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ABSTRACT: A stronger interlayer magnetic coupling (ILMC) can open up new
opportunities in spintronic devices. Numerous publications have demonstrated
that ILMC is continuously evolving, even in the context of magnetic phase
change. Here, we observe an extraordinary discontinuous transition (ILMC
spike) in a two-dimensional (2D) van der Waals (vdW) material, Fe;GeTe,
(FSGT). The ILMC spikes from 1.15 to 12.79 meV/fu when a 3% in-plane
biaxial strain is applied. Additionally, the applied in-plane strain significantly
enhances the magnetic anisotropy energy (MAE) of the system, triggering a sharp
transition between the in-/off-plane configurations in multilayer FSGT.
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1. INTRODUCTION

Magnetism in two-dimensional (2D) van der Waals (vdW)
materials has attracted enormous attention in technological
advances as its potential application ranges from topological
magnonics to low-power spintronics and quantum comput-
ing.""® Among the families of 2D vdW materials, Fe;GeTe,
(FSGT) is a newly synthesized and promising vdW
ferromagnet for spintronic devices due to its high Curie
temperature (about 293 K)” and novel spintronic properties.””
Strain engineering is an exciting and feasible method to
manipulate the properties of materials in both theoretical and
experimental investigations, which creates various opportuni-
ties for the study of new fundamental physics and applications
of 2D vdW materials.'°”"* Meanwhile, 2D vdW materials were
often transferred or grown onto a substrate such that the strain
can be introduced by the substrate.'” It has been observed that
the magnetic properties of vdW materials are sensitive to the
applied strain.'*~"”

A theoretical investigation of the strained single-layer FSGT
has been reported.18 However, spintronic devices are mainly
based on multilayer vdW materials or heterostructures, such as
giant magnetoresistance (GMR) and tunneling magneto-
resistance (TMR)*™ devices. The presence of interlayer
coupling could dramatically change the performance of
devices."”*" Interlayer coupling can be divided into two
parts, i.e., interlayer chemical coupling (ILCC) and interlayer
magnetic coupling (ILMC) 2! which is of significance in terms
of multilayer spintronics.”*” Numerous publications have
demonstrated the continuous evolution of ILMC,** even in
the context of magnetic phase change.”*** The discontinuous
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transition feature in ILMC could encourage new avenues of
research in spintronic devices.

In this work, we report a discontinuous transition feature (an
impressive ILMC spike) induced by an in-plane strain in vdW
FSGT. This extraordinary effect has significant implications for
the design and performance of spintronic devices. In addition,
we provide insights into the mechanism behind this ILMC
spike through electronic structure analysis.

2. CALCULATIONS AND METHODS

The calculations were conducted based on the density
functional theory,”**” by using the Vienna ab initio simulation
package (VASP) code.”® The projector augmented-wave
(PAW)** method was employed with the Perdew—Burke—
Ernzerhof (PBE)-type generalized gradient approximation
(GGA) for describing the exchange-correlation potential.”
As described in our previous study,” the lattice parameters
calculated by PBE and LDA + U functionals are well in line
with the measured values,”" and the deviations are only —0.07
A (PBE) and 0.03 A (LDA + U), respectively. The PBE
functional underestimates the magnetic moments by the 0.32
up/Fe ion; by comparison, the LDA + U functional
overestimates by the 1.04 pp/Fe ion. Here, we choose the
PBE functional for further calculations. Notably, the PBE
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Figure 1. (a) Ilustrative structure of Fe;GeTe, and the magnetic configurations of interlayer FM/AFM states. (b) Interlayer magnetic coupling

(ILMC) evolution with in-plane biaxial strain.
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Figure 2. (a) Variation in the magnetic moments of Fe ions caused by the in-plane strain. (b) Bader charge variation of the Fe$ ion with in-plane
strains. Inset: spin density with 2 and 3% in-plane strains. Projected density of states (PDOS) of the FeS ion under (c) a 2% and (d) a 3% in-plane

strain.

calculated energy of the AFM configuration is lower than the
FM configuration by 1.45 meV per formula unit (meV/fu.),
implying that FSGT prefers an AFM coupling. Similar results
were also discussed in the Fe;GeTe, system.”” A cutoff energy
of 560 eV for the plane-wave basis set was applied to ensure an
energy convergence of 107™® eV for the electronic structure.
The reciprocal space integrations were sampled with a k-mesh

17195

of 10 X 10 X 1 obtained by the I'-centered Monkhorst—Pack
method.>® For the PBE functional, the vdW effect was
considered by the DFT-D3 method with the Becke—Jonson
potential.>* The interlayer magnetic coupling (ILMC) and the
interlayer chemical coupling (ILCC) are defined as follows

(1)
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Figure 3. Mulliken population analysis of the FeS ion: (a) decomposed spin-up and (b) spin-down channels. (c) Sum of spin-up and spin-down
channels. (d) Difference between spin-up and spin-down channels. (e) Proposed mechanism of the acute increase of the FeS magnetic moment.

