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Broken Inversion Symmetry in Van Der Waals Topological
Ferromagnetic Metal Iron Germanium Telluride

Kai-Xuan Zhang,* Hwiin Ju, Hyuncheol Kim, Jingyuan Cui, Jihoon Keum, Je-Geun Park,*

and Jong Seok Lee*

Inversion symmetry breaking is critical for many quantum effects and
fundamental for spin-orbit torque, which is crucial for next-generation
spintronics. Recently, a novel type of gigantic intrinsic spin-orbit torque is
established in the topological van der Waals (vdW) magnet iron germanium
telluride. However, it remains a puzzle because no clear evidence exists for
interlayer inversion symmetry breaking. Here, the definitive evidence of
broken inversion symmetry in iron germanium telluride directly measured by
the second harmonic generation (SHG) technique is reported. The data show
that the crystal symmetry reduces from centrosymmetric P6;/mmc to
noncentrosymmetric polar P3m1 space group, giving the threefold SHG
pattern with dominant out-of-plane polarization. Additionally, the SHG
response evolves from an isotropic pattern to a sharp threefold symmetry
upon increasing Fe deficiency, mainly due to the transition from random
defects to ordered Fe vacancies. Such SHG response is robust against
temperature, ensuring unaltered crystalline symmetries above and below the
ferromagnetic transition temperature. These findings add crucial new
information to the understanding of this interesting vdW metal, iron
germanium telluride: band topology, intrinsic spin-orbit torque, and
topological vdW polar metal states.

superconductor,[>*! etc; breaking
time-reversal ~ symmetry leads  to
the paramagnetic-to-ferromagnetic
transitionl”!  and the unconventional
superconductivity;®! inversion symmetry
breaking results in nonreciprocal electronic
transport,*1% nonlinear Hall effect,!"!?]
nonlinear optical response,'**! topologi-
cal Weyl semimetals,['*18] etc. Therefore,
tailoring symmetry by symmetry engineer-
ing provides a promising and powerful way
to control matter’s quantum characteristics
and functionalities.

Currently, van der Waals (vdW)
magnets(’] are one of the most ac-
tive research fields and have especially
been found to be promising platforms for
the application of future spintronics.!?324
At the center of its activities lies Fe;GeTe,
(FGT),!®] a rare vdW metallic magnet, and,
most importantly, it has a topologically
protected nodal line.?’] Thanks to the
large Berry curvatures of its topological
bands, FGT displays giant anomalous Hall
current!?®! and anomalous Nernst effect.[”]
Another equally exciting development is

1. Introduction

Symmetry constitutes the cornerstone of modern condensed
matter physics since symmetry breaking would trigger ex-
otic phase transitions and produce emergent quantum phe-
nomena. For example, spontaneous symmetry breaking can
ignite the nematic phase,?l superfluid,**! BCS-governed

that massive intrinsic spin-orbit torque!?®?! by charge current
has been revealed in a single FGT without any heavy-metal layer,
making it an ideal and unique model system for new conceptual
spin-orbit torque and spintronics.

In general, spin-orbit torque requires inversion symmetry
breaking to generate spin polarization by current, but pristine
FGT hosts a hexagonal structure with the centrosymmetric space
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Figure 1. Inversion symmetry breaking in Fe, 3GeTe, by SHG measurement. a) Schematic of SHG measurement. The incident (red arrow) and emitted
(green arrow) light move at 45° toward the sample surface, and the sample is rotated during the measurements. The measurements adopt the PP
(SS) mode, where the light polarizations are 45° (0°) to the sample surface. The double-headed arrows indicate the light polarization direction. b) SHG
response in the PP mode. It shows a well-resolved threefold pattern with considerable intensity, evidencing the existence of inversion symmetry breaking.
The blue curve represents the simulated SHG pattern regarding the new 3m point group. c) SHG response in the SS mode, with extremely low intensity.
It indicates the in-plane polarization is nearly zero while the out-of-plane polarization predominates in (b).

