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ABSTRACT: The van der Waals Fe;_,GeTe, is a 3d ferromagnetic metal with a § % (% —»a B W
high Curie temperature of 275 K. We report herein the observation of an exceptional ¢ S LR \ ™

weak antilocalization (WAL) effect that can persist up to 120 K in an Fe;_,GeTe, | | [°

nanoflake, indicating the dual nature with both itinerant and localized magnetism of ¢ ¢
3d electrons. The WAL behavior is characterized by the magnetoconductance peak
around zero magnetic field and is supported by the calculated localized ¢ ¢
nondispersive flat band around the Fermi level. The peak to dip crossover starting o| opTe
around 60 K in magnetoconductance is visible, which could be ascribed to le*le®]
temperature-induced changes in Fe magnetic moments and the coupled electronic |¢¢|e®
band structure as revealed by angle-resolved photoemission spectroscopy and first-

principles calculations. Our findings would be instructive for understanding the ¢ ¢¢ ¢
magnetic exchanges in transition metal magnets as well as for the design of next- &° € ¢°©
generation room-temperature spintronic devices.

an der Waals (vdW) bonded magnets have attracted a great to the best of our knowledge. In insulating vdW ferromagnets,
Vdeal of attention due to their fundamental and technical the ferromagnetism can be described well by an anisotropic
merits.' ~® Their easy exfoliation into multiple or single layers Heisenberg model in which local moments correlate with each
makes them very convenient for the construction of various other via FM interactions,”*** while in vdW FM metals such as
novel heterostructures and devices. High-Curie temperature Fe;GeTe,, the electronic itinerancy should be interpreted by
(T¢) ferromagnetic (FM) conductors can be used to fabricate using other models. However, the itinerant electron Stoner
magnetic twistronic and spintronic devices and therefore are model seems to be insufficient to account for the magnetism as
always being intensely pursued, especially those that can work indicated by the angle-resolved photoemission spectroscopy
at room temperature. Fe,GeTe, (n = 3, 4, or 5) ferromagnets (ARPES) measurements that unveiled local magnetic moments
with remarkably high T values are such model systems. and heavy Fermion states in Fe,GeTe,”*”” The result is
Among the Fe,GeTe, ferromagnets, Fes_ GeTe, shows the somewhat exceptional because the WAL effect is inclined to be
highest T owing to the extra Fe layers that can enhance the fully suppressed in transition metal compounds because the

strength of FM interactions.” Though the Fe,GeTe, magnets
are all metals with itinerant electrons, the nature of
complicated Fe sites and their exact roles in producing the
high-T. ferromagnetism remain poorly understood.

As a quantum correction to the classical conductivity, the
weak antilocalization (WAL) effect can originate from either
the strong spin—orbit coupling (SOC) in the bulk materials or
spin momentum locking in the topological surface states of
topological phases,®” such as in Bi—Se—Te—Sb topological
insulators,'"°™'* Dirac semimetals with either weak (e.g,
graphene) or strong SOC,'™!® atomic-scale metal films,'”
two-dimensional (2D) transitional metal dichalcogenides
(TMDs),"*™*" etc. However, there have been very few reports
of the WAL effect in magnetic systems,”””” and the WAL effect
has not been observed in vdW ferromagnet nanoflakes remains

strong spin polarization of itinerant electrons can suppress the
spin singlet channel that is responsible for the WAL.
Considering the dual nature of magnetism in Fe;GeTe,, the
greater number of Fe sites in Fe;_,GeTe, naturally offers an
excellent opportunity to investigate the WAL effect.

