60
—e— y axis
Y i 40
,>-\ 40 --@- X ax1s
] X
o 2
< g 0T
= 20
> 20
40 y
01 240 300
0 0.5 1 60 270
ny, (e) —e—xy-plane  —m—xz-plane

FIG. 5. (a) Calculated MAE of hole-doped ferromagnetic Y,Cl;
as a function of n,,. The angular dependence of MAE at n;, = 1.0e
is displayed on the xy- and xz-planes. Here, the MAE is defined as
the energy difference relative to the total energy for the out-of-plane
magnetization axis.

simultaneously induces the spin splitting of the S, and S3
bands. The similar magnitudes of exchange splitting in the
S1, S2, and S5 states imply that these three states are coop-
erative for stabilizing the long-range ferromagnetic order. It
is worth noting that the S|, S,, and S5 states exhibit signifi-
cant contributions from X; and X, anions, indicating strong
hybridization between Y-4d cationic and interstitial anionic
electrons (see Supplemental Fig. S2). To assess the impact of
anionic excess electrons on the Stoner criterion, we calculated
the PDOS arising from Y-4d and anionic electrons for the non-
magnetic configuration at n, = 0.5e. Our analysis reveals that
the PDOS of X; and X anionic electrons is about 30% of that
of Y-4d electrons (see Supplemental Fig. S7), suggesting a no-
table contribution of anionic excess electrons to ferromagnetic
instability. It is well established that in ferromagnetic elec-
trides, the exchange interactions between localized cationic
spins can be effectively mediated by interstitial anionic elec-
trons [32,40]. Considering the hybridization between Y-4d
cationic and interstitial anionic electrons in the S;, S,, and S3
states [see Fig. 2(a) and Supplemental Fig. S2], we can say
that the exchange coupling between different Y-4d orbitals
can be effectively facilitated with interstitial anionic electrons.

It is worth noting that 2D magnetic systems described
by the isotropic Heisenberg model cannot attain a long-
range magnetic order at any finite temperature due to thermal
spin fluctuations imposed by the Mermin-Wagner theorem
[61]. However, such thermal agitation can be suppressed by
magnetocrystalline anisotropy, leading to the stabilization of
2D magnetism [62]. In Fig. 5(a), the calculated magnetic
anisotropy energy (MAE) of hole-doped ferromagnetic Y,Clz
is displayed as a function of n,. We find that the MAE along
the x (y) direction increases with increasing ny,, such as 12.5
(10.8), 28.9 (23.6), and 50.0 (38.8) ueV at n, = 0.5, 0.75,
and 1.0e, respectively. Here, the positive MAE values indicate
that the easy magnetization axis points along the z direction:

i.e., the spins prefer to align along the out-of-plane direction.
Figure 5(b) shows the angular dependence of the MAE on
the xy- and xz-planes at n, = 1.0e, revealing significantly
more anisotropic behavior on the xz-plane compared to the
xy-plane. Therefore, hole-doped ferromagnetic Y,Cl; exhibits
triaxial magnetic anisotropy, with the easy magnetization axis
along the z direction, the intermediate magnetization axis
along the y direction, and the hard magnetization axis along
the x direction.

So far, the control of long-range magnetic orders via doped
free carriers has been extensively studied both theoretically
and experimentally. Jiang et al. [63] and Zheng et al. [64]
have demonstrated the capability of doped free carriers to
manipulate magnetic orders. Moreover, the efficient manip-
ulation of free carriers by electric gating in 2D materials
has been well established [65]. Therefore, it is anticipated
that the hole-doped flatband ferromagnetism in the 2D vdW
layered electride Y, Cl; can be realized through gate biasing in
magnetic tunnel junctions. Recent advancements have shown
that high doping carrier densities on the order of ~10'* cm™2
can be achieved in 2D materials via electrolyte gating [66—68],
which is close to the present hole-doping range of n, > 0.3e.
Additionally, nonmagnetic acceptor impurities can induce
hole doping in 2D materials, leading to a shift of the Fermi
level toward the valence bands and facilitating the transition
from a nonmagnetic to a ferromagnetic state.

IV. CONCLUSIONS

Our first-principles DFT calculations and TB analysis have
proposed the emergence of flatband ferromagnetism in the
layered insulating electride material Y,Cl; via hole doping.
Specifically, we revealed that Y,Cl; exhibits flatbands due to
the destructive interference of Bloch wavefunctions in a 1D
paired, puckered diamond lattice. Furthermore, upon partial
hole doping of the topmost valence band with a density larger
than 0.3 holes per unit cell, we predicted the ferromagnetic
instability by satisfying the Stoner criterion, enabled by a high
DOS at the Fermi level. The present work provides a novel
platform to investigate the intriguing interplay between elec-
tride materials and flatband ferromagnetism, holding promise
for future spintronics technologies.
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