group P6;/mmc. Previous work!?’! explains this anomaly be-
cause the onsite intralayer coupling is several orders of mag-
nitude stronger than the interlayer coupling, dominating the
spin-orbit torque. However, a more natural explanation would be
the inversion symmetry already broken, however small, in the
bulk sample, leading to a very unusual form of the Ginzburg-
Landau free energy. Yet, there is no crucial direct and conclu-
sive evidence of broken inversion symmetry in the bulk FGT.
Suppose inversion symmetry is broken by reducing the space
group to a noncentrosymmetric one in bulk FGT; it will add
an additional contribution to its spin-orbit torque besides the
strong intralayer coupling scenario. Moreover, more emergent
phenomena and rich physical properties would ensue in FGT
with both time-reversal and inversion symmetry breaking: for
example, nonreciprocal electronic transport,!*% nonlinear Hall
effect,''12] nonlinear optical response,’>%] etc. A close rela-
tive system Fe, ;Co, ;GeTe,?%3] hosting the inversion symme-
try breaking has already featured consequent polar metal states,
skyrmion lattice and topological Hall effect. These two curiosities
prompt us to examine the possible inversion symmetry breaking
of FGT directly by measuring the second-order nonlinear optical
response.

In this work, we investigate the symmetry of FGT by the sec-
ond harmonic generation (SHG) technique. Fe-deficient FGT ex-
hibits a sharp threefold SHG pattern with dominant out-of-plane
polarization, implying the breaking of inversion symmetry. By
examining the pristine FGT’s symmetries and performing the
group-subgroup symmetry reduction analysis, we find the polar
space group P3ml to be the most likely new space group induced
by Fe vacancies. Moreover, as Fe deficiency increases, SHG re-
sponse gradually stabilizes a sharp threefold symmetry from an
isotropic pattern, reflecting the transition from random defects
to ordered Fe vacancies. Furthermore, spin ordering across the
ferromagnetic transition temperature does not affect the nonlin-
ear optical response, indicating that the crystalline symmetries
maintain the same for both ferromagnetic and paramagnetic
phases. Finally, based on the reduced symmetries and new space
group, we discuss its potential effects on the band topology, in-
trinsic spin-orbit torque, and possible vdW polar metal states for
FGT.
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1.1. Inversion Symmetry Breaking in Fe, ;GeTe,

We first check the inversion symmetry breaking of Fe-deficient
Fe, ;GeTe, by the SHG technique. Figure 1a illustrates the mea-
surement geometry, where an 800 nm laser shines the sample
with an incident angle of 45° toward the sample surface. The
emitted 400 nm light (2w) is collected by a photomultiplier tube.
We found that the light intensity detected shows a quadratic
dependence on an incident laser power (Figure S3, Support-
ing Information), verifying that the signal is generated from the
second-harmonic process. The sample is rotated in the plane dur-
ing the measurement, which helps to map out its inherent sym-
metry. SHG pattern is obtained for the PP (SS) mode, where the
incident and emitted light share the same polarization of 45° (0°)
toward the sample surface. Such a general geometry can probe
both the out-of-plane and in-plane crystalline polarization or sym-
metry breaking, if any. As shown in Figure 1b, the SHG pattern
of the PP mode clearly reveals three petals with considerable in-
tensity. By contrast, the SS-mode SHG’s intensity is extremely
low—this SHG result is the definitive evidence of broken inver-
sion symmetry in Fe, ;GeTe,, dominantly along the out-of-plane
direction.