In this work, we performed systematic magnetotransport
measurements on Fe;_ GeTe, crystals. The results unveiled a
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Figure 1. Crystal structure, electrical transport properties, and RMCD measurement results of the few-layer Fe;_ GeTe,. (a and b) Schematic
crystal structure of Fe;_,GeTe, viewed from the b and c axes, respectively. (c) Optical image of a typical device with a Hall bar configuration. (d)
R,.(T) under 0, 1, and 14 T perpendicular magnetic fields and (e) the corresponding first derivation. All curves in panels d and e are offset for the
sake of clarity. (f) Results measured on the position of the crystal marked by the green circles shown in the inset.

temperature-dependent WAL effect that could persist up to a
remarkably high temperature of ~120 K. We also observed a
crossover from a peak to dip in the magnetoconductance
(MC) around 60 K. Together with our ARPES measurements
and first-principles calculations, we proved the results as
magnetotransport evidence for the dual nature of both
itinerant and localized magnetism in Fe;_,GeTe,.

Panels a and b of Figure 1 depict the schematic crystal
structure of Fe;_,GeTe, viewed from the b and ¢ axes,
respectively. The structure consists of eight atom thick
monolayers separated by Te atoms among each unit cell
The relatively weak vdW binding force among Te layers
facilitates the exfoliation of the crystal into various layers.
There are three occupations for Fe in the lattice, namely, Fe I,
Fe II, and Fe III The light purple circles labeled Fe I represent
two possible positions of Fe I atoms, which are above or below
a given Ge atom, corresponding to two possible Fe I-Ge split
sites.” In Fes_,GeTe,, the Fe I site is partially occupied and has
iron vacancies, while the Fe II and Fe III sites are fully
occupied.”®*” The content of iron vacancies is quantified as
~0.4 with the energy dispersive X-ray spectrum (EDS); i.e., the
chemical composition is in fact Fe,cGeTe,; when the number
of Ge atoms is set to 1 (Figure S1 and Table S1). The specific
heat capacity of a Fe;_,GeTe, bulk crystal shown in Figure S2
reveals an anomaly at 275 K, coinciding with the T(. Panel ¢ of
Figure 1 shows an optical microscope image of the typical
structure of our measured device with a 20 ym scale bar, in
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which the thickness of the Fe;_,GeTe, crystal is ~29 nm (10
layers) as confirmed by the atomic force microscopy (AFM)
measurement presented in Figure S3. Panels d and e of Figure
1 show the longitudinal resistance (R,,) and its first derivative
versus temperature (T), respectively, under out-of-plane
external magnetic fields of 0, 1, and 14 T. The data show
typical metallic behavior over the measured temperature range
and kinks around 120—165 K induced by a possible charge
order.” The kinks can be significantly suppressed with a large
magnetic field of 14 T, while the suppression is nearly
negligible at 1 T. When the temperature is decreased to 120 K,
the slope of R,, becomes much sharper, which may be closely
related to the Fe I moments that start to order at this
temperature®’ and are not sensitive to the out-of-plane
magnetic fleld. We also observed a change in the carrier
concentration around 125 K, as shown by ny(T) in Figure S4.
Panel f of Figure 1 shows the temperature-dependent reflective
magnetic circular dichroism (RMCD) measurements at one
position of Fe;_,GeTe, crystals shown by the optical
microscopic image in Figure SS, marked by the green circles,
with a sample thickness similar to that in panel ¢ of Figure 1.
One can see that the square-shaped hysteresis loops and
coercivity at 90 and 120 K are similar, while those at 150 K
apparently change, which is an implication of a variation of the
spin structure around 120 K. The relatively square hysteresis
loops below 120 K indicate the stronger perpendicular
magnetic anisotropy;32 in other words, the magnetic moments
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Figure 2. Magnetotransport data of Fe;_,GeTe,. (a) Representative MC curves from 2 to 125 K within the perpendicular sweeping magnetic field
range of +14 T. The inset shows a close-up view of MC at low field showing pronounced WAL cusps. (b) Details of the crossover from peak to dip
behavior of the MC. The arrows denote the directions of the sweeping magnetic field. (c) Longitudinal and (d) Hall resistance from 2 to 100 K

within the perpendicular sweeping magnetic field range of +2 T.

can be aligned more easily along the ¢ axis.>> Above 120 K, the
significantly reduced hysteresis loops suggest easier magnet-
ization along the a—b plane.”> This magnetic anisotropy is
closely related with the Fe I moments, which will be discussed
below.

