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Abstract

Achieving beyond room-temperature ferromagnetism in two-dimensional (2D) magnets is
immensely desirable for spintronic applications. FesGeTe, is an exceptional van der Waals metallic
ferromagnet due to its tunable physical properties and relatively higher Curie temperature (T¢)
than other 2D magnets. Using density functional theory combined with dynamical electron
correlation and Monte Carlo simulations, we find the T¢ of (Fe;_sNis);GeTe, monolayer can
increase up to ~400 K at 6 ~ 0.20 (4: fractional occupation). Two specific Fe sublattices are
identified to be the most energetically preferred sites to host Ni. Exchange interactions between
particular Fe pairs play a dominating role in controlling T, influenced by the dopant-induced
structural distortions. Dynamical electron correlation induces site- and orbital-specific
quasi-particle mass of Fe-d states with varying Ni concentrations. This work provides fundamental
insights into 2D magnetism as an interplay of structural and electronic aspects and would guide to
tailoring exciting magnetic phenomena in similar systems.

1. Introduction

Atomically thin, layered quasi-two-dimensional (2D)
van der Waals (vdW) crystals exhibit exceptional
physical properties [1, 2]. Regarding 2D magnets,
however, according to the Mermin—Wagner theorem,
an intrinsic long-range magnetic order can not exist
in the isotropic 2D limit because strong thermal fluc-
tuations prohibit continuous symmetries to break
spontaneously [3]. The presence of weak magnetic
anisotropy is sufficient to open up a sizable gap in
the magnon spectra, causing long-range magnetic
order to persist in materials with the spatial dimen-
sion D < 2 at a finite temperature. In the 2D mag-
nets, i.e. when the system is periodic along any two
directions in space, the crossover from Heisenberg to
Ising-like behavior depends on the strength of both
exchange interactions and magnetic anisotropy [4].
In recent times, the 2D or quasi-2D vdW mater-
ials, for example, Cr,Ge,Tes [5-7], Crl; [8-12],
CrTe, [13] etc have constituted a rich platform
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to explore low-dimensional magnetism from the
aspects of fundamental understanding as well as
for demands in technological purposes [1, 2, 14].
The tunable physical properties of this class of sys-
tems make them more interesting and useful for
practical applications [1, 5-12, 14, 15]. Among the
newly discovered vdW magnetic materials metallic
Fe,GeTe,(n = 3,4,5) systems, commonly referred to
as FGT are quite special for their exotic structural,
electronic and magnetic properties as reported in
recent studies [16-20]. Ferromagnetism close to the
room temperature increases their demand for spin-
tronic applications. Among different FGT systems,
Fe;GeTe, has been mostly studied so far. Recent stud-
ies show it is possible to increase the transition tem-
perature of Fe;GeTe, by applying external perturba-
tions, e.g. pressure [21, 22], gating [23, 24], carrier
doping [25] etc.

Intercalation of more Fe atoms into Fe;GeTe,
increases the Curie temperature (T¢), for example,
FesGeTe, exhibits ferromagnetism close to room
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temperature (275-310K) [18, 26, 27]. High T makes
FesGeTe, more advantageous for potential room-
temperature spintronic applications. It has also been
found that substitutional doping of FesGeTe, with
cobalt increases the magnetic ordering temperature to
~360K influencing the magnetic ground state, easy
axis of anisotropy, interlayer stacking and magnetic
textures [28-31]. A recent study by Chen et al has
reported an enhancement of ferromagnetism in bulk
FesGeTe, up to 478 K with Ni doping [19]. This study
shows that Ni doping increases the T¢ beyond room
temperature up to a certain doping concentration fol-
lowed by a decrease. The scanning tunnelling elec-
tron microscopy images show rumpled configura-
tions of (Fe;_sNis)sGeTe, (d: doping concentration)
for higher concentrations of Ni doping. The altera-
tion in structural, electronic and magnetic properties
of (Fe;_5Ni;)5GeTe, with Ni doping demands a thor-
ough investigation.

It is known that the FGT systems are special
for their site-dependent electronic and magnetic
properties [17, 22, 32]. Reports from the literature
indicate the admixture of localized and itinerant elec-
tronic states in these systems [32-34]. In a previous
study, we have shown that the inclusion of the dynam-
ical electron correlation effects is important to cor-
rectly identify their electronic and magnetic behavior
[17]. Specifically, it was demonstrated that dens-
ity functional theory in conjunction with dynamical
mean field theory (DFT+DMEFT) is the most accurate
approach to correctly describe the physical properties
of these systems, e.g. spectral features, effective mass,
and Sommerfeld coefficient [17].

