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Based on first-principles calculations, an antiferromagnetic Ising model on a triangular lattice has been
proposed to interpret the order of Fe(1)-Ge pairs and the formation of +/3 x /3 superstructures in the FesGeTe,
(F5GT) as well as to predict the existence of similar superstructures in Ni doped FSGT (Ni-F5GT). Our paper
suggests that FSGT systems may be considered as a rare structural realization of the well-known antiferromag-
netic Ising model on a triangular lattice. Based on the superstructures, a Heisenberg-Landau Hamiltonian, taking
into account longitudinal spin fluctuations, is implemented to describe magnetism in both FSGT and Ni-F5GT.
We unveil that frustrated magnetic interactions associated with Fe(1), tuned by a tiny Ni doping, is responsible
for the experimentally observed enhancement of the 7, to 478 K in Ni-F5GT. Itinerant magnetism, reflected by
longitudinal spin fluctuations, are found to only affect the 7,’s mildly with a modification of ~5% with respect to
that obtained with standard Heisenberg interactions. Our calculations show that at low doping levels, monolayer
Ni-F5GT has almost the same magnetic phase diagram as that of the bulk, which indicates a pervasive beyond
room-temperature ferromagnetism in this Ni-doped two-dimensional system.
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I. INTRODUCTION

In recent years, quasi-two-dimensional (quasi-2D) van der
Waals ferromagnetic (FM) materials, such as Cr,Ge,Teg [1],
Crl; [2], CrTe, [3,4] and Fe,GeTe, (n = 3-5) [5-9], have
garnered significant attention due to their novel physical
properties and potential applications in spintronic devices.
Among them, FesGeTe, (FSGT) system is particularly attrac-
tive, owing to its extraordinary properties suitable for practical
applications, including metallic ferromagnetism with near
room-temperature 7. (279-332 K), large saturation moment
(1.8-2.1 pg/Fe) [7,8,10-12] and high tunability of chemical
compositions [8,13—16]. More recently, Chen et al. reported
that, by 36% Ni doping in the FSGT compound, its 7;. can be
significantly enhanced to 478 K [14]. They further postulated
that this enhancement of 7. in Ni-doped FSGT (Ni-F5GT)
may be caused by increased magnetic exchange interactions
due to the structural alterations.

On the other hand, one extraordinary characteristic of the
F5GT systems is that there are two split sites of Fe positions,
labeled here as Fe(1),, and Fe(1)4, with only one position
occupiable within each Fe(1),,, Fe(1)4, pair, leading to in-
trinsic structural disorders [7]. Due to the difficulty of dealing
with disorders, so far, most theoretical studies are based on
an ordered lattice structure with fully occupied Fe(1),, (uuu)
or Fe(1)y, (ddd) positions [16-20]. Intriguingly, scanning
tunneling microscopy experiments indicate that the FSGT
compound has ordered /3 x /3 superstructures driven by
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the ordering of Fe(l) atoms [21,22]. It is then natural to
suspect that lattice structural details may have subtle interplay
with magnetic ordering in both F5GT and Ni-F5GT, and the
V3 x /3 superstructures could be more representable to the
true experimental lattice structures. Ershadrad et al. inves-
tigated the structural ordering of F5GT based on ab initio
calculated energies [23] but ignored the effect from tem-
perature and entropy. Therefore, the mechanism behind the
formation of the v/3 x +/3 superstructures and their interplay
with magnetic ordering especially the itinerant magnetism and
high 7;’s, remain elusive.

In this paper, we propose an antiferromagnetic Ising model
on a triangular lattice, based on first-principles calculations,
to interpret the ordering of Fe(l) atoms and the formation
of the +/3 x +/3 superstructures in FSGT. Similar super-
structures are then predicted to exist in Ni-FSGT. Our paper
suggests that FSGT systems may be considered as a rare struc-
tural realization of the well-known antiferromagnetic Ising
model on a triangular lattice. Based on the superstructures, a
Heisenberg-Landau Hamiltonian, taking into account Heisen-
berg exchange interactions and longitudinal spin fluctuations,
is implemented to study the magnetic properties of FSGT and
Ni-F5GT. We unveil that frustrated magnetic interactions as-
sociated with Fe(1), tuned by a tiny Ni doping, is responsible
for the experimentally observed significant enhancement of
the 7. in Ni-F5GT. In contrast, calculated results based on the
uuy structure deviate qualitatively from experiments. Itinerant
magnetism, reflected by longitudinal spin fluctuations, are
found to only affect the 7.’s mildly, with a modification of
~5% with respect to that obtained with standard Heisenberg
interactions. Our calculations further show that at low doping
levels, the magnetic behaviors of the monolayer Ni-FSGT
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FIG. 1. (a) Average crystal structure of FSGT sublayer. The
white, red, orange, blue, and dark green spheres represent Fe(1),,,
Fe(1),,,, Fe(2)(3), Ge, and Te atoms, respectively. (b) Illustration of
the Fe(1) sublattice, half white and red indicate split sites of Fe(1)
on a triangular lattice. (c) Specific heat as a function of temperature
simulated for x = 0 and x = 0.2. The inset depicts the analysis of the
discrete Fourier transformation of the structure at 153 K for x = 0.
(d) Schematic of the short-range ordered (SRO) superstructure. The
3 x 3 superstructure is marked by the blue axis with the correspond-
ing primitive v/3 x +/3 superstructure marked by the red axis.

