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Two-dimensional (2D) van der Waals ferromagnets have potential applications as next-generation spintronic
devices and provide a platform to explore the fundamental physics behind 2D magnetism. The dual nature
(localized and itinerant) of electrons adds further complexity to the understanding of correlated magnetic
materials. Here, we present the temperature evolution of electronic structure in the 2D van der Waals ferromagnet
Fe;GeTe, using photoemission spectroscopy in conjunction with density functional theory (DFT) plus dynamical
mean field theory (DMFT). With the appearance of a quasiparticle peak and its evolution in the vicinity of the
Fermi energy, we unveil empirical evidence of an incoherent-coherent crossover at around 125 K. DFT+DMFT
results show that the quasiparticle lifetime surpasses thermal energy for temperature below 150 K, confirming
incoherent-coherent crossover in the system. The lack of appreciable change in the Fe 2p core level, overall
valence band spectra across the magnetic transition, and temperature-dependent ferromagnetic DFT+DMFT
results provide substantial evidence for non-Stoner magnetism in Fe;GeTe,. We elucidate the temperature-
dependent intimate relation between magnetism and electronic structure in Fe;GeTe,. A Sommerfeld coefficient
of ~104 mJ mol~' K~? obtained in the low-temperature limit from DFT+DMFT calculations resolves the
long-standing issue of a large Sommerfeld coefficient (~110 mJ mol~' K~2) obtained from specific heat

measurements.
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I. INTRODUCTION

Magnetism in two-dimensional (2D) van der Waals (vdW)
materials have been the subject of great interest because of
their ordered magnetic phases down to the monolayer limit
[1-3]. The magnetic and electronic ground states of these
2D materials can be manipulated by external stimuli such as
strain, gating, proximity effects, etc., and the easy exfoliation
allows the fabrication of novel devices down to the 2D limit
[2,3]. In this class of ferromagnets, Cr,Ge,Teg, CrSiTes, Crls,
etc., have been widely studied due to the rich interplay be-
tween long-range magnetic ordering, intersite exchange J, and
intrasite Coulomb U interactions in deciding the electronic
structure [4-6].

Fe;GeTe,, a 2D vdW ferromagnet, has attracted enormous
attention due to the remarkably high Curie temperature (T ~
220 K), large uniaxial magnetocrystalline anisotropy persist-
ing down to the monolayer limit, magnetic skyrmions, the
anomalous Hall effect, etc. [7-10]. Density functional the-
ory (DFT) reveals the itinerant ferromagnetism fulfilling the
Stoner criteria [11,12], which is supported by photoemission
spectroscopy (PES) exhibiting continuous spectral weight
transfer within Fe 3d states (the signature of exchange split-
ting) in the ferromagnetic phase [13]. However, in complete
contrast, another report using angle-resolved PES (ARPES)
revealed an insignificant change in the band dispersion with
increasing temperature up to 7¢ [14].
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In general, the nature of ferromagnetism is understood
from (1) the Stoner model in the case of itinerant bands,
where the temperature-dependent exchange splitting of dis-
persive spin bands drives the long-range magnetic ordering,
which eventually vanishes upon reaching T, or (2) the spin
mixing model in the case of localized bands, where the
exchange splitting exists even above T¢ and the thermal fluctu-
ation of the local moment reduces the magnetization [15-17].
However, many magnetic materials fall in the intermediate
regime of itinerant-local moments, such as cuprates and iron
pnictides, due to the rich interplay of electronic states and
magnetic correlations [15-21]. Although Fe;GeTe, is a d-
electron system, coexisting localized and itinerant electrons
drive Fe;GeTe, to a heavy-fermionic state at low temperature
[13,22,23]. The electronic transport and magnetic measure-
ments indicate the signature of incoherent-coherent crossover
far below T, along with the Fano-resonance feature in the
scanning tunneling spectra concluding the Kondo scenario
[13,23,24]. The large effective mass (~13.3mpgr) from the
Sommerfeld coefficient (y = 110 mJ mol~! K~2) obtained
from specific heat measurements is not adequately reproduced
by ARPES and dynamical mean field theory (DMFT) cal-
culations across the literature [13,14,25,26]. Understanding
the nature of ferromagnetism (Stoner versus non-Stoner), the
incoherent-coherent crossover, and large effective mass lead-
ing to heavy-fermionic behavior warrants a comprehensive
study of the electronic structure and its relation to magnetism
in both the high- and low-temperature limits.