Experimentally it has been observed that the mag-
netism of FesGeTe; system can be tuned by substitu-
tional doping with Ni. The T¢ of Ni-doped Fe;GeTe,
first increases with doping and then reduces above
a certain Ni concentration [19]. Such behavior of
Tc as a function of Ni doping is highly non-trivial
which demands significant microscopic understand-
ing from advanced theories. This recent experimental
observation by Chen et al has motivated us to invest-
igate the behavior of T¢ with Ni doping. FesGeTe,
exhibits peculiar structural magnetic properties com-
pared to other FGT systems. One particular Fe sublat-
tice, situated directly above or below Ge, is respons-
ible for the magnetic peculiarities present in this sys-
tem. Our recent study on pristine FesGeTe, explains
the experimentally observed unusual structural and
magnetic behavior of this system [17]. Therefore,
another motivation of our present study is to investig-
ate how substitutional doping with Ni alters the struc-
tural, electronic and magnetic properties of Ni-doped
FesGeTe, or (Fe;_sNis)sGeTe,.

For the application of room-temperature spin-
tronic devices, it is necessary to find materials
with a higher Tc. The (Fe;_sNis)sGeTe, system
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is an extremely rare example of strongly enhanced
ferromagnetism. In addition, this system offers
unique or alternative avenues toward enhanced
coercivity and can be a potential candidate for
skyrmionics [19]. In addition to spintronic applic-
ations, (Fe;_sNis)sGeTe, also shows excellent prop-
erties in the field of energy conversion, e.g. oxygen
evolution reaction [35].

In this work, we investigate the mechanisms
responsible for the enhancement of T¢ well above
room temperature by substitutional doping with Ni
in FesGeTe, monolayer. Our study reveals which par-
ticular Fe sites are more prone to host Ni dopant.
Using DFT+DMFT, we explain how the tuning
of exchange interactions between certain Fe pairs,
caused by structural modifications, plays the dom-
inating role in increasing T up to a certain dop-
ing. Reduction in T¢ for higher doping is caused by
the replacement of magnetic Fe atom by nonmag-
netic Ni, however, the dominating exchange remains
ferromagnetic (FM), as observed in the experiment
[19], but in contrast with a recent DFT study [36].
Our DFT+DMFT study shows the strength of elec-
tron correlation for different Fe sublattices varies
with doping concentration. In addition to pristine
Fe;GeTe, [17], the site-dependence of effective mass
is present in (Fe;_sNis);GeTe, as well. We have also
investigated how the magnetic anisotropy energy and
spectral properties of (Fe;_5Nis)sGeTe, get modified
with substitutional doping.

2. Computational methodology

2.1. Geometry optimization

Geometry optimizations of (Fe;_sNi;)5GeTe, mono-
layer are performed using the Vienna Ab initio
Simulation Package [37, 38]. The generalized gradi-
ent approximation (GGA) has been used to treat the
exchange-correlation interactions within the Perdew—
Burke—Ernzerhof form [39]. 18 x 18 x 1 Monkhorst—
Pack k-point mesh is used in our calculations for
Brillouin zone integration [40]. To reduce the inter-
action between periodic images of the supercell along
the z-axis a vacuum region of dimension 20 A is added
perpendicular to the surface of monolayers. The unit
cell parameters and atomic coordinates are optimized
by the energy minimization technique based on the
conjugate gradient algorithm with a force component
tolerance of 0.01 eV A~! on each atom. In our calcu-
lations, the energy cutoff for the plane-wave basis set
is considered to be 500 eV.

2.2. DMFT

The main idea of DMFT is to replace the many-body
lattice model with an effective Anderson impurity
model. In this method, the entire lattice gets trans-
formed into a simple problem where a single atom is
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embedded in an electronic bath. This way, each lattice
site is coupled with the rest of the crystal which is rep-
resented as the bath. Electrons on the single site could
be created or annihilated by interacting with the bath.
This impurity model offers an intuitive picture of the
local quantum (temporal) fluctuations of a quantum
many-body system [41].

The full-potential linear muffin-tin orbital (FP-
LMTO) method, implemented in the RSPt code [42]
is used to study the magnetic and electronic proper-
ties of (Fe;_sNis)sGeTe, monolayers. First, we per-
form standard DFT calculations, then the charge-self-
consistent DMFT calculations are started from the
converged DFT calculations using the RSPt code [42,
43]. To solve the effective impurity problem arising
in the DMFT cycle we use the spin-polarized T-
matrix fluctuation-exchange (SPTF) solver [44]. The
double counting correction is considered as the orbit-
ally averaged static part of the self-energy, which is
usually done for the SPTF solver [44]. The effect-
ive Hubbard U parameter or Ueg = U — Jy (Jy is the
Hund’s exchange) for each Fe sublattice is obtained
from the constrained linear response method (cLR)
[17]. We use the U.g values of 4.6, 4.1, 4.1, 4.6, 4.0,
3.7 and 6.8 for Fe5, Fe4, Fe3, Fe2, FelD, FelU and Nij,
respectively, obtained from cLR.