Figure 2a depicts the normalized MC of Fe;_,GeTe,
between 2 and 125 K and within the perpendicular sweeping
high magnetic field ranging from 0 to +14 T. The raw data and
a detailed explanation of the analysis including symmetrization
are shown in Figure S6. Figure 2a shows a transition from
negative to positive MC in a wide magnetic field range of 0.5—
14 T. From 2 to 15 K, it shows a positive MC, while above 35
K, it becomes a negative MC. The positive MC at high fields
above 35 K is commonly observed in ferromagnetic materials
because of the suppression of spin scattering by the magnetic
field.** However, the negative MC at high fields and low
temperatures (2—15 K) is likely due to the combination of the
supression of magnetic moment fluctuations at low temper-
atures (for H = 0) with the normal resistance increase due to
the Lorentz effect.>' Moreover, the inset of Figure 2a shows a
close-up of the low-field data, displaying unusually pronounced
MC cusps around zero magnetic field (0—0.5 T), which are
characteristic of the WAL effect. With an increase in
temperature, the cusps are gradually suppressed. Figure 2b
shows the low-field close-up data taken from Figure 2a
between 50 and 125 K, showing the evolution of WAL from
cusps to dips. The WAL effect starts to change between 50 and
75 K, gradually from the MC peak to dip, as indicated by the
black dashed lines. The WAL effect persists up to 120 K, as
shown by the low-field peaks, and eventually disappears as the
temperature is increased to 125 K, at which point the MC
shows only positive behavior, as indicated by the red dashed
lines. The arrows denote the directions of the sweeping field.
In these plots, the MC AGg is quantified by using a unit of ¢*/
h, where h is Planck’s constant and e is the unit charge.

Despite the fact that the WAL is still visible at 110 and 120
K as indicated by the red dashed lines in Figure 2b, it is too
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weak to be well fitted by established models. To improve the
quality of the data that could be fitted, we remeasured the
longitudinal resistance with a shorter field step from 2 to 100 K
at low magnetic fields ranging from 0 to +2 T, as shown in
Figure 2c. Figure 2d presents the corresponding Hall
resistance. When IBl < 0.1 T, the magnetoresistance (MR)
shows a hysteresis that might be caused by the gradual
alignment of magnetic domains of Fe ions by the external
magnetic field.”> The dips around zero magnetic field
signifying the WAL effect in MR are strikingly displayed.
With an increase in temperature, the MR dips become broader.
The Hall hysteresis loops show a clear square shape, indicating
robust ferromagnetism with strong perpendicular magnetic
anisotropy and an anomalous Hall effect. The coercive field
(H,) and the saturation magnetic field (H,,) gradually decrease
with an increase in temperature. Compared with those of
Fe;GeTe,, which is a harder magnetic phase, the coercivity and
the shape of the hysteresis loop are smaller and narrower,
indicating a weaker perpendicular magnetic anisotropy in
Fes_xGeTe2.32

To gain in-depth insights into the WAL effect in
Fe;_,GeTe,, a more quantitative analysis of the magnetotran-
sport data is necessary. However, an appropriate theoretical
model for describing a ferromagnetic and weakly disordered
nanoflake system such as Fe;_,GeTe, has not been developed
yet, so we resorted to nonmagnetic models for the analysis.
The limitations of the used models will also be discussed.
Generally, the localization effect in a 2D system can be
interpreted by the 2D Hikami—Larkin—Nagaoka (HLN)
theory.® In the regime with a low carrier mobility and strong
SOC, the variation of weak field MC is expressed as