—E

ILCC = Emulti— single —layer (2)

layer

Here, E,py is the energy of antiferromagnetic (AFM)
Fe;GeTe, (FSGT) and Epy is for the ferromagnetic (FM)
FSGT. Epgidayer a0 Egpoleayer indicate the energies of
multilayer (bulk and double layers) and single-layer FSGT,
respectively. Magnetic anisotropy energy (MAE) is defined as

MAE = Ein—plane

- Eoff— plane (3)

Here, E;; 1, Stands for the energy with in-plane magnetization
(parallel to the FSGT plane), while Eqg.,,,. represents the off-
plane magnetization (perpendicular to the FSGT plane). To
ensure the accuracy of MAE, the k-mesh was set to 12 X 12 X
1. The MAE changes within 0.04 meV when the k-mesh
increases from 12 X 12 X 1 to 16 X 16 X 1. The exchange
parameters for the Heisenberg model are calculated depending
on the localized basis functions.” VASP is based on a plane-

wave basis, while OpenMX is based on pseudo-atomic
localized basis functions.® Therefore, the Heisenberg ex-
change parameters were studied using OpenMX™® and a
postprocessing code based on Green’s function.’” We
conducted the related calculation using the PBE functional,
with a k-mesh of 10 X 10 X 1 and a cutoff energy of 600 Ry.
The criterion of energy convergence OpenMX is set to 1.0 X
107° Hartree/Bohr. The structures used in OpenMX were
relaxed by VASP and were not reoptimized in OpenMX
calculations. The discontinuous transition feature of interlayer
coupling and magnetic moment of the FeS atom was still
observed in OpenMX.

3. RESULTS AND ANALYSIS

3.1. Interlayer Magnetic Coupling Spike Induced by
In-Plane Strain. The crystal structure and magnetic models of
FSGT are depicted in Figure la. Our model uses data collected
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on quenched crystals with the space group R3m (No. 160).”
The FSGT bulk material is formed by the staggered stacking of
three monolayers of FSGT. We constructed a 2 X 1 X 1
supercell (six layers) to model the interlayer FM and AFM
structures. To our surprise, the evolution of ILMC (Figure 1b)
with in-plane biaxial strain exhibits an increase by an order,
from 1.15 to 12.79 meV/fu. at a 3% in-plane biaxial strain. As
the strain further increases, the ILMC drops down rapidly,
forming an ILMC spike at a 3% in-plane tensile strain. This
discontinuous transition feature in ILMC is preserved in the
uniaxial strain (Figure S1a), but the critical strain value shifted
from 3% in the biaxial strain to 4% in the uniaxial strain.
Furthermore, we also observed a sign-reverse of the ILMC at
an 8% in-plane biaxial strain, indicating that the ILMC changes
from the antiferromagnetic (AFM) to the ferromagnetic (FM)
state. As for the off-plane strain, the ILMC evolves much more
gently than that of the in-plane strain. The ILMC reaches the
maximum of 2.3 meV/fu. at a 2% off-plane strain and hits the
minimum of —0.1 meV/fu. at a —8% off-plane compressive
strain (Figure S1b). Therefore, the ILMC could also be tuned
from the AFM to the FM state by applying a —8% off-plane
compressive strain. Figure Slc presents the ILCC evolution
with in-plane and off-plane strains. An ILCC jump (red line)
could also be observed when an in-plane biaxial strain is
applied, in line with the observation of Figure 1b. Conclusively,
we find an unusual ILMC spike and tunable ILMC properties
in FSGT. These properties may hold a promising prospect for
designing novel spintronic devices.