resemble closely that of the bulk, therefore, indicates per-
vasive beyond-room-temperature two-dimensional ferromag-
netism.

II. LATTICE STRUCTURE

The average crystal structure of bulk FSGT has a rhombo-
hedral space-group R3m [7] with three identical layers stacked
staggeringly in each unit cell, labeled as ABC stacking. Each
layer consists of a FesGe sublayer sandwiched between two
Te planes as shown in Fig. 1(a). The two split sites of
Fe(1) atoms are in the outermost plane of each FesGe sub-
layer. First-principles calculations indicate that Fe(1),,-Ge,,
or Fe(1),,-Gey, pairs are not allowed due to bond distance
restrictions, i.e., when the Fe(1) atom occupies the up site,
the corresponding Ge atom can only occupy the down site,
forming Fe(1),,-Gey, or, equivalently, Fe(1)4,-Ge,, pairs.
Interestingly, Fe(1) positions form a triangular lattice on the
plane as shown in Fig. 1(b). If Fe(1),,-Gegy, and Fe(1)4,-Ge,,
pairs are viewed as spin up and spin down, respectively, the
problem of Fe(1) order translates into an Ising model on a
triangular lattice. The Hamiltonian of the Ising model can then
be written as

H= ZjijSiSj (S, = £1), (1)

i<j

where J; corresponds to the ith nearest-neighbor (NN) ef-
fective interaction between Fe(1)-Ge occupation pairs [see
Fig. 1(b)]. We calculate J; up to the second-nearest neighbor
by fitting to first-principles calculated energies, obtaining J;
=30.2 and J, = 0.99 meV for F5GT, which shows that this
system is an antiferromagnetic frustrated Ising model on a
triangular lattice. Such a model with only Ji is well known
for its lack of long-range order at finite temperatures with
an infinitely degenerate ground state, composed of v/3 x /3
superstructures with two up and one down spins (or, equiva-
lently, two down and one up) on each triangle [24,25]. The
additional small J> may break the infinite degeneracy but
barely change the general behavior of the original model at
the temperatures that we are concerned (see our simulations in
Fig. S2 in the Supplemental Material [26]). Specific heat from
re-MC simulations show a bump peaked at around 380 K,
which does not become sharper with increasing lattice size
(shown in Fig. S2(a) of the Supplemental Material [26]),
indicating a weak size dependence and SRO structures [see
Fig. 1(c) blue curve] [25]. Spectra analysis by performing
discrete Fourier transformation on the structures obtained
from re-MC at low temperatures shows the highest density
of states locating at g = (1/3,1/3,0) and g = (2/3,2/3,0)
[the inset of Fig. 1(c)], indicating that the SRO structures are,
indeed, v/3 x +/3 superstructures, which is in good agreement
with the fast Fourier transformation pattern of the high-angle
annular dark-field (HAADF) images from experiments [7].
A representative superstructure from our model is shown
in Fig. 1(d). Notably, the superstructure preserves the Cs
rotational symmetry of the averaged structure, exhibiting a
Fe(DanFe(D)upFe(1)up (duu) or Fe(1)y,Fe(1)anFe(1)an (udd)
order along [100], [010], and [110] directions. Our direct
first-principles calculations also show that the duu or udd
structures have lower energy than the uuu or ddd structures,
inconsistent with the conclusions of the Ising model.