AG(B) = [‘P(l h ) —ln(Lz)], where B, h, ¥,
2n°h 2 4eBl, 4¢Bl,
and [, are the magnetic field, reduced Planck’s constant,

digamma function, and phase coherence length, respectively.
The values of coefficient @ should be 1, 0, and —'/, for the
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Figure 3. Fitting results of magnetotransport data and angle-dependent MC at low temperatures using different models. (a) Results of HLN fitting
(solid lines) to the low-field MC (empty circles) of Fe;_,GeTe, in the temperature range of 2—100 K. (b) Evolution of coefficient « and phase
coherence length [, with temperature. Solid lines are visual guides for the data. (c) Fitting curves of MC by using the MF model. (d) Temperature-
dependent extracted phase coherence length [, and spin—orbit scattering length Iso. Solid lines are visual guides for the data. (e) Results of 3D
model fitting to the low-field MC. (f) Temperature-dependent number of quantum channels N and phase coherence length I, extracted from the
analysis. Solid lines are visual guides for the data. (g) Temperature dependence of phase coherence length /, () extracted from the fits. The solid
blue line denotes the results of fitting to I, o T2 (h) Angle-dependent MC of a 29 nm thick Fe;_,GeTe, sample measured at 2 K. The inset of
panel h presents the direction of the current (blue arrow) and magnetic field (red arrow) relative to the sample (yellow slab).

orthogonal, unitary, and symplectic cases, respectively.” Figure
3a displays the MC between 2 and 100 K denoted by empty
circles in the low-magnetic field range, which can be fitted
fairly well by using this model indicated by the solid lines.
However, considering the presence of hysteresis in MC and to
guarantee the authenticity and accuracy of the fit, we fitted
only the data between 0 and 0.2 T taken from those in Figure
2c. The fitting results are presented in Figure 3b, yielding the
temperature dependence of phase coherence lengths I, and
coeflicients a. The solid lines are the visual guides for the data.
It should be noted that the a values are much larger than the
theoretically predicted ones for 2D systems, which in fact have
no physical meanings, hinting that the WAL effect in
Fe;_,GeTe, is contributed not only from 2D channels but
also from other three-dimensional (3D) bulk channels. Such
cases were also observed in TI Bi,Se; crystals,*® In ,Sn,_ Te
nanoplates,”” TI (Biys,Sby4s),Te; thin films,*® half-Heusler
semiconductor ScPdBi,” topological semimetal LuPdBi,* etc.
As illustrated in Figure S7, the roughly similar tendency of p;’?yH
and a reveals the close relationship between the magnetization
and the WAL effect.*' As shown in the bottom panel of Figure
3b, the temperature dependence of I, indicates the dephasing
process due to the enhancement of inelastic scattering by
phonons or other electrons with an increase in temperature.

5459

For a 2D disordered electronic system, the field dependence
of MC could be calculated by using the Maekawa—Fukuyama
(MF) formula expressed as

Ne? B
Ao(T, B) = ~{p| —=>
th B¢+Bso
1| (B B
- ~|\Ffl=|-F| ———
2| (B, B, + 2Bgo

where F(z) =‘P<%+ )+ln(z), N is the number of

1
z
independent conduction channels, B, = #/4el,’, and By, =
h/4elgo?, with l, and 5o denoting the phase coherence length
and spin—orbit scattering length, respectively.*” The fitting
results are presented in Figure 3c as solid lines. The fitting is
basically satisfactory except for N values of >20, similar to the
case of a. Figure 3d shows the temperature dependence of
extracted parameters [, and Iso. The solid lines are visual
guides for the data. I, decreases with an increase in
temperature due to the increased inelastic scattering. Isy is
relatively independent of T and remains ~30 nm, correspond-
ing to a spin—orbit field By of ~0.2 T. Below 100 K, I, is

https://doi.org/10.1021/acs.jpclett.3c00380
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Figure 4. Electronic band structure of Fe;_,GeTe, measured by ARPES. (a) Photoemission intensity map of constant energy contours in the k,—k,
plane 0.05 eV below Eg. (b and c) Band dispersions along the high-symmetry K—['—K' direction with different temperatures. (d) Extracted V; of
band « labeled in panel b, where the error bar corresponds to the energy resolution. The data were collected by using photons for which hv = 112

eV.