1.2. Group-Subgroup Symmetry Reduction Analysis

To understand the SHG results better, we first examine the
original symmetries of pristine Fe;GeTe, and then perform
group-subgroup symmetry reduction analysis on Fe-deficient
Fe, GeTe,. As depicted in Figure 2a, Fe,GeTe, monolayer (A-
layer) hosts the noncentrosymmetric point group P6m2 with
three symmetries: threefold rotation symmetry C,, mirror plane
symmetries m, and m,. However, the neighboring layer (B-layer)
forms the inversion partner of the A-layer through the symme-
tries of 6, and glide ¢ with 1/2 unit-cell upshift. Eventually, the
entire Fe,GeTe, with both A and B layers crystallizes in a hexag-
onal structure with centrosymmetric space group P6,/mmc. The
top view of the Fe,GeTe, structure illustrates better m, and glide
¢ symmetries in Figure 2b. The arrows in Figure 2b indicate
that the Fe'l, Ge, and Te atoms (represented in Figure 2a along
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Figure 2. Crystalline symmetries of perfect FGT and the group-subgroup symmetry reduction analysis. a) Crystallography of a perfect FGT unit cell. The
yellow, pink, brown and blue balls represent the Fe''', Fe'', Ge, and Te atoms, respectively. The cleavable (grey) plane cuts the FGT’s unit cell in half
with the top A-monolayer and bottom B-layer. A-layer belongs to the noncentrosymmetric point group P6m?2 with three symmetries: threefold rotation
symmetry C;, mirror plane symmetries m, and m,,. B-layer forms the inversion partner of A-layer by the symmetries of 65 and glide ¢ with 1/2 unit-cell
upshift. Eventually, the entire Fe;GeTe, with both A and B layers crystallizes in a hexagonal structure with centrosymmetric space group P63 /mmc. Please
note the Fe'', Te, and Ge atoms are located vertically on a line, and F'' sites are sandwiched by the top and bottom Te atoms. b) Top view of the FGT’s unit
cell. The dashed lines mark the position of the m, mirror plane and the ¢ glide plane. The arrows indicate that the Fe'', Ge, and Te atoms along the vertical
line in (a) satisfy the symmetries of 65 (rotate 2z /6 then upshift 3/6 unit-cell) and glide ¢ with 1/2 unit-cell upshift. c) Group-subgroup relationship.
It starts from the original P6;/mmc centrosymmetric space group of perfect FGT and highlights the new P3m1 space group for Fe-deficient FGT (red

circle).

the vertical solid black lines) satisfy the symmetries of 6, (ro-
tate 27/6 then upshift 3/6 unit-cell) and glide ¢ with 1/2 unit-cell
upshift.

Figure 2c plots the group-subgroup relationship, starting from
the original P6,/mmc centrosymmetric space group of perfect
Fe,GeTe, with three constraints: primitive lattice P; threefold
structure; absence of inversion symmetry evidenced by the con-
siderable threefold SHG response, which cannot be generated
from electric quadrupole contribution (Note 1.1, Supporting In-
formation). The SHG results in Figure 1 reveal that the crys-
talline polarization or inversion symmetry breaking is predomi-
nant along the out-of-plane direction with the vanishing in-plane
one. It indicates that the pristine in-plane symmetry like m, is
not much changed, but the out-of-plane symmetries 65, glide c,
and m, should be destroyed. Therefore, P3m1 should be the pos-
sible new space group for Fe, ;GeTe,, consistent with very re-
cent workl3?! by fitting an X-ray diffraction (XRD) pattern. Co-
incidently, the out-of-plane symmetries 6, and glide ¢ are the
key components that make the B-layer the inversion partner of
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the A-layer but have been destroyed in Fe-deficient Fe, ;GeTe,.
Based on this new space group P3ml, we simulated the SHG
pattern from the electric dipole contribution of the point group
3m, which nicely matches the experimental SHG response (see
the blue curve in Figure 1b) and thus, in turn, supports the new
space group P3ml again.