2.3. Calculation of exchange interactions

The isotropic symmetric exchange interactions Jj; are
computed within the full-potential linearized muffin-
tin orbital basis implemented in the RSPt code. The
Lowdin orthonormalized LMTO basis functions with
long decaying tails are considered, which are more
physical for metallic systems like FesGeTe, [45]. The
Lowdin orbitals used in our calculations have been
constructed from the original LMTO basis functions
performing a k-point-wise orthonormalization.

The Ji couplings are computed using force-
theorem based Green’s function formalism. The
intersite exchange parameters are calculated using
equation (1):

]1j = %Z {Al (iwn) Gj; (iwn) Aj (iwn)

n

ﬁ(iwn)} ,
(1)

where A; and Gij are the onsite spin splitting and the
spin-dependent intersite Green’s function, respect-
ively. The trace in equation (1) is over the orbital
degrees of freedom. w, = 2w T(2n+ 1) and T are the
nth fermionic Matsubara frequency and the temper-
ature, respectively. The onsite exchange splitting term
A; includes the self-energy, which is given by:

A (iw,) = Hig 4+ 21 (iw,) — Heg — SF (i), (2)

where Hyg and X; are the Kohn—Sham Hamiltonian
and site-dependent self-energy. The self-energy is
obtained by solving the DMFT equations. In DMFT

3
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calculations, The frequency-dependent self-energy is
obtained from DMFT. The exchange splitting also
depends on the frequency [45].

In the fully-relativistic case the generalized
Heisenberg model becomes:

H=-Y ¢Jje, (3)
i7j

where o, = x,y,z. The magnetic exchange para-
meters J;; are (3 X 3) tensors in the considered fully-
relativistic case, which is a generalization of the J;;
scalar parameters [45]. To calculate the magnetic
exchange interactions we use 21 x 21 x 1 k-point
mesh.

2.4. Magnetic anisotropy

The magnetic anisotropy is estimated based on the
one-shot fully-relativistic calculations for the spin
axis pointing along the x, y, and z directions. These
calculations are run starting from the fully-converged
self-consistent non-relativistic electronic structure.
The value of anisotropy is obtained from the differ-
ence in the sum of the energy eigenvalues for the
three spin directions, as already mentioned. Note
that, this approach, which is based on the force the-
orem, often is a more accurate way of determin-
ing the magnetic anisotropy, compared to relativistic
total energies [46]. We use the k-point grids with
dimensions 48 x 48 x 1 for the magnetic anisotropy
calculations.

2.5. Monte Carlo (MC) simulations

Solving the Heisenberg Spin Hamiltonian, consider-
ing localized spin moments, the T is computed by
performing MC simulations:

H=-Y"J&&—Y Dy (&xg) - > Ki(€),

i i i#]
(4)

where J;; and D;; are isotropic symmetric and anti-
symmetric interactions between ith and jth species,
K; is the single-ion anisotropy.

Classical MC simulations are performed via
UppASD code [47] to estimate the magnetic order-
ing temperatures, where the calculated magnetic
parameters are implemented in equation (6). Here,
identical K; was assumed for all Fe sites by aver-
aging the total MAE/cell by the number of Fe atoms
present in the unit cell. To achieve properly averaged
properties, calculations are done for three ensembles
in the supercell with size 50 x 50 x 1, where peri-
odic boundary conditions are imposed along the x
and y axes. T¢ is estimated by monitoring the cross
sections of fourth-order cumulants of magnetization.
The temperature is varied from 1000 K to 0 K in step
of 5K in the MC simulations. The number of MC
steps considered in our calculations is 1 x 10°,
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Figure 1. (a) Percentage change of in-plane lattice parameter a (red squares), thickness d (green circles) and formation energy E¢
(blue triangles), respectively, for (Fe; _sNigs)sGeTe, monolayer with Ni doping (). (b) The left panel shows the side view of the
pristine Fes GeTe, monolayer, with different Fe sites. The green arrow shows the pair of Fe sites taking part in the highest
ferromagnetic exchange interaction for the pristine as well as Ni-doped Fes;GeTe, monolayer. The right panel shows the
schematics of formation energy (Ef) of (Fe; _ 5Nig)sGeTe; for different Ni occupation sites at § = 0.067. Purple area indicates the
tendency of a Fe sublattice to get substituted with Ni, numbers show Eg for different Fe sites. (c) Side view of (Fe, _5Nis)sGeTe; at
6 = 0.60. The height of histograms shows the rumpling of each Fe/Ni atom along the x, y and z directions present at the unit cell
of 6 =0.60 wrt the undoped monolayer, horizontal dashed line shows the average rumpling.
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3. Results and discussion