larger than Iso, implying that the spin—orbit scattering is
dominated and leads to the negative MC and the WAL effect.
We also examined the 3D model for Fe;_,GeTe,. Figure 3e
shows fitting results by using the 3D model expressed as
2
Ac(B) ~ EZ Zj(l Ly l"—), where N is the number of
B

505 2
272 lq,

independent interference channels, { is the Hurwitz { function,
and I = /71/4eB."° This equation is an extension of the HLN
theory of WL or WAL for the 3D regime at low magnetic
fields. The fit based on the 3D model seems more appropriate,
but the number of quantum channels extracted from the
analysis is too small and decreases with an increase in
temperature, as shown in Figure 3f. The solid lines are visual
guides for the data. The temperature dependence of phase
coherence length [, reflects the dephasing due to inelastic
scattering as the temperature is increased. In addition, we note
that the [, values in the 3D model are larger than those in the
2D model. It is clear that for all three models, there is a clear
increase in the fitted parameters at 10 K, which may be due to
the magnetic order of all Fe moments as indicated by the
Mossbauer spectroscopy measurements.” '

As shown in Figure 3a—f, the 2D HLN theory and the 3D
models fit the MC data pretty well, but the fit of the MF model
is relatively poor. In addition, due to the lack of an accurate
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WAL model for describing the FM nanoflake system, the
fitting parameters (@ and N) are unreasonable, and the
dimensionality issue should be further clarified. Among all of
the fittings with three models, T2 shows the best fit with
phase coherence length [, in the HLN model. Thus, I, values
extracted from the HLN fitting (4p) are plotted with
temperature in Figure 3g, following an I, « T7 (p = 1)
power law, which suggests a 2D electron—electron interaction
dephasing mechanism in our system.*>** However, there is a
possible saturation of I, at lower temperatures, except for a
sudden increase at 10 K, which can be attributed to a
dephasing from the magnetic spin—spin scattering process or
other mechanisms that have been discussed.”>*>*° Further-
more, the angle-dependent MC measurements on Fe;_, GeTe,
were performed by changing the direction of the applied
magnetic field. The data measured at 2 K on an ~29 nm thick
sample in Figure 3h display an angle-dependent behavior,
strongly implying a basic 2D nature of the electrical transport,
because if the WAL effect is mainly in a 3D bulk channel, the
MC should be independent of the tilt angles of the magnetic
field.'>***” In conclusion, the T~"/* dephasing mechanism and
the angle-dependent MC support the basic 2D electrical
transport in the 29 nm Fe;_,GeTe, crystal.

To obtain more information from the electronic band
structure of Fe;_ GeTe,, the results of ARPES measurements
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Figure 5. Calculated electronic band structure. (a) Band structure along the high-symmetry K—I'—K’ direction in the original Brillouin zone of the

bulk crystal. (c) Orbital-resolved band structures of the Te atom and different Fe atoms marked in panel b along the high-symmetry K—['—K’
direction. Band structure along the high-symmetry M—I'—M’ direction in the \/ 3 X \/ 3 mini Brillouin zone of the monolayer. (d) Spin orientation
along the x axis. (e) Spin orientation along the y axis. (f) Spin orientation along the z axis. The Fermi velocity of the band marked with a red solid
line is calculated. The red dotted box marks the obvious different energy bands about the Fermi level in different spin orientations. The blue dots

represent the d orbitals of Fe I.