Please note that Fe'' vacancies should be dominant in a Fe-
deficient FGT by the following considerations on both the spe-
cial atoms’ arrangement in FGT and the principle of charge neu-
trality. First, Fe'l is exactly sandwiched by the top and bottom
Te atoms, while the Fe!'' site has much more free space. As a
result, it is more difficult for Fe atoms to occupy the Fe!! sites
than the Fe'! sites during the growth for Fe-deficient samples,
leaving more Fe'" sites unoccupied and leading to more Fe!' va-
cancies. Second, the principle of charge neutrality will also re-
quire more occupancy of higher-valence Fe' ions than lower-
valence Fe'! ions in the Fe-deficient samples, again making Fe!!
vacancies dominant. Therefore, for Fe-deficient Fe, GeTe,, Fe!l
vacancies naturally can be the main contribution to the observed
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Figure 3. SHG evolution on Fe-deficiency. a—c) Normalized SHG response by minimum intensity for Fe, s GeTe,, Fe, ¢GeTe,, and Fe; (GeTe,, respectively.
d) Relative SHG sharpness, defined as max(lspy) /min(lspg)—1, which corresponds to 5.3, 1.5, 1for Fe, 3GeTe,, Fe, 4GeTe,, and Fe; GeTe,, respectively.
Upon increasing Fe-deficiency, SHG response evolves from an isotropic pattern to a sharp threefold petal, reflecting the contribution’s transition from

random defects to ordered Fe vacancies.

inversion symmetry breaking. The Fe!" vacancy allows breaking
the out-of-plane symmetries once the Fe!' occupancy differs be-
tween the A and B layers in Figure 2a, which has been proposed
recently.32!

1.3. SHG Evolution on Fe-Deficiency and Temperature

Next, we explore the Fe-deficiency dependence of the SHG
response. Three samples with different Fe ratios (Fe, GeTe,,
Fe, ,GeTe,, and Fe,;,GeTe,) have been comparatively inves-
tigated, whose basic transport properties of corresponding
nanoflake devices are summarized in Figure S1 (Supporting In-
formation). The temperature-dependent longitudinal resistance
R, exhibits a kink at its ferromagnetic transition temperature
(the Curie temperatures indicated by red dashed lines in Figure
Sla, Supporting Information). The magnetic-field-dependent
transverse resistance R, hosts a rectangular hysteresis loop due
to its significant ferromagnetic anomalous Hall effect below the
Curie temperature (Figure S1b, Supporting Information). As ex-
pected, the Curie temperature and coercivity decrease with in-
creasing Fe deficiency (Figure Slc, Supporting Information).!33
Additionally, the exact coercivity value of each nanoflake device
at low temperatures (10 or 20 K) reasonably agrees with the pre-
vious report®}] on Fe; GeTe,.

Figure 3a—c shows the normalized SHG results concern-
ing the minimum intensity for Fe, GeTe,, Fe,,GeTe,, and
Fe, ,GeTe,, respectively. The SHG pattern gradually evolves
from a well-resolved sharp threefold symmetry of Fe,  GeTe,
to a blunt threefold symmetry of Fe,,GeTe,, eventually to-
ward a more isotropic pattern of Fe, ,GeTe,. Figure 3d demon-
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strates the relative SHG sharpness more quantitatively, de-
fined as max(Igc)/min(Igys)—1, corresponding to 5.3, 1.5, 1
for Fe, GeTe,, Fe, ,GeTe,, and Fe, ,GeTe,, respectively. Based
on these observations, we have made a general evolution pic-
ture for the SHG pattern and the symmetry reduction; even for
Fe; ,GeTe,, random defects can exist in the single crystal, lead-
ing to the more isotropic SHG pattern. Upon increasing Fe defi-
ciency in Fe, ,GeTe,, ordered Fe vacancy appears, mixing with the
random defects, resulting in the blunt threefold symmetry of the
SHG pattern. With further increasing Fe deficiency to Fe, (GeTe,,
ordered Fe vacancy dominates the system and thus stabilizes
the sharp threefold symmetry, eventually reducing the crystalline
symmetry to a new space group of P3m1. Such Fe-deficiency de-
pendence of the bulk FGT’s SHG response reinforces the sce-
nario of Fe-vacancy-induced inversion-symmetry-breaking as the
primary mechanism rather than a possible surface contribution,
consistent with recent work by the fitting of XRD pattern on bulk
FGT.32