For Ni-F5GT, although the average structure with Ni dop-
ing changes from ABC stacking to AA stacking (space-group
P3m1) [14], the geometry of each sublayer still remains in-
tact. Therefore, the intrinsic structural disorder induced by
split sites of Fe(1) occupation persists with Ni doping with a
possibility of forming similar superstructures as in FSGT. To
make our computations feasible, the Ni doping is simulated
by using the lowest-energy structure obtained at each corre-
sponding Ni content in a supercell. Our calculations show
that the doped Ni atoms tend to first substitute the Fe(l),
then, gradually replace Fe(2) and Fe(3) with increasing Ni
content. We here use Ni-F5GT with x = 0.2 in which case
all Fe(1) atoms are replaced by Ni atoms with other Fe atoms
unaffected, as an example to illustrate the potential structural
ordering in Ni-F5GT. The same Ising model [Eq. (1)] can then
be applied with J; ; now standing for the interaction between
Ni-Ge structural pairs. We obtain J;, = 17.9, /, = —3.2 meV
with simulated specific heat shown in Fig. 1(c) (red curve).
Compared to x = 0, the bump of the specific heat becomes
sharper with its peak position shifted to a lower temperature at
around 300 K as a result of smaller J values but a larger J> /.J;
ratio, making it deviating more from a perfect triangular NN
antiferromagnetic Ising model. The results of corresponding
Fourier spectra analysis of Ni-FSGT with x = 0.2 is similar
to that of F5SGT, showing two peaks at ¢ = (1/3, 1/3, 0) and
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FIG. 2. Tllustrations of the TGT plane structure in Ni-F5GT sys-
tems. The pink, orange, blue, and dark green spheres represent Ni,
Fe, Ge, and Te atoms, respectively. The optimized duu structure
at (a) x =0.2 and (b) x = 0.667. The optimized uuu structure at
(¢) x =0.2 and (d) x = 0.667.

q = (2/3,2/3,0) but with higher peak intensity, which indi-
cates that with Ni doping, the v/3 x +/3 superstructure should
also be observable (see Fig. S3 of the Supplemental Mate-
rial [26]). To examine more of the structure, in each sublayer
of F5GT, the sites of Fe atoms are symmetric with respect to
the Ge atom at the center, forming a Te-Fe(1)-Fe(3)-Fe(2)-
Ge-Fe(2)-Fe(3)-Fe(1)-Te plane (labeled as the TGT plane)
[see Fig. 2(a)]. First-principles optimized /3 x +/3 super-
structure of Ni-F5GT (duu) with x = 0.2 shows a flat TGT
plane [see Fig. 2(b)], whereas for x = 0.667, the TGT plane
is rumpled, which both agree perfectly with HAADF scan-
ning transmission electron microscopy experiments [14]. In
contrast, structure optimized with the Fe(1),,Fe(1),,Fe(1),,
(uuu) structure of Ni-F5GT cannot accommodate a complete
TGT plane with the loss of one Fe(1)/Ni atom due to all Fe(1)
atoms occupy the up site, further supporting the existence
of the /3 x +/3 superstructure in Ni-F5GT [see Figs. 2(c)
and 2(d)]. It is, therefore, reasonable to argue that at finite
temperatures, the experimental lattice structures are composed
of domains with different SRO v/3 x /3 superstructures.

III. MAGNETISM

It is straightforward to assume that magnetism of the or-
dered superstructure could exhibit noticeable difference from
that of the uuu (or ddd) structure due to the change in lo-
cal environment related to Fe(1) atoms as also suggested in
Ref. [23]. We, therefore, further investigate the magnetism,
first the magnetic moments M, using the ordered superstruc-
ture. For F5GT, Fe atoms are divided into six inequivalent
positions, labeled here as Fe(1),,, Fe(1)4,, Fe(2a), Fe(2b),
Fe(3a), and Fe(3b) [see Fig. 1(a)] with each |M| of the
bulk calculated as 1.80, 1.88, 1.98, 2.24, 2.49, and 2.45 g,
respectively, which agree with the values 0.6-2.6 ug/Fe ob-
tained from experiments [7]. With Ni doping, the calculated
total magnetic moments |M,y| of the bulk Ni-FSGT fall
approximately linearly with the increase in doping level x,
from 10.8 ug/f.u. at x =0 to zero at x = 1 (see Fig. 3).
The doped Ni atoms are found to be weakly magnetic with
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FIG. 3. Ni-doping level x-dependent magnetic moments and 7
of bulk (solid symbol) and monolayer (open symbol) Ni-F5GT sys-
tems marked by blue and red curves, respectively.