are presented in Figure 4, showing the constant ener
contours at the binding energy of 0.05 eV under the \/ 3 X \%7
reconstruction.” The red and black solid lines represent the
original and reconstructed Brillouin zones, respectively.
Because Fe;_,GeTe, belongs to space group R3m, its two
adjacent K points are not equivalent, which are distinguished
by using K and K'. High-symmetry points K and K’ are also
marked in Figure 4a. The band folding between the I' and K
points is clearly seen. From the dispersions along the high-
symmetry K—['—K' directions, several hole-like bands could be
identified. We focused on one of the hole bands, marked as
band @, to monitor its temperature evolution, which is shown
in panels b and c of Figure 4. We used a linear function to fit
band a at different temperatures and used the slope of the
linear function to calculate the Fermi velocity (V). The
temperature-dependent result is plotted in Figure 4d, which
exhibits a sharp jump around 50—60 K, indicating a change in
the electronic band structure, specifically, the a band. The
change in the other electronic bands near Fermi level Ey is
more challenging to analyze. Although the origin of such a
change remains unclear, the decrease in the velocity of the
hole-type a band at 50—60 K is consistent with the
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magnetotransport measurements that show the MC crossover
from the peak to dip of the WAL effect as shown in Figure 2b.
The ARPES data of band a and its V; as a function of
temperature hint at the close relation between the WAL effect
and the electronic structure of Fe,_ GeTe,.

Figure Sa shows the calculated band structure of the bulk
sample along the K—['—K’ high-symmetry direction in the
original Brillouin zone. The calculations show several hole-like
bands around Ep, which are fully consistent with the
experimental ones with the intense state being approximately
—0.75 eV below Eg. Because Fe I has two positions, the surface
Fe atoms are either Fe(1) or Fe(S), as shown in Figure Sb.
According to the orbital projection of the band structure
presented in Figure Sc, these hole-like bands are mainly
derived from the hybrid states of surface Fe(1), Fe(S), and Te
atoms, which may be related to the strong influence of Fe(1)
and Fe(5) atoms that screen other inner Fe atoms. The intense
state approximately —0.75 eV below the hole-like band mainly
originates from the d state of the Fe(S) atom. In addition, the
electronic structures of in-plane and out-of-plane spin
orientations are different around Ep for an Fe(1)down—
Fe(1)up—Fe(1)up order of Fe(1) layers (Figure Sd). The
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Fermi velocity across the Fermi energy around M’ in the \/ 3 X

3 mini-Brillouin zone was calculated. The Fermi velocity of
the out-of-plane spin orientation is 1.1 X 10° m/s, while the in-
plane spin orientation along the y axis is 0.8 X 10° m/s, which
is similar to the sharp jump seen by ARPES measurements.
The spin orientation is along the easy magnetization z axis at
low temperatures and tends to be aligned along the in-plane
direction or to be a helical spin structure due to the complex
competition among magnetic anisotropy, Dzyaloshinskii—
Moriya interaction, and charge order as the temperature
increases.” As reported previously, the ordering of the subset
Fe(1) layer can give rise to a 4/3 X 4/3 superstructure on the
surface of Fes_,GeTe,. Moreover, the observed 1/3 X \/ 3
ordering of the Fe(1)—Ge pair breaks the inversion symmetry
and consequently leads to antisymmetric DM interaction and
hence a commensurate to incommensurate magnetic tran-
sition, i.e., a helimagnetic behavior. The competition between
helimagnetic behavior and other collinear properties can cause
spin reorientation within the temperature ranges of 120—260
and 20—100 K, respectively.”

In a magnetic system, the origin of the WAL effect remains
controversial, which should be material-specific. It was proved
that positive magnetoresistance due to the WAL effect in FM
transition metals can be suppressed, such as in Fe and Ni
films.***’ However, the presence of WAL in other FM systems
cannot be completely ruled out due to different relaxation
times (z), spin splitting energies (M), etc. For example, the
WAL effect was reported in FM nanostructures,’® films,”' and
interfaces.””>”> As opposed to other FM metals, as we
mentioned above, the localized nature of partial Fe moments
in Fes_,GeTe, supports the WAL effect.