Here, we investigate the electronic structure of
Fe;GeTe, using photoemission spectroscopy and theoretical

©2024 American Physical Society
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calculations within the DFT4+DMFT framework. The Fe
2p core level spectra and valence band spectra remain
very similar across Ty, except for the states close to
the Fermi level Ep. High-resolution spectra unveil the
emergence of a quasiparticle peak in the close vicinity
of Er in the magnetically ordered phase. The overall
valence band spectra and evolution of quasiparticle peak
and the manifestation of the incoherent-coherent crossover
(~125 K) in the experimental spectra are very well captured
within temperature-dependent ferromagnetic DFT+DMFT
calculations. These results further reveal spin-differentiated
behavior in Fe;GeTe,, where spin-up states are majorly
responsible for the incoherent-coherent crossover with
decreasing temperature, whereas spin-down states are already
in the coherent regime. Interestingly, finite spin splitting
and the ordered moment persist even at temperatures larger
than 47¢, implying non-Stoner magnetism in Fe;GeTe;.
Additionally, the large Sommerfeld coefficient obtained in
the low-temperature limit from DFT+DMFT calculations
is commensurate with results obtained from specific heat
measurements, resolving prior inconsistencies.

II. METHODOLOGY

High-quality single crystals of Fe;GeTe, were prepared
using the chemical vapor transport method with I, as the
transport agent [9,10]. Direction-dependent magnetic mea-
surements revealed the average Curie temperature 7¢ to be
206 + 4 K [9,10]. Room temperature lattice parameters were
found to be @ = b = 3.99 A and ¢ = 16.33 A, in good
agreement with a previous report [27]. In the photoemission
spectroscopic measurements, the Fermi level Er positions and
energy resolutions for various radiations were obtained by
measuring the Fermi edge of a clean polycrystalline silver
sample at 30 K. Total energy resolutions were set to 300, 12,
and 5 meV for Al Ka (hv = 1486.6 eV), He Il (hv = 40.8 eV),
and He I (hv = 21.2 eV) radiations (energy), respectively.
Multiple single crystals of Fe;GeTe, were cleaved in situ
at base pressure better than 4x10~!'! mbar to ascertain the
cleanliness of the sample surface and reproducibility of the
data (see the Supplemental Material (SM) [28] for a survey
scan and low-energy electron diffraction).

Electronic structure calculations were performed using ex-
perimental lattice parameters with 2 f.u. per unit cell. The
full-potential linearized augmented plane wave method as im-
plemented in WIEN2K [29] was used for the DFT calculations.
The generalized gradient approximation of Perdew, Burke,
and Ernzerhof [30] was employed for the exchange correlation
functional. An 18x18x3k mesh within the first Brillouin
zone was used for the self-consistent calculations. The energy
and charge convergence criteria were set to 10™* eV and
10~* electronic charge/f.u., respectively. The EDMFT code [31]
was used for the charge self-consistent DFT+DMFT calcu-
lations, with two impurity problems for Fe T and Fe 11, and
all five Fe 3d orbitals (forming three nondegenerate groups,
d», dy_y/d,,, and d,./d,;) were considered in correlated
subspace. The continuous-time quantum Monte Carlo impu-
rity solver [32] was used with the double-counting correction
being exact [33]. The Hubbard U = 5.0 eV, and Hund’s
coupling J = 0.9 eV was selected for both Fe 1 and Fe 11, in

accordance with an earlier report [26]. Analytical continuation
was performed using the maximum entropy method [31] to
calculate self-energy on the real axis.