Mp; ~ 0.27 pp at x < 0.5, whereas at higher doping levels,
Mpy; vanishes, therefore, result in a progressive dilution of
the total magnetization with the increasing inx. For more
details, the magnetic moment at each different site decreases
stagewise because of the nearly ordered substitution of each
Fe site by Ni, i.e., fully replace one site before going to the
next (see Fig. S6 of the Supplemental Material [26]). When
it comes to the monolayer, the |M;,| behaves similarly with
that of the bulk, but have slightly larger magnitude because of
enhanced localization in the low-dimensional case.
Furthermore, for F5GT, we study the change in each [M]|
by varying their relative canting angles. For instance, when
the spin angle is forced from 0° (parallel to other spins) to
90° (perpendicular to other spins), |M;|, |My,|, and |My,| are
each reduced by a non-negligible 0.6 pg, whereas |M3,| and
|M3;| remain nearly constant (see Fig. S4 of the Supplemental
Material [26]), which indicate the coexistence of itinerant and
localized magnetism in the FSGT systems with the itinerant
character mainly situated on Fe(1), Fe(2a), and Fe(2b) atoms.
Moreover, we calculate the total energy dependence on the
variation of each |M;| with results shown in Fig. 4. It can be
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seen that the energy wells on [M;|, |[My,|, and |My;| are sig-
nificantly asymmetric with respect to each well bottom with
a flatter rising on the low moment side, typical for itinerant
magnetic systems, such as bcc Fe and fcc Ni [27-30]. This
could result in noticeable redistribution of relevant |M;| with
variation in temperature (see Fig. S10 of the Supplemental
Material [26]), even lead to finite magnetic moments purely
stabilized by thermal fluctuations at high temperatures. How-
ever, the energy wells on |M3,| and |[M3,| are much deeper and
nearly symmetric with respect to each well bottom, therefore,
|IM3,| and |M3,| are expected to remain localized and only
exhibit negligible fluctuations in the temperature range we are
interested in. When Ni doping is introduced, each remaining
Fe magnetic moment largely keeps their original character.
However, with only small magnetic moments around 0.27 pg,
My; is also expected to be strongly itinerant (see Figs. S5 and
S6 of the Supplemental Material [26]).

To describe simultaneously the localized and itinerant
magnetism in the FSGT systems, we resort to the Heisenberg-
Landau Hamiltonian [27-30],

H=Y JM- M- D)’ + 3 AM

i<j i

+ Y BM; +) M, 2

where the first two terms represent Heisenberg exchange in-
teractions with single-ion anisotropy and the rest correspond
to the Landau expansion terms, taking into account the lon-
gitudinal fluctuation of magnetic moments. For simplicity,
we choose J;; to be M independent and the Landau terms
are expanded to the sixth order. The expansion coefficients
A, B, and C are only considered for magnetic moments with
noticeable itinerant characters, |M |, |[My,|, [Mps|, and [My;].
For My;, an 8th term Y, D;MS; is also added for a better
fit. The J’s are then calculated using the TB2J code [31] and
the expansion coefficients are calculated by fitting to first-
principles constrained magnetic moment calculations with
obtained results shown in Tables S2-S5 (see the details in the
Supplemental Material [26], see, also Refs. [32-39] therein).
Re-MC simulations are then performed to study phase dia-
gram of this Hamiltonian. Only single phase transitions from
paramagnetic (PM) phases to FM phases are obtained with
T, of bulk and monolayer F5GT at about 345 and 318 K, re-
spectively, which are slightly higher than experimental values
279-332 K for bulk and 280-300 K for the monolayer [7,10—
12]. It is worth noting that experimental samples of FSGT
all have noticeable Fe deficiencies, which could lead to lower
T, compared to simulations on perfect crystals. Surprisingly,
the longitudinal spin fluctuations are found to only affect the
T.’s mildly with a modification of ~5% with respect to that
obtained with standard Heisenberg interactions (see Fig. S9
of the Supplemental Material [26]), less significant than the
~10% lowering revealed for bcc Fe [27]. This rather weak
effect from the Landau terms is due to that only part of the
Fe magnetism can be considered itinerant and the dominant
FM exchange interactions are not heavily affected. Notably,
our calculations on bulk Ni-F5GT also show that a light Ni
doping can enhance the 7;, up to 490 K at x = 0.2 and then
slowly reduce the 7, down to zero when x > 0.8, exhibiting
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FIG. 5. The major exchange interactions of bulk (solid symbol)
and monolayer (open symbol) of Ni-FSGT as a function of Ni-doping
level x.

overall behavior in good agreement with recent experimental
observations [14]. Moreover, our simulations show that at
low doping levels, 7. of monolayer Ni-FGT is only slightly
lower that its counterpart of the bulk, indicating pervasive
ferromagnetism in 2D Ni-F5GT.