We also checked the temperature dependence of SHG re-
sponse for Fe, ;GeTe,. As described in Figure 4a, we fixed the
sample angle so that s-polarized light is aligned normal to the m,
mirror plane of a sample while fixing or rotating the polarization
of incident light. The SHG intensity obtained in the PP mode
(indicated by the star in Figure 4b) remains almost constant
across the whole temperature range, with a base temperature far
below the ferromagnetic transition temperature T, of 161 K. In
addition, Figure 4b shows the SHG pattern with rotating the light
polarizations at temperatures above (250 K), below (150 K), and
far below (80 K) the ferromagnetic Curie temperature of ~161
K, respectively. The SHG patterns are almost intact when the
temperature crosses the Curie temperature, indicating that the
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Figure 4. Temperature-independence of the SHG. a) SHG intensity in the PP mode (indicated by the star in (b)) as a function of temperature. It remains
nearly constant across the whole temperature range, with a base temperature far below the ferromagnetic transition temperature T, of %161 K. The inset
illustrates the schematic of varying-temperature SHG measurement. The sample is anchored, and the incident light polarization is fixed to p-polarization
or rotated. The emitted light is fixed to p-polarization or s-polarization. The dashed curved arrow indicates the light polarization rotation direction. b)
The SHG result of rotating incident light polarization while fixing the other, for 80 K (far below Curie temperature), 150 K (below Curie temperature) and
250 K (far above Curie temperature), respectively. The SHG shows no temperature dependence. The robustness of SHG against temperature indicates
that the paramagnetic and ferromagnetic phases share the same crystalline symmetries.

new space group P3ml stabilizes both in the paramagnetic and
ferromagnetic phases for Fe, GeTe,. This temperature inde-
pendence is universal, as reproduced on another FGT sample
(Figure S2, Supporting Information). Such robustness against
temperature implies that FGT shares the same crystalline
symmetries for both the paramagnetic and the ferromagnetic
phases. It simplifies the following discussions on topological
bands and intrinsic spin-orbit torque below the ferromagnetic
transition temperature.

2. Discussion

We have measured nonlinear SHG optical response to provide
direct and conclusive evidence of inversion symmetry breaking
in FGT. The new space group is analyzed to be P3m1, consistent
with the previous report,[*”) reinforcing the Fe-vacancy-induced
inversion-symmetry-breaking scenario. Our discovery requires
a renewed understanding of FGT’s properties from three per-
spectives: topological bands, intrinsic spin-orbit torque, and polar
metal states.

FGT is a topological ferromagnetic nodal-line material with
large Berry curvature and thus hosts consequent giant anoma-
lous Hall current,?) anomalous Nernst effect,!”’] and gigantic
intrinsic spin-orbit torque.[?! The screw symmetry 6, is essen-
tial to ensure its topological bands!? but has been destroyed by
Fe vacancy with a new space group of P3ml. Strictly speaking,
the topological bands cannot be perfectly maintained. However,
we note that the symmetry of FGT is only weakly broken by Fe va-
cancy with two pieces of evidence: one is that Fe!! occupancy for
A-layer and B-layer only slightly changes from 1:1 to ~0.92:0.87
in a recent report*?]; another is that the anomalous Hall effect
is still significant in all our samples, similar to previous work.[2!
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Therefore, the energy gap opened by such weak symmetry break-
ing should be small, probably smaller than the energy scale of
spin-orbit coupling; which would render the topological bands
and large Berry curvatures much unchanged.