III. RESULTS AND DISCUSSION

The crystal structure and Brillouin zone of Fe;GeTe, are
shown in Fig. 1(a). Each vdW bonded layer comprises a
Fe;Ge slab sandwiched between Te layers. Two crystallo-
graphically different Fe sites are shown by pink (Fe 1) and
gold (Fe 1) spheres [9,11,23]. The high quality of the sample
and clean surface obtained by in situ cleaving are ascertained
by the sharpness of peaks and the absence of any oxide-related
features in the core level spectra, as shown in Fig. 1(b) (also
see Note 1 in the SM [28] for further details). All the core level
spectra remain very similar to their elemental counterparts
[35]. No appreciable change was observed for any of the core
levels when going from 300 to 30 K. Notably, the width of
Fe 2p core level spectra in Fe;GeTe, is comparable to that
of ferromagnetic iron (shown by the blue lines), while it has
been found to be much smaller (~0.6 eV) in nonmagnetic
systems [34,36]. The full width at half maximum (FWHM) of
the asymmetric Fe 2p3/, peak was estimated (after subtracting
a Shirley-type integral background), where the FWHM was
found to be ~1.2 and ~1.4 eV for Fe;GeTe, and Fe metal,
respectively. The larger width arises due to finite exchange
splitting, leading to the observed dichroism in the core level
spectra in the case of magnetic systems [34,37,38]. The lack
of change in Fe 2p core level spectra in Fe;GeTe, suggests
that the exchange splitting does not change appreciably across
Tc, indicating that the non-Stoner behavior may be applicable
here. The valence band in Fe;GeTe, is formed by the hy-
bridization of mainly Fe 3d, Ge 4p, and Te 5p states and is
shown in Fig. 1(c), collected using Al K« and He II radiations
across the magnetic phase transition. Al K« spectra at 300 K
exhibit three discernible features, labeled A, B, and C, which
are found at around 6 eV, at around 3 eV, and as a broad feature
below 2 eV binding energy (BE), respectively. The relative
intensity enhancement of feature C with respect to features
A and B while going from Al Ko spectra to He II spectra
can be understood by considering the larger photoionization
cross section of Fe 3d states compared to that of Te 5p and
Ge 4p states at lower photon energies [39], confirming the
dominant contribution of Fe 3d states in feature C. Also,
the broad feature C in Al K« spectra is further resolved in
the He II spectra, presumably due to better energy resolution,
exhibiting a peak near Er and a shoulder structure at 1 eV
BE. Surprisingly, the overall valence band spectra do not
show appreciable change across the magnetic phase transition
either, which is in sharp contrast to the prototypical itinerant
ferromagnet StRuO; [40,41], except for the states in the close
vicinity of Ep, as shown in the inset of Fig. 1(c), where the
signature of a quasiparticle peak (marked by the down arrow)
at 30 K is evident (this will be further discussed in relation to
the high-resolution spectra).

To understand the subtle changes in the electronic structure
across the magnetic phase transition, we discuss the results
of the DFT calculations. Similar to experimental observa-
tions, calculated densities of states (DOSs) in the nonmagnetic
(NM) phase reveal predominant Fe 3d states between £2 eV
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FIG. 1. (a) Crystal structure and Brillouin zone of Fe;GeTe,. The dashed line in the structure shows the unit cell comprising 2 f.u. (b) Core
level photoemission spectra of Fe 2p, Te 3d, and Ge 3d collected at 300 K (black) and 30 K (red) using Al K« (intensities are normalized to
that of the survey scan, Fig. S1 of the SM [28]). The spectra shown by the blue line represent the 2p core level of metal Fe in the ferromagnetic
regime, reproduced from [34]. (c) Valence band photoemission spectra collected using Al K« and He II radiation at 300 K (black) and 30 K

(red). The inset shows He II spectra in the vicinity of Er.