3.1. Dopant induced structural modifications
The crystal structure of Fes GeTe, is more complicated
than other FGT systems. The structural peculiarities
arise due to the presence of Fel-Ge split sites, where
Fel sublattice can occupy two possible sites, either
directly above or below Ge [16, 26, 27]. The Fel-Ge
split sites in FesGeTe, can be incorporated by con-
structing a /3 x /3 cell [27, 48]. From our previous
DFT study, we found that Fes GeTe, with Fel-Ge split-
ting is energetically favored over the configuration
without any splitting [16]. Therefore, a v/3 x /3 cell
of Fe; GeTe, monolayer in up-down-up configuration
of Fe atoms is considered in this study, where two
(FelU) and one (FelD) Fe atoms are situated directly
above and below Ge, respectively [16, 26, 27, 49]. We
investigate the magnetic and electronic properties of
the energetically favored configurations, determined
by comparing the total energies of (Fe;_sNis)sGeTe,
monolayers varying the position(s) of Ni dopant(s).
Our results show that the in-plane lattice para-
meter a remains almost unaltered compared to the

undoped system till § =0.27, and starts to reduce
when § > 0.30, see figure 1(a). However, the thick-
ness d of the monolayer increases with doping up
to 0 =0.20 but reduces for § > 0.40 as shown in
figure 1(a). Substitutional doping of Ni in Fe;GeTe,
monolayer becomes energetically less favored with
the increase in §. This is evident in figure 1(a) (blue
triangles) where the formation energy Ef per Ni
dopant is observed to increase with d. The forma-
tion energy Ef for Ni-doped FesGeTe, monolayer for
a given doping ¢ is given by:

Ef = E(Fe,_ sNis)sGeTe, — EFesGeTe, + 0Ere — 0Eni, (5)

where E(Fel_,;Ni(;)5GeTezi Ere;GeTe,> Ere and Ey; are the
total energies for Ni-doped FesGeTe, monolayer,
pristine Fe; GeTe, monolayer, bulk Fe and Ni crystals,
respectively.

The left panel of figure 1(b) shows the side view
of pristine FesGeTe, monolayer exhibiting differ-
ent Fe sites. It is worth noting that during sub-
stitutional doping, the replacement of Fel spe-
cies with Ni is energetically more favored than

4
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other Fe sites. Between § = 0.067 (FelU) and 0.20
(FelU+-FelU+FelD) only Fel sublattice gets substi-
tuted by Ni. After Fel, the next energetically favored
occupation site for Ni dopant is Fe4. There is a signi-
ficant increase in Ef between 6 =0.20 and 0.27, when
one of the Fe4 atoms gets substituted together with
FelU and FelD species. The presence of Ni causes
an excess of electrons (figure S1 in supplementary
information or SI), which might cause the lowering
of Er. For § > 0.33, Fe atoms belonging to other Fe
sublattices (Fe2, Fe5 and Fe3) start to get substituted
along with Fel and Fe4. Figure 1(b) shows how E
varies when Ni substitutes different Fe sublattices at
0 =0.067.

Structural distortion or rumpling (along x, y
and z directions) in the monolayer increases with
Ni-doping (figure S1). Figure 1(c) shows the side
view when ¢ =0.60. The height of the histograms in
figure 1(d) shows the difference in x, y and z coordin-
ates between Fe or Ni atoms present in 0.60 Ni-
doped and undoped systems for each (Ni/Fe) site of
V'3 x V/3 cell. § = 0.60 causes significant rumpling of
the atoms present at the sites of Fe5 (along z) and
Fe2 sublattices. A negative value of average rumpling
(dashed horizontal line) supports the compression of
cell parameters (both a and d) with Ni doping, as we
see in figure 1(a). It should be noted that [19] also
finds a reduction in layer thickness with an increase in
Ni doping. Apart from substitutional doping, Ni can
occupy any vacant site of V3 x /3 cell of FesGeTe,,
including the vdW gap between different layers, such
a scenario can occur in experiments performed at a
finite temperature [19]. For example, in the v/3 x /3
cell, Ni can be placed at the position of missing Fel,
i.e. either below or above Ge. These indicate there are
many degrees of freedom where Ni dopant can be loc-
ated within the FesGeTe, system in reality.