Recent investigations(?°34! discover the gigantic intrinsic spin-
orbit torque by current in a single FGT without any heavy-metal
layer, which has also been confirmed by sequential works!**-3?]
from different research groups. But in principle, spin-orbit
torque cannot be generated by current in a centrosymmetric sys-
tem like FGT since inversion symmetry breaking is required for
producing the current-driven spin polarization. Specifically, for
FGT, the A-monolayer can produce a spin-orbit torque. Still, its
inversion partner B-layer can simultaneously produce the same
spin-orbit torque of the opposite sign, eventually canceling out
to zero net torque. To understand this contradiction, previous
work!? regards it as hidden spin-orbit torque, similar to the hid-
den Rashba effect in centrosymmetric systems.l*)l Tt is based
on the fact that the onsite intralayer coupling (~1 eV) is three
orders of magnitude stronger than the interlayer coupling (~1
meV) and thus regulates the spin-orbit torque of FGT. Moreover,
the energy of a multilayer FGT is almost the same regardless
of whether neighboring layers are ferromagnetically or antifer-
romagnetically ordered, indicating that the interlayer magnetic
coupling is exceptionally weak, and the dynamics of an individ-
ual layer is almost unaffected by the dynamics of its neighboring
layers.[?] Aside from this hidden spin-orbit torque explanation
focusing on the coupling’s energy scale, our work provides an
additional contribution of inversion symmetry breaking in the
actual FGT material.

Another noteworthy point is that the new space group P3ml
is polar, and Fe, GeTe, can, in principle, exhibit an out-of-
plane polarization, which would make it a fascinating, still
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much-undeveloped case of a potential vdW polar metal with
its band topology. It would thus enrich future opportunities to
exploit its vdW topological ferromagnetic polar metal states with
the high-order harmonic electrical response, etc., as studied in
the Fe, ;Co, ;GeTe, system!**3!l with no inversion symmetry. In
addition, our results can be naturally extended to other vdW sys-
tems sharing similar pristine space groups like P6,/mmc or layer
inversion, e.g., 2H-transition metal dichalcogenide (2H-TMDC),
since the screw axis symmetry and layer inversion are sensitive to
defects and fragile enough to be broken. As a consequence, such
a general inversion symmetry breaking can explain the contra-
dictions in many centrosymmetric systems of layer inversion in-
duced by the inversion-symmetry-breaking-required phenomena
such as chiral spin texturel32#1#2] and spin-orbit torque.!??3443]

Here, we would like to explicitly address the novelty and impor-
tance of work. First, FGT has intrinsic spin-orbit torque, which
requires inversion symmetry breaking, but FGT’s structure was
previously thought to be centrosymmetric. Therefore, several
possibilities have been suggested for breaking the inversion sym-
metry in FGT: for example, FGT heterostructures or FGT on
substrates!?®] may break FGT’s inversion symmetry. In sharp con-
trast, our present work directly and conclusively demonstrates
that FGT’s inversion symmetry is inherently broken in the Fe-
deficient and Fe-nondeficient FGT itself, using the sensitive non-
linear optical technique SHG. It can give an unambiguous an-
swer to the issue of the “existence of FGT’s inversion symmetry
breaking and its origin”. Such direct and conclusive experimen-
tal evidence of the broken inversion symmetry in FGT is criti-
cal to the whole vdW magnet society, especially around the FGT-
like material family. Moreover, such inherent inversion symme-
try breaking facilitates device applications since it does not have
additional requirements from the substrates.

Second, the symmetry-breaking dependence on Fe deficiency
and temperature has never been reported. Third, once the inver-
sion symmetry is broken, more emergent phenomena and rich
physical properties would be followed in FGT: those new studies
can be numerous, including nonreciprocal electronic transport,
nonlinear Hall effect, and nonlinear optical response, to name
only a few. Armed with this new correct information about the
inversion symmetry breaking of FGT, we can also systematically
discuss its effects on band topology, chiral spin texture, possible
polar metallic states, and intrinsic SOT. Such broad implications
and related intriguing properties induced by inversion symmetry
breaking have not been well aware of before in these systems.