BE [shown in Fig. 2(a)], with large states at Er indicating
metallic character. The states corresponding to Ge 4p and
Te Sp primarily appear at higher BE (Fig. S3 [28] of the
SM). As expected, the total energy per unit cell decreases
by 130 meV in the ferromagnetic (FM) phase, and the re-
sulting spin-polarized DOSs are shown in Fig. 2(b). The
large redistribution of exchange split spin-polarized states
in the FM phase compared to the NM phase, with substan-

tial Fe 3d states appearing even beyond 2 eV BE, and the
much reduced DOS(EF) are in sharp contrast to the experi-
mental observations. The obtained average magnetic moment
of about 2.2up/Fe is also an overestimation of the value
(1.6up/Fe) obtained from the magnetic measurements [9].
Even the inclusion of Hubbard’s U in DFT+U does not
reproduce the experimental results (see Figs. S4 and S5 of
the SM [28]). These observations are consistent with earlier
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FIG. 2. Total DOS and partial DOSs of Fe 1 and Fe 11 for Fe;GeTe, using (a) NM and (b) FM DFT. Total and partial spectral functions
using DFT+DMEFT in the (¢c) PM (T = 300 K) and (d) FM (T = 50 K) phases. The inset in (c) shows a comparison of total spectral functions

obtained in the PM and FM DFT+DMFT phases.
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FIG. 3. (a) Temperature-dependent high-resolution valence band
spectra collected using He 1. The bottom plot shows the occupied part
of the DFT+DMEFT spectral function for the PM (300 K) and FM
(50 K) phases. Inset (i): 7-dependent spectral weight redistribution.
Inset (ii): T evolution of the spectra in the close vicinity of Ep. T-
dependent (b) SDOS in the vicinity of Er and (c) quasiparticle peak
height (green) and SDOS(EF) (purple) obtained from (b). The shaded
region in (b) represents the +3k57 range at 30 K.

studies concluding that the DFT and DFT+U fail to achieve
agreement with the experimental lattice parameters, magnetic
moment, and valence band spectra in the magnetically ordered
phase [25,42].

Having an admixture of localized and itinerant d elec-
trons, Fe;GeTe, has been understood as a correlated electron
system with a significant role played by Hund’s J [43].
DFT+DMFT has been quite successful in accurately describ-
ing such systems with various magnetic transitions [44,45]
since it captures the fluctuating moment in the paramagnetic
(PM) phase, along with the temperature-dependent moment in
the magnetically ordered phase [45—47]. In Fig. 2(c), we show
the PM DFT+DMEFT results for 7= 300K (8 = 38.68 eV '),
where renormalized Fe 3d bands appear between 1.5 eV
BE. The total spectral function exhibiting a peak around Ep
along with a hump at 1 eV BE is in excellent agreement
with the He II spectra at 300 K. The local spin moment was
found to be 1.72up/Fe in PM DFT+DMFT, calculated using
> 2P;|S#| (where P; and |S;?| represent the probability and
absolute spin moment, respectively). The FM DFT+DMFT
result for 7 = 50 K (8 = 232 eV~!) shown in Fig. 2(d)
exhibits a quasiparticle peak at Er in the exchange split
spin-polarized spectral functions corresponding to both the Fe
sites. The total spectral function remains largely unchanged