3.2. Tuning of magnetism, exchange interactions
and transition temperature

In our previous study, we showed that the inclu-
sion of the dynamical electron correlation effect is
an appropriate approach to determining the mag-
netic moment, exchange interactions and T¢ of the
Fe,GeTe, systems, compared to the standard GGA
and GGA+U methods [17]. Therefore, we perform
a charge self-consistent dynamical mean-field theory
(DFT+DMFT) calculations as implemented in the
FP-LMTO code RSPt [42, 43] to investigate the mag-
netic and electronic properties of (Fe;_sNis)sGeTe,
monolayer.

Doping with Ni influences the magnetism
of (Fe;_sNis)sGeTe, monolayer. The total spin
moment M, reduces as a function of doping (J).
Figure 2(a) shows that M, decreases from 10 g
to Opp from § =0 to 1. These results are in good
agreement with the saturation magnetic moment

S Ghosh et al

of bulk (Fe;_sNis)sGeTe, [26]. Replacement of a
single FelU with Ni causes a slight increase of the
average moment M,¢(= M /Fe+Ni), see the red
squares presented as the inset of figure 2(a). This
happens because, in the case of pristine FesGeTe,
monolayer, the moment of FelU species is —0.45 5,
when one of the FelU gets replaced with Ni the
remaining FelU gains 1.48 up moment. Similar to
Mior, Mige also reduces with an increase of doping
concentration.

It is interesting to note that the direction of
easy axis or magnetic anisotropy energy, MAE
(= Ej — E1) oscillates between in-plane and out-of-
plane directions with §. However, for most of the
doped systems, the easy axis lies in the xy-plane, see
green squares presented as an inset in figure 2(a),
which is in agreement with the experiment [19]. The
strength of MAE for (Fe; _sNis)sGeTe, monolayers is
much weaker than pristine Fe;GeTe, and Fe,GeTe,
monolayers [17, 24]. The trend observed for MAE
at lower J values can be correlated with the value of
orbital moments obtained for different directions of
spin axis [50], see table S2. It is worth noting that the
switching of the easy axis is observed in Co-doped
FesGeTe, with Co doping and electrical gating [28,
51]. Experiments report switching of easy axis for
bulk Fes;GeTe, depending on the Fe concentration
[26, 27]. Since the (Fe;_sNis)sGeTe, monolayers
exhibit quite a weak MAE, the spin moments of these
doped systems exhibit significant canting and notice-
able spread of canting angles with respect to the
easy axis, see figures S12 and S13 in SI. The average
spin moment of Fe atoms first increases with doping,
becomes maximum at 6 = 0.33, and then reduces, see
figure 2(b). This happens due to the structural dis-
tortions in the unit cell of (Fe;_sNis)sGeTe, mono-
layer caused by the Ni dopant. Both the in-plane lat-
tice parameter a and thickness d of the monolayer
decrease as 0 > 0.4. Such reduction in the cell dimen-
sion is responsible for the decrease in the average
magnetic moment of Fe. As we know the magnetic
moment of Fe always reduces with a decrease in cell
dimension and an increase in coordination number.
Reduction at the moment is caused by the broadening
of the density of states (DOS) as the atomic orbitals of
the nearest neighbors (NNs) start to overlap [52, 53].

Similar to [19], our calculations also find that Ni
dopants carry negligible spin moment (cyan squares
in figure 2(b)) and are not responsible for the ori-
gin or tuning of ferromagnetism. The average orbital
moment M ¥ of Fe remains between 0.05 and 0.04
pp till § = 0.80, see inset of figure 2(b). The orbital
moment of Ni falls in the range of 0.01-0.02 and
reduces for higher .

We investigate how the isotropic symmetric
(Jij) and antisymmetric (Dj;) exchange interactions
present in (Fe; _ 5Nis);GeTe, monolayer get modified
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Figure 2. (a) Total magnetic moment (M) of (Fe, _sNigs )sGeTe, monolayer as a function of doping concentration 4. Insets with

red and green squares show the average of total magnetic moment

M¥ and variation of magnetic anisotropy energy (MAE) as a

function of 8, respectively. (b) Variation of the average magnetic moment of Fe (M}?, orange squares) and Ni (My, cyan
squares) atoms plotted with d. Inset shows average orbital moment M"'¢ for Fe (orange) and Ni (cyan) for different §.

by varying . Incorporating J;;, D;; and MAE in the
Heisenberg Spin-Hamiltonian:

H= _Z]ijgi'zj - Zﬁij' (é:x&) — ZKi (&),

i i i
(6)

where J;; and Dj; are the isotropic symmetric and
antisymmetric exchange interactions between ith and
jth species, respectively. K; is the single-ion aniso-
tropy energy for the ith site. The exchange interac-
tions are calculated using DFT+DMFT technique.
Similar to the pristine FGT systems, as reported in
[17], in the case of Ni-doped FesGeTe, as well, we
find that standard DFT or GGA significantly over-
estimates the isotropic symmetric exchange interac-
tions or J; (see figure S8 in SI) and hence Tc, see
table S3. Solving equation (6), T¢ is obtained by MC
simulations. Figure 3(a) shows there is a monotonic
increase of T up to 6 = 0.20, then it reduces. Both the
qualitative and quantitative trends of T¢ vs. § plotted
in figure 3 agrees well with the experimental report
on bulk (Fe;_sNis)sGeTe, [19]. This again proves
that the inclusion of the dynamic electron correla-
tion effect is necessary to capture the correct magnetic
behavior of the systems belonging to FGT family [17].

The critical § value at which T¢ of the mono-
layer becomes maximum is not quantitatively exact as
observed in the experiment. Such slight discrepancy

orb

arises because in experiments, during the doping pro-
cess, Ni can be placed at any vacant position present in
the bulk system without replacing Fe, enhancing fer-
romagnetism and hence Tc. However, the rationale
behind such a trend of T in (Fe;_sNis )sGeTe, is not
addressed in the previous study.

Comparing the strength of different magnetic
interactions we expect J; couplings must play the
dominating role in determining T¢, in agreement
with our study on pristine FGT systems [17]. To
investigate the tuning of J;; with §, we plot the J;; val-
ues summed over the first five NN for different ith Fe
sublattices, see figure 3(b). We consider the number
of NN up to 5, because the J;; interactions decay sig-
nificantly beyond that, see figures S4-S7 in SI. Most
of the Fe sublattices show dominating FM J;; interac-
tions while FelD and FelU show antiferromagnetic
(AFM) interactions, till § = 13.4%.

The ) \n_s/ij term for Fe5, Fe4, Fe3 and Fe2
first increases with §, becomes maximum for § = 0.20,
then reduces for higher concentration. )\ Jjj is
plotted for each Fe species present in the v/3 x /3
cell. A monotonic increase of ZNN:S Jij for each Fe
sublattice (except FelU and FelD) is observed up to
0 =0.20. This happens because till § =0.20, except
Fel, the number of Fe sublattices present in the unit
cell remains 3. For § > 0.20 the Fe atoms belonging
to Fe4 sublattice start to get substituted in addition
with FelU and FelD, as we see in figure 1(d). The
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Figure 3. (a) Variation of ) _ J; with § for each Fe
sublattice. ZNN:S Jij is the sum of isotropic symmetric
exchange interactions J;; over the first five nearest
neighbors. The arrows show which of the Fe sites are
substituted with Ni dopant for § = 0.067, 0.134 and 0.200,
respectively. (b) Variation of T¢ with 4. (c) J;; interactions
between i = Fe5andj = ) Fe4, > Fe3, > FelD and > _Ni
with é.

replacement of magnetic Fe causes sharp reduction
in ) \n_s/ij of Fe4 for § > 0.20. After 0.40, all three
Fe4 atoms get substituted with Ni, see red circles in
figure 3(a). The gradual replacement of different Fe
sublattices with Ni causes rapid lowering in ) * < Jij
for 6 > 0.33. In addition to possessing negligible mag-
netic moment (figure 2), Ni dopants have a negli-
gible contribution to the J; interactions. The mag-
nitude of ZNN:S Jij for Ni is ~10 times smaller than
the Fe sublattices for § < 0.20. As the number of Ni
atoms present in (Fe;_sNis)sGeTe, increases with 4,
> anos/ij for Ni becomes comparable with Fe for
0 > 0.60. For i = Ni, non-zero exchange couplings
exist when j = Fe, otherwise, interactions between Ni
themselves are rather weak. The violet symbols show
the average variation of ) - J; with Ni doping,
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which increases from 0 to 0.20 and then reduces. The
same investigation has been made for D;; interactions
as well. For a given §, the magnitude of ) _5 Djj for
any ith Fe species is ~10 times smaller than ) "< Jij
(figure S9 in SI).