3.2. Mechanism of ILMC and Magnetic Moment of
the Fe5 lon. To elucidate the ILMC spikes induced by the in-
plane strain, we present the evolution of the magnetic moment
of Fe ions under various strains. As plotted in Figure 2a, the
magnetic moments of Fel-Fe4 ions increase monotonically
with strain. However, the magnetic moments of FeS ions
undergo a drastic jump from —0.1 to 1.4 uy at about 3% tensile
strain, highly consistent with the change of ILMC. Moreover,
the obvious spin-polarization of the Fe$5 ion can be observed at
a 3% biaxial strain (Figure 2b, inset). The rapid decline of
ILMC may be related to the noticeable increase (0.13¢) in the
Bader charge of FeS ions within the 3—4% in-plane strain
range, which rearranges the charge density distribution
remarkably. The charge change of the FeS atom is mainly
attributed to the nearby Tel atom, which shows an obvious
decrease in that strain range (Figure S2). Regarding the off-
plane strain (Figure S3), there is no significant enhancement
observed in the magnetic moments of the five Fe ions, as their
evolution appears to be smooth. Therefore, we mainly focus on
the in-plane strain.

The evolutions of bond lengths and angles around FeS ions
with the in-/off-plane strain are illustrated in Figure S4. The
variation of the FeS-Ge bond length shows a distinct change
within the 2—4% in-plane strain range (Figure S4a, highlighted
by red dashed circles), indicating the drastic structure change
induced by the magnetic evolution. However, the bond angles
around the FeS ion exhibit a smooth and monotonous
variation, with only a small perturbation in the angle£Tel-
FeS-Ge observed within the 2—4% in-plane strain range
(Figure S4b). Therefore, we conclude that the increased
magnetic moment of FeS mainly affects the bond distance
rather than bond angles. As for the off-plane strain, there is no
significant structural variation observed, as both bond lengths
and bond angles exhibit a smooth and monotonous evolution
(Figure S4c,d).

In Figure 2c,d, we present the partial density of states
(PDOS) before and after the magnetic moment increase of the
FeS ion. Since FSGT belongs to the hexagonal crystal system,
the Fe ion belongs to the Dy, symmetry. Its orbitals split into
three states, namely, A", (d;2), E’ (d,2_,/d,,), and E” (d,./d,.).
As shown in Figure 2¢,d, the A’; state is fully occupied at 2 and
3% in-plane biaxial strains. Both E’ and E” states are partially
occupied and distribute evenly at a 2% in-plane biaxial strain,
leading to a low-spin configuration. As for a 3% in-plane strain,
E’ and E” states show an apparent polarization, resulting in the
high-spin configuration.

Decomposed Mulliken population analysis®®*” is presented
in Figure 3. Although Figure 3ab shows that A’; (d;?) is the
dominant contribution in both the spin-up and -down
channels, the difference in its values between these two
channels is relatively smaller than that of E’ (d,>_,2/d,,) and E"
(d,./d,.) (Figure 3d). Thus, the E' (d2_/d,,) and E” (d,./
d,.) states are the major contributors to the magnetic moment
of FeS. Meanwhile, the sharp increase/decrease of all spin-up/-
down channel orbitals within the 2—3% strain range (Figure
3a,b) indicates the presence of spin splitting in the FeS ion.
This result is supported by the energy band diagram (Figure
S5b,c), where the spin-up/-down component moves down/up
around the Fermi level with the strain.

Figure 3c shows the summed-up value of the spin-up and
spin-down channels. The sum of E’ (dxl_yl/ dxy) orbitals
presents a distinct increase at 2—3% strains, whereas the E”
(d,./d,.) orbitals exhibit a decrease. It implies that the transfer
of charge from E” (d,./d,.) orbitals to E’ (d,_,?/d,,) orbitals is
a crucial factor contributing to the ILMC spike. This result can
also be confirmed by occupied bands (Figure SSa) and band
diagrams (Figure SSb,c). The number of occupied bands in the
spin-up channel increases from 39 to 40 at a 2% in-plane strain
(Figure SSa), in agreement with the ILMC spike. With a 3%
in-plane strain applied, the blue-dashed band in the spin-up
channel shifts downward and intersects the Fermi level within
the Y, ~ I' k-point region. The band in the aforementioned k-
point region is primarily composed of the E' (d2_;/d,)
orbitals (Figure S6). This finding aligns well with the Mulliken
population analysis. All in all, we propose that the increase in
the magnetic moment of the Fe$ ion is the driving force
behind the observed ILMC. The significant change in the
magnetic moment is a result of two processes as plotted in
Figure 3¢, i.e,, the charge transfer from the E” (d,./d,.) orbital
to the E’ (d,>_?/d,,) orbital and the spin splitting of spin-up/
spin-down channels.