while going from the PM to FM phase, as shown in the inset
of Fig. 2(c). Further, the magnetic moment of 1.51ug/Fe in
the FM phase is in close agreement with the experimental
saturation moment [9] and closely approaches the local spin
moment obtained in the PM phase. Thus, the DFT+DMFT
framework successfully determines the electronic structure
of Fe;GeTe, in both the PM and FM phases. For further
understanding of the evolution of electronic states with tem-
perature, we show the temperature-dependent high-resolution
valence band spectra collected using He I radiation in the top
panel of Fig. 3(a). All the spectra are normalized by the total
integrated intensity below 1.5 eV BE and have been stacked
vertically for clarity. The 250 K spectra exhibit a humplike
structure at ~1 eV BE and a broader feature below 0.5 eV
BE, similar to high-temperature He II spectra [Fig. 1(c)]. With
decreasing temperature, the spectral weight redistribution is
evident, leading to the appearance of a sharper quasiparticle
peak below 50 meV, as shown in the inset (i) of Fig. 3(a), while
the broad feature at 0.4 eV BE remains very similar (within
£0.05 eV). It should be noted here that the energy distribution
curves at various k points from low-temperature ARPES are
very similar to the angle-integrated spectra shown here (see
Appendix A). The bottom plot shows the DFT+DMFT spec-
tral function A(w) obtained in the PM (7 = 300 K) and FM (T
= 50 K) phases multiplied by the Fermi-Dirac (FD) function
to mimic the occupied states across T¢, exhibiting remarkable
resemblance of the spectral evolution with the experimental
spectra with respect to the overall width and energy positions
of the features. To visualize the change in the electronic states
in the close vicinity of Er, we normalize the spectral intensity
at 150 meV, and a closer look reveals that the temperature
evolution is similar to the FD function with a small decrease
in the intensity at Er for low-temperature spectra, as shown
in inset (ii). We further show the spectral DOS (SDOS) in
Fig. 3(b) obtained by dividing the photoemission intensity by
the resolution broadened FD function at respective tempera-
tures [48]. The evident emergence of a quasiparticle peak at
~40 meV BE upon entering the FM phase is shown by the
monotonous increase in its height and is plotted in Fig. 3(c)
(green symbols). Interestingly, SDOS(Ef) exhibits complex
and unusual evolution with temperature, as shown in Fig. 3(c)
(purple symbols). SDOS(EF) remains very similar in the PM
phase, while it increases upon entering the magnetic phase and
achieves a maximum at ~125 K, below which it decreases
down to 50 K and saturates at lower temperature (also ob-
served in the SDOS obtained by symmetrizing the spectra
[49]; see Fig. S2 in the SM [28]). A change in slope in
the resistivity of Fe;GeTe, near a characteristic temperature
(T* ~ 110 K) [13,23] has been associated with an incoher-
ent to coherent crossover similar to that in f-electron-based
heavy-fermionic systems [50-52]. Below T*, the concept of
quasiparticles becomes meaningful because the quasiparticle
scattering rate I" (inverse of the lifetime) is smaller than the
thermal energy kg7 and sharper quasiparticle features can be
observed [53]. The SDOS obtained from the high-resolution
spectra [shown in Fig. 3(b)] reveals a decrease in the width
of the quasiparticle peak below 125 K, also manifested by the
sharp decrease in SDOS(EF), as shown in Fig. 3(c).

We additionally showcase and meticulously explore these
phenomenon using temperature-dependent FM DFT+DMFT
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FIG. 4. Temperature-dependent FM DFT+DMFT results. (a) Spin-up (solid line) and spin-down (dash-dotted line) Fe 3d spectral
functions. (b) I'/kgT for the three nondegenerate orbitals (including both spins) for both Fe. Spin up (solid markers) and spin down (open
markers) for Fe 1 (dark purple) and Fe 11 (green). (c) Spin-polarized total spectral functions and (d) exchange splitting (circles) and magnetic

moments (triangles) at various temperatures.

calculations. The evolution of the quasiparticle peak with
decreasing temperature is also well captured within the FM
DFT+DMFT calculations; the spin-polarized Fe spectral
functions are shown in Fig. 4(a). Intriguingly, we observe that
the spin-down spectral functions remain largely unchanged
around Ep; however, the spin-up spectral functions demon-
strate the emergence of a quasiparticle peak just below Ep
with decreasing temperature, implying significant influence
of spin-differentiated electron correlation in Fe;GeTe,. Fur-
ther, the scattering rate I” was obtained for all the orbitals
(including spin) for both Fe sites (see Appendix B), and
I' /kgT for various temperatures is shown in Fig. 4(b). These
results unveil that I" for spin-down channels for both Fe sites
remain below kg7, irrespective of temperature, suggesting
the coherent scenario, while the spin-up channels show an
incoherent-coherent crossover only below 150 K. It should be
noted that the zero-frequency limit of the imaginary part of the
self-energy on the imaginary frequency axis ImX(iw — 01)
and thus the I" approach zero faster with decreasing tempera-
ture for the spin-up channels than for the spin-down channels
for all the orbitals of both Fe sites.