In our previous study, we find that the domin-
ating first NN exchange interaction exists between
Fe5 and Fe4 in the pristine FesGeTe, monolayer [17].
Further analysis of J;; couplings among individual Fe
pairs reveals that in the case of Ni-doped FesGeTe,
monolayer as well the couplings between Fe5 and
Fe4 play the dominating role. Figure 3(c) shows J;;
interactions when i = Fe5 and jth species are con-
sidered to be the NNs of Fe5, ie. Fe4, Fe3, FelD
and Ni. We find, among these neighbors, exchange
couplings between Fe5-) Fed vary significantly with
doping and tune the T¢. The J; interaction between
Fe5 and Fe4 increases with § and then reduces for
0 > 0.27. The increase of Js4 up to d =0.20 occurs
due to the following reasons: (i) reduction of Fe5—
Fe4 bond length with § (figure S2 in SI), (ii) among
the first five NNs of Fe5, three of them are Fe4 spe-
cies with the strongest FM coupling. Therefore, J54 =
(Js4, + Jsa, + J54,) for § < 0.20. The reduction in Js4
for 0 > 0.20 occurs due to the gradual replacement
of Fe4 with Ni, causing a decrease in the number of
Fe4 belonging to the first five NN of Fe5, see figure
S3 in SI for details. No particular trend is observed
for Js53 (green squares), up to § = 0.60. J;; exchange
interactions between Fe5 and FelD is AFM (brown
squares), and replacement of FelD with Ni triggers
FM exchange coupling (cyan squares). Comparing
different J5; interactions we see Js4 follows the sim-
ilar trend as ) _\_5J5; (black squares) and average of
> nos/ij (purple symbols) in figure 3(b). Therefore,
Js4 has a major influence on T¢, especially for ¢ <
0.20. From figures 3(a)—(c) we can establish the fact
that the strength of J;; interactions between any par-
ticular pair of magnetic atoms mainly depends on the
NN distance and the effective coordination number,
which tunes the T¢ of a system.

We check the robustness of the magnetic prop-
erties, e.g. magnetic moment, exchange interactions,
magnetic anisotropy and T¢ varying the average U£.
Our results show that the maximum uncertainty in
the magnetic moment, isotropic symmetric exchange
interactions and magnetic anisotropy is ~1%, ~12%
and ~15%, respectively, within a reasonable range
of Uyf for Fe-3d, i.e. from 3.5eV to 5eV. Tc varies
between 400K and 350K as U, varies between the
cLR-calculated different Fe sublattice-projected val-
ues and 5 eV. Though there is 12.5% difference in the
Tc value, the relative trend of T¢ vs. § should remain
unchanged with a change in Uy within this range.
This happens because the nature (FM/AFM) of the
Jij couplings for a given ¢ does not change as Ue var-
ies within a reasonable range and since the Jj; inter-
actions play the dominating role in determining T¢,
one should expect similar variation in T¢ with § for
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different Ues. The magnetic properties obtained for
different U, values are reported in tables III—V, and
figures S21-S23 in the SL Previous studies on FGT
systems show the reasonable choice for the effective
Hubbard U parameter or U should be ~4 eV [54],
which is close to the Fe-site-specific U values we cal-
culate from the cLR method.

3.3. Modifications in spectral properties and
electron correlation

Next, we discuss how substitutional doping mod-
ifies the electronic structure of (Fe;_sNis)sGeTe,.
Figures 4(a) and (b) show the DOS for § =0 and
0.40, respectively (see figure S16 in SI for details).
The intensity of DOS projected on Fe atoms reduces
with Ni doping. More importantly, the Fe states have
a dominating contribution close to Ef, the maximum
intensity of Ni states arises away from Eg.

Figures 4(a) and (b) show the spectral function
A(k,w) for =0 and 0.40, respectively. The main
differences observed in A(k,w) as a function of 0
are: (i) the smearing-width or broadening of energy
levels reduces and they become sharper (intensity
increases) as d increases. This happens due to the
decrease in electron correlation effect causing the
increase in quasi-particle lifetime. (ii) Presence of

Dirac-cone-type feature at the high-symmetry point
K for § = 0, which gradually disappears with an
increase in §. (iii) Multiple well-separated Dirac cones
appear for § = 0.40 at the high-symmetry point
M due to splitting between energy levels. The main
contribution to such Dirac-cone-type features comes
from the Fe-d states. Further analysis shows the struc-
tural distortions induced by the presence of Ni dopant
in FesGeTe, are responsible for such modifications
in the energy dispersion, see SI. The gradual change
in the spectral function with Ni doping is shown in
figure S15 in SI.

Similar to other FGT systems, the admixture of
localized and itinerant electrons exists in FesGeTe,
as well [17, 33]. The effective mass (m*/m),
provides the quantitative measurements of electronic
correlation [55].