We now look into the calculated J;; to explore the un-
derlying mechanism behind the tuning of 7. by Ni doping.
As a first step, we look at the sum of all J’s with Jio =
%Zij JijIM;]IM;|, which is roughly proportional to 7. on
the mean field level. Not out of expectation, it can be
seen that Ji¢ is strongly negative with its absolute val-
ues following the same trend with Ni doping as that of
the calculated 7, [Fig. 5(a)]. When moderate Ni doping is
introduced(0 < x < 0.53), the strongest intralayer interac-
tion J,;|Mp||M3p| [marked in Fig. 1(a)] remains ferromag-
netic (—45 to —60 meV), providing dominant contribution to
stabilize the FM phase. As aforementioned, under light Ni
doping with x < 0.2, only Fe(1) is substituted, therefore, in
this case, exchange interactions related to Fe(l) affect the
tuning of 7 directly. In the case of zero doping, the exchange
interactions related to Fe(1) are frustrated with AFM interac-
tions between Fe(1) and its nearest Fe(3b)(J,|[Map||Mig,| =
9.6 meV), but stronger FM interactions between Fe(1) and
Fe(2a) (J124|Mi4n||Ma,| = —24.66 meV), therefore, Fe(1) is
forced to be parallel to Fe(2a) to stabilize the FM state.
A light Ni doping replaces the original magnetic moment
of Fe(1)(~1.8 ug) by smaller My;(~ 0.27 up), resulting in
a decrease in average AFM J,, which even become FM
with x > 0.2. On the other hand, as shown in Fig. 5(b),
the overall strength of FM J,.|Mjy;,||Ma,| is greatly promoted
from —28 to —48 meV at 0 < x < 0.2. This coopera-
tive weakening of AFM J, and the enhancement of FM
J., thus, play the pivotal role to increase the 7, at low
doping level. However, further Ni doping can dilute ma-
jor FM couplings [see Fig. 5(b)], leading to the decrease
in 7.

For comparison, we also investigate magnetism of FSGT
and Ni-F5GT using the uuu structure with calculated mag-
netic moments and 7, shown in Fig. S11 of the Supplemental
Material [26]. In this case, the magnetic moments of Fe(1)
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vanish. Therefore, with light Ni doping, the saturated mag-
netic moments are calculated to rise first and then decrease,
in qualitative variation with the monotonous decreasing be-
havior of corresponding experimental results. Although Curie
temperatures are calculated to be similarly enhanced under
low level doping but is up to 525 K at x = 0.2, which is much
higher than the experimental values. It is worth emphasizing
that our focus in this paper, is on the itinerant magnetism
and T;, other than the seemingly intricate phase diagrams
observed below T in experiments, which may well be related
to weak but subtle interlayer interactions since a tiny Ni dop-
ing induced structural transition from ABC stacking to AA
stacking can completely smear the complexity out and bring
the phase diagram to a simple single PM to FM transition (see
Ref. [14]). To capture these subtle interactions may be beyond
the current capabilities of standard ab initio calculations and
beyond the scope of this paper, we, thus, leave it to future
studies.

To summarize, we propose an antiferromagnetic Ising
model on a triangular lattice, based on first-principles cal-
culations, to interpret the ordering of Fe(l) atoms and the
formation of the +/3 x +/3 superstructures in FSGT. Similar
superstructures are then predicted to exist in Ni-F5GT. Our
study suggests that FSGT systems may be considered as a rare
structural realization of the well-known antiferromagnetic
Ising model on a triangular lattice. Based on the superstruc-
tures, a Heisenberg-Landau Hamiltonian, taking into account

longitudinal spin fluctuations, is implemented to study the
magnetic properties of FSGT and Ni-F5GT. We unveil that
frustrated magnetic interactions associated with Fe(1), tuned
by a tiny Ni doping, is responsible for the experimentally
observed significant enhancement of the 7, in Ni-F5GT. In
contrast, calculated results based on the uuu structure deviate
qualitatively from experiments. Itinerant magnetism, reflected
by longitudinal spin fluctuations, are found to only affect
the 7.’s mildly with a modification of ~5% with respect
to that obtained with standard Heisenberg interactions. Our
calculations further show that at low doping levels, the mag-
netic behaviors of the monolayer Ni-FSGT resemble closely
that of the bulk, therefore, indicates pervasive beyond-room-
temperature two-dimensional ferromagnetism.
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