3.3. Evolution of Intralayer Exchange Parameters and
Magnetic Anisotropy Energy. The exchange parameters are
of significance in determining the magnetic froperties and
Curie temperature of the single-layer system.””"" As plotted in
Figure 4, each FeS$ ion has its first, second, and third nearest
neighbor Fe ions, corresponding to the first (J;), second (J,),
and third (J;) intralayer Heisenberg exchange parameters. The
distances from each FeS to its three neighbors are 2.4, 2.8, and
3.7 A, respectively. The calculated J;, J,, and J; parameters with
in-plane strain are presented in Figure 4. The exchange
interaction around the FeS ion experiences a dramatic change
within the in-plane strain range of 2—3%. Specifically, the
dominant contribution (J;) soars to 13.0 (3%) from 3.2 (2%)
meV. J, also presents a sharp increase from negative (—1.3
meV) to positive (6.1 meV). Conversely, J; displays an
opposite trend, declining from a positive value of 1.0 meV to a
negative value of —3.5 meV. The summed-up value of J, J,,

https://doi.org/10.1021/acs.jpcc.3c03788
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Figure 4. Evolution of the first (J,), second (J,), and third (J;) nearest
neighbor Heisenberg exchange parameters around the FeS ion.

and J; demonstrates a noticeable improvement within 2—3%
extensile train range, suggesting a substantial enhancement of
intralayer magnetic coupling.

The magnetic anisotropy energy (MAE), one of the most
important properties of 2D magnetic materials, is sensitive to
strain and film thickness.*” Here, we have chosen the AB stack
model randomly for studies, as different stack models show
consistent evolving trends in both ILCC and ILMC (Figure
S7a,b). The evolution of MAE in FS5GT with various
thicknesses and in-plane strains is presented in Figure 5. The
acute increase in the magnetic moment of the FeS ion has
resulted in a corresponding sharp increase in MAE in the
single-layer, double-layer, and bulk systems. Regarding the
strain-tunable magnetic anisotropy, FSGT displays a prefer-
ence for an in-plane magnetic configuration in the absence of

strain. However, two distinct switching points between in-
plane and off-plane magnetic configurations can be observed in
single-layer FSGT at around —6 and 8% biaxial strains (Figure
Sa). After the introduction of interlayer coupling, the magnetic
moment of the Fe ion varies from 0.1 to —0.3 yj, resulting in a
slight delay of the magnetic tipping point (Figure S7c,d). As
for MAE, the inclusion of interlayer interaction shifts the
switching point, previously observed at around an 8% biaxial
strain in the single layer, backward to the 2—3% strain range
(Figure Sb,c). The MAE differences (between 2 and 3% in-
plane strains) are strongly enhanced from 0.47 to 0.85 meV/
fu. with thicknesses. Compared to the double layers, the bulk
system exhibits stronger interlayer coupling, leading to a
notably enhanced stability of the off-plane configuration. This
is supported by the almost doubled value of its MAE at a 3%
in-plane strain. In conclusion, the interlayer coupling in the
FSGT system significantly enhances its MAE, leading to a
switch between in-plane and off-plane configurations within
the 2—3% in-plane strain range.

4. CONCLUSIONS

In conclusion, our theoretical investigation of the evolution of
interlayer coupling in FSGT with strains has revealed a
remarkable spike in the ILMC. Within the 2—3% in-plane
biaxial strain range, the ILMC increases rapidly from 1.1$ to
12.79 meV/fu. The acute enhancement in the magnetic
moment of the FeS ion, from —0.1 pg to 1.4 pg at a 3% in-
plane biaxial strain, coincides well with the ILMC spike.
Moreover, the electronic structure analysis reveals that the
mechanism involves charge transfer from E’ (d2_,*/d,,) to E”
(d,./d,.) and spin splitting of the FeS ion. Additionally, the
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Figure 5. Calculated magnetic anisotropy energy (MAE) of the (a) single layer, (b) double layers, and (c) bulk models.
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applied 3% in-plane strain may also result in a noticeable
enhancement of the intralayer magnetic coupling. Incorporat-
ing interlayer coupling into the system can markedly increase
its MAE, which triggers the transition of the in-plane and off-
plane configurations within a strain range of 2—3%. With these
distinctive characteristics, FSGT is promising for future
spintronic applications and designs.
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