OReX,
oy, = (1- L)

where ReX(w) is the real-part of self-energy with real
frequency w (see figures S19 and S20) and o is elec-
tron spin. Both the qualitative and quantitative trends
of m* /m with § remain almost unaltered for differ-
ent Fe-d states. m*/m for the majority spin channel
of d,» and d,, are plotted in figures 5(a) and (b), (see

8
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Figure 5. Effective mass, m* /m for (a) Fe-d» and (b) dy, states for different Fe sublattices and Ni as a function of § for the
majority spin channel, calculated at T =155 K. The summation of m* /m over N = total number of Fe (indigo), Ni (turquoise),

and Fe+Ni (magenta) present in the unit cell of Fe;5Nig)sGeTe,

monolayer projected on Fe- (c) d» and (d) dy, states as a

function of 4. Insets in (¢) and (d) are the zoomed views showing the variation of m* /mp.n; with §.

figure S18 for other Fe-d states). The enhancement
of effective mass quantifies how much the Fe-d elec-
trons effectively become heavier because of electron
correlation. For the pristine Fes GeTe, monolayer, the
FelU site exhibits the highest electron correlation
with the largest value of m™ /m. There is a slight reduc-
tion in effective mass between J = 0 and 0.20, then it
increases for § > 0.20, especially in the case of Fe5 and
Fe2. The values of (m* /m),, are larger for Fe5 and Fe2
sublattices than Fe3 and Fe4 species. This implies the
d electrons belonging to Fe5 and Fe2 sublattices are
more correlated than Fe3 and Fe4. More interestingly,
the FelU species has the highest m* /m at § =0, then
it reduces with Ni doping. The sub-lattice categoriza-
tion of pristine Fes GeTe, monolayer in terms of struc-
tural, magnetic and electronic properties are already
discussed in [16, 17]. The enhancement in m™* /m for
Fe5 and Fe2 occurs due to the narrowing of the Fe
d-bands close to the Fermi energy, see figure S18.
Interestingly, site dependence of m*/m is observed
for both the pristine and doped Fes;GeTe, systems.
Similar to (Fe; _5Nis)sGeTe,, site-dependent electron
correlation is present in Fe;GeTe, as well [32]. It is
important to note that the effective mass of Ni-d is

lower than Fe-d, signifying the Ni-d states are less cor-
related or more delocalized around the Fermi level
than Fe-d (see figure S16). Though the effective mass
of a single Fe atom belonging to the Fe5 and Fe2 sub-
lattices increases with J, the total effective mass of
Fe atoms, i.e. Zf\l(m* /m)ge, where N is the number
of Fe atoms present in the unit cell, reduces with 4,
see the indigo symbols in figures 5(c) and (d). While
the effective mass sum over the Ni atoms present in
the unit cell, Zf’(m* /m)ni» increases with 4, see tur-
quoise symbols in figures 5(c) and (d). Note, the max-
imum value of SN (m* /m)ge =2 x SN (m* /m)ni.
However, the total effective mass va(m*/ M) FetNi
of Fe+Ni decreases with J, see magenta symbols in
figures 5(c) and (d). These results confirm that the
strength of electron correlation reduces with § in
(Fe;_sNis )sGeTe,.

4, Conclusions

In summary, we investigated how the structural
modifications caused by substitutional doping with
Ni can tune the exchange interactions in FesGeTe,,
which is responsible for achieving ferromagnetism
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beyond room temperature. Using the /3 x v/3 cell
of (Fe; —sNis )5 GeTe, monolayer, we find the dynamic
electron correlation plays a crucial role in correctly
describing the magnetic behavior of the Ni-doped
system. Our results show that T¢ of the monolayer
increases up to ~400 K by substitutional doping with
Ni. The variation in T¢ for (Fe;_sNis)sGeTe, mono-
layer with ¢ is in good agreement with a recent experi-
mental report on bulk (Fe; _s5Nis )sGeTe,. We identify
the isotropic symmetric exchange interactions are
the dominating mechanisms to govern T¢. Moreover,
coupling between Fe5 and Fe4 is mainly responsible
for the observed trend in T with Ni doping. FM
interactions present in (Fe; _sNis )sGeTe, get maxim-
ized at § =0.20, causing the highest value of trans-
ition temperature. Our results show that the struc-
tural modifications caused by the Ni dopant, modify
the NN distances and effective coordination num-
bers, which affect the dominating exchange coup-
lings. Our study also shows how Ni-doping influ-
ences the spectral features and site-dependent effect-
ive masses arising from electron correlation. We also
unveil the microscopic mechanisms responsible for
the increase in T¢ at lower doping and explain why
it decreases with an increase in Ni concentration.
Apart from magnetic properties, this work also sheds
light on how the sublattice-specific electron correla-
tion effect varies with Ni doping. Overall, this study
not only clarifies the unconventional T¢ vs. doping
behavior first observed in experiments by Chen et al
[19], but also should guide the community on how to
control magnetic transition and tune T for similar
systems by introducing external factors, for example,
chemical impurities or substitutional doping.
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