Finally, we would like to expand our ideas further that such in-
version symmetry breaking can be a more general behavior for a
system with layer inversion or screw axis symmetry since these
symmetries are very sensitive to defects and fragile enough to
be broken. Note that numerous vdW materials like the famous
2H-TMDC also share the same space group of P6,/mmc, mean-
ing that our work has much broader implications beyond FGT
itself. Our prototypical work can explain the contradictions in
other centrosymmetric systems of layer inversion induced by the
inversion-symmetry-breaking-required phenomena. To summa-
rize, the novelty and importance of our work cover many excit-
ing facets of this vdW ferromagnet FGT: the existence and inher-
ent origin of inversion symmetry breaking, inversion symmetry
breaking’s evolution, the comprehensive discussions on its ef-
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fects to many quantum properties and also the outlooks to many
similar systems.

3. Conclusion

In summary, using the nonlinear optical response SHG as a sen-
sitive probe, we provide conclusive evidence for the broken in-
version symmetry in an important vdW metallic magnet FGT.
Upon increasing Fe deficiency, the symmetry reduces from the
original centrosymmetric P6,/mmc space group to the noncen-
trosymmetric polar space group P3ml, stabilizing a sharp three-
fold SHG pattern with dominant out-of-plane polarization. The
symmetry and corresponding SHG response remain unchanged
across the ferromagnetic transition from high to low tempera-
tures. Most importantly, it provides more insights and opportu-
nities for vdW FGT and other layered materials of similar space
groups in the fields of topological materials and spintronics via
symmetry engineering.

4. Experimental Section

Growth of FGT Single Crystals:  FGT single crystals were grown by the
conventional chemical vapor transport method with iodine as the trans-
port agent, following the previous works.[*445] Pure element powders of
Fe, Ge, and Te were mixed in varying ratios for different samples and
sealed in a quartz tube under vacuum. Afterward, the tube was placed
in a two-zone furnace for growing single crystals, with a source and sink
temperature of 750 and 650 °C, respectively, for seven days. Before us-
ing those crystals for further experiments, energy dispersive X-ray anal-
ysis was adopted to confirm the chemical ratio of Fe atoms in the crys-
tals: Fe, 3GeTe,, Fe, gGeTe,, and Fe; oGeTe,, for the SHG measurements.
Corresponding nanoflake devices were also fabricated to check their basic
transport properties.

Electrical Transport Measurements: ~ Transport measurements were per-
formed using a resistivity probe operated inside a cryostat down to 2.5 K.
The resistance was measured by using a standard lock-in technique with
Stanford SR830. Gold wires were wire-bonded to connect the electronic
chip to the sample’s Au/Ti electrodes. An antistatic wrist strap was used
during the operation to prevent the possible damage of electrostatic dis-
charges or shocks to the sample.

Second Harmonic Generation Measurements: 800 nm wavelength Ti-
Sapphire laser pulses were used at an 80 MHz repetition rate. The laser
beam was focused with an objective lens and incident to the sample with
an incidence angle of 45°. Second harmonic light with 400 nm wavelength
was generated from the sample, which was then collimated with another
objective lens and collected with a photomultiplier tube (Hamamatsu).
Laser intensity was modulated with a chopper to utilize lock-in detection.
The polarization of both fundamental and second harmonic light was de-
termined as p-/s- polarization with a polarizer and half-wave plate. SHG
rotation patterns were obtained by rotating the sample or rotating the
polarization of the incident and second harmonic light. Low-temperature
measurement was performed with a cryostat (MicrostatHe, Oxford). The
samples were cleaved before the measurement and kept in inert gas or vac-
uum. The position-dependent variations of the SHG response are negligi-
ble (Figure S5, Supporting Information), revealing a homogeneous macro-
scopic structural symmetry.

Note Added:  During the review process of this work, a related work on
arXiv was found.!!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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