Earlier Mossbauer spectroscopy on polycrystalline Fe;GeTe,
revealed that the moments on the Fe I sublattice are ordered
magnetically below the temperature range of ~100—120 K,
while a majority of the Fe moments are ordered at T¢.”' The
observed WAL effect in our experiment emerges at a
temperature similar to that at which the Fe I moments are
ordered. According to the RMCD data, the hysteresis loop
below 120 K is relatively square and strong, which is assumed
to be due to the ordered Fe I moments. At a temperature
between 120 K and T¢, the hysteresis in RMCD is significantly
reduced compared with that at a low temperature, but the
hysteresis is still visible because a majority of moments are
ordered within this temperature range because the T is 275 K.
In a similar MGssbauer spectroscopy experiment, it was found
that essentially all Fe moments are ordered at 10 K, while
approximately 30% of the Fe exhibits a strongly diminished
hyperfine field upon warming to 125 K, which is primarily
associated with the Fe I sublattice and a portion of Fe IIL**
Furthermore, the magnetic transition at T¢ in the polycrystal-
line sample is associated with Fe II and approximately half of
Fe III. The transition in Mossbauer spectra between 70 and
125 K indicates that a large portion of the Fe experiences a
collapse in the magnetic hyperfine field of at least 1 order of
magnitude, which in combination with the neutron scattering
results indicates a remarkably reduced or dynamic magnetic
moment. The Mossbauer spectra also witness the structural
transition near 100 K through the strong modification of the
quadrupole interaction between 70 and 125 K for the Fe I site.
Moreover, the Fe I moments cannot be ordered in the
temperature range of 100 K to T along the ¢ axis because the
Fe I moments fluctuate too rapidly in their dynamic model and
can generate the exotic domain-wall-(anti)Meron-chain state
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that was observed by using Lorentz transmission electron
microscopy (LTEM).” Below 100 K, the Fe I moments are
statically ordered along the ¢ axis and thus could suppress the
in-plane magnetization extinguishing the (anti)Meron chains
and merging into the continuous domain wall.****

The evolution of the spin structure of Fes_,GeTe,, as
indicated via combination with the Mossbauer spectrosco-
13}7,28’31 LTEM, RMCD, ARPES, and magnetotransport
measurements, could be summarized in several steps. From a
low temperature to 60—70 K, essentially all Fe moments are
ordered; from 60—70 to 100—12S K, primarily the Fe I
sublattice and a portion of Fe III moments experience a
collapse, and then from 100—125 K to T, the Fe II and
approximately half of the Fe III moments are ordered. The
results indicate that the WAL effect is closely related with the
Fe I moments in Fe;_ GeTe,.

In conclusion, we observed a WAL effect in Fe;_,GeTe,
nanoflakes that can persist up to 120 K. When we fit the
experimental data with the HLN, MF, 3D models, and
measuring angle-dependent magnetotransport, the WAL effect
in a 29 nm thick Fe;_,GeTe, crystal shows a 2D feature.
Additionally, we further studied the WAL behavior of
Fe;_,GeTe, in more detail through RMCD, ARPES, and
first-principles calculations, which unveil that the crossover of
dip to peak behavior in magnetoresistance could be attributed
to a temperature-induced spin reorientation and variation of Fe
magnetic moments. Our observation of the WAL effect in the
Fe;_,GeTe, crystal provides evidence for the dual nature of Fe
moments, which shed light on the correlation between the
electronic structure and magnetism in this family of magnets.
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B NOTE ADDED IN PROOF

When we prepared our manuscript, we became aware of recent
inelastic neutron scattering measurements of Fe,.,,GeTe,,
which supported direct evidence for the coexistence of both
local moments and itinerant electrons and the Kondo effect
between them.>

5465

https://doi.org/10.1021/acs.jpclett.3c00380
J. Phys. Chem. Lett. 2023, 14, 5456—5465


https://doi.org/10.1016/j.jmmm.2019.166094
https://doi.org/10.1016/j.jmmm.2019.166094
https://doi.org/10.1103/PhysRevB.98.075409
https://doi.org/10.1103/PhysRevB.98.075409
https://doi.org/10.1103/PhysRevB.98.075409
https://doi.org/10.1103/PhysRevX.12.011022
https://doi.org/10.1103/PhysRevX.12.011022
https://doi.org/10.1103/PhysRevX.12.011022
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