Within the itinerant electron magnetism, the exchange
splitting of nondegenerate spin bands can be defined via var-
ious approaches [11,14,40,42,54]. In the DFT band scenario,
the k-dependent exchange splitting can be estimated from the
difference in the Kohn-Sham eigenvalues of spin split bands,
and the k averaging gives a reasonable estimate [11]. However,
a similar analysis cannot be performed using DFT+DMFT
due to the diffusive and incoherent nature of the k-resolved
spectral function [42]. Here, we attempt to estimate the ex-
change splitting in the Fe bands from the energy difference
of the center of the weight of spin up and spin down from
k-integrated spectral functions. The calculated spin-polarized
total spectral functions are shown in Fig. 4(c) for different

temperatures. The spectral function at 50 K reveals large ex-
change splitting which decreases with increasing temperature
where both spin-up and spin-down spectral functions take on
a similar structure. Interestingly, the spin-dependent spectral
functions remain nondegenerate even above ¢ up to 900 K.
The estimated exchange splitting and obtained magnetic mo-
ment also follow a similar trend and remain finite up to 900 K,
as shown in Fig. 4(d).

To further elucidate the spin-differentiated dual nature,
k-resolved spin-polarized spectral functions for different tem-
peratures obtained from FM DFT+DMFT calculations are
shown in Fig. 5. A large number of dispersive bands in
both spin channels show finite exchange splitting and con-
firm the itinerant character, while the nondispersive bands in
the vicinity of Er in the case of the spin-down channel at
high-temperature suggest a mixture of localized and itiner-
ant electrons in Fe;GeTe,. Electronic structure calculations
within the DFT+DMFT framework hugely overestimate the
ferromagnetic transition and reveal no significant change in
the valence band across T¢, hence providing additional evi-
dence to conclude that Fe;GeTe, is a non-Stoner ferromagnet
in which the temporal and spatial thermal fluctuations lead
to a disordered moment (itinerant and local both), thereby
destroying the long-range magnetic order beyond 7¢. The
Stoner model provides a framework for itinerant magnetic ma-
terials; however, the inaccurate consideration of spin density
fluctuation effects results in many limitations like overesti-
mating T¢ and Curie-Weiss behavior at higher temperatures
[15,27]. Thus, these results encourage the use of spin-resolved
(AR)PES to further understand the electronic structure of
Fe;GeTe, across T¢. In addition, diffusive bands in spin-up
k-resolved spectral functions representing incoherent states
show a crossover to sharp and coherent states with de-
creasing temperature, while spin-down channels remain very
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FIG. 5. k-resolved spectral functions from FM DFT+DMFT for
the spin up (left) and spin down (right) at 300, 150, and 50 K.

similar. The spectral function obtained from low-temperature
DFT+DMFT is in reasonable agreement with experimen-
tal band dispersion along the M-I'-K directions (shown in
Appendix A). Further, observed dispersive energy bands
along the I'-A direction in k-resolved spectral functions at low
temperatures imply significant interlayer coupling and thus
three-dimensionality of the electronic structure in Fe;GeTe,
[14]. The lower Fermi velocity of spin split bands in Fe;GeTe,
than in the case of a typical metal along with hybridization
of these flat bands with strongly dispersive bands near Ep
suggests strengthened quasiparticle mass [13,24].

Finally, we discuss the discrepancy related to the mass
enhancement factor m*/m, in the literature [13,14,25,26,43].
The Sommerfeld coefficient y (110 mJ mol~' K~2) obtained
from specific heat measurement is much larger than that of
the free electron value of ~6 mJ mol~! K2 considering
six-electron occupancy per Fe, leading to the heavy-fermionic
system with m*/m, of ~18 [25,55]. As discussed earlier, the
large reduction in DOS(EF) obtained in the FM DFT results
(with respect to the NM DFT results) is in strong disagreement
with PES results and also leads to an overestimation of -~ m_
14.12 (see F1g S4 in the SM [28]). Within the DFT+DMFT
framework, -=— is the weighted sum of contributions arising
from all the oFimals [ and spins s, weighted by their local
Green’s function (o partial DOS) at Ef [43,45]. 2— obtalned
from FM DFT+4+DMFT calculations as shown n Fig. 6(a)
reveals 1ncreas1ng mass enhancement with decreasing tem-
perature, with - M — 326 at 50 K, suggesting Fe;GeTe, is
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FIG. 6. Calculated (a) mass enhancement factor m*/mpgr and
(b) Sommerfeld coefficient y using FM DFT+DMFT calculations
at various temperatures. The red line in (a) shows the fitting using
the double-exponential function (y, + aje™/" + a,e=*/), where
yo =145, a, =2.17,a, = 1.17, t; = 47.03, and t, = 498.22), and
the open star in (b) shows the calculated y obtained using an extrap-
olated value of the mass enhancement factor at 0 K.

a heavy-fermionic system at low temperature. y,,,, obtained

with a linear sum of each contribution v, (Vpyer = 22 ¥, =
> Lkg /35, PDOSI,S] ~ [(12k3/3) 2= A(w)]) [45]
leads to ~70 mJ mol~! K~2 at 50 K. The extrapolated Value
of m— of 4.79 at 0 K leads to y of ~104 mJ mol~! K2, as
shown in Fig. 6(b), which is in close agreement w1th experi-

ments, finally resolving the much debated disparity [25].

IV. CONCLUSION

In summary, the electronic structure of Fe;GeTe, was
investigated using photoemission spectroscopy and theoreti-
cal calculations within the DFT, DFT+U, and DFT+DMFT
frameworks. The high-resolution valence band spectra are
well captured within DFT+DMFT across the magnetic phase
transition. Temperature-dependent high-resolution spectra ex-
hibit the emergence of a quasiparticle peak in close proximity
to Er along with the manifestation of an incoherent-coherent
crossover in which anomalous behavior of the spectral density
of states at Er is observed at ~125 K. DFT4+DMFT suc-
cessfully demonstrated the evolution of spin bands with an
incoherent-coherent crossover along increasing effective mass
at lower temperatures, proving the heavy-fermionic nature.
We also resolved the long-standing issue of the large Som-
merfeld coefficient in this system obtained with DFT+DMFT
calculations. In particular, (1) the lack of significant change
in the experimental Fe 2p core level and overall valence band
across T¢ and (2) finite exchange splitting (also magnetic mo-
ment) persisting even beyond 47¢ in temperature-dependent
ferromagnetic DFT+DMFT calculations together suggest
Fe;GeTe; is a non-Stoner ferromagnet. The results presented
here advance the understanding of the complex evolution of
the electronic structure and non-Stoner magnetic behavior
and lay the foundation for further spin-resolved PES in the
correlated van der Waals ferromagnet Fe;GeTe,.
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APPENDIX A: ARPES RESULTS AND ANALYSIS

The ARPES Fermi surface map (integrated within the
Er £ 10 meV energy window and symmetrized along the
k. = 0 line) obtained using He I radiation (k, = 0.353¢*, con-
sidering the inner potential Vy = 13.5 eV [14]) at 30 K (with
a total energy resolution ~15 meV) is shown in Fig. 7(a). The
circular and hexagonal Fermi surfaces centered around T are
in agreement with earlier observations [13,14]. Figure 7(b)
shows a schematic of the obtained Fermi surfaces, where the
dashed red hexagon represents the surface Brillouin zone with
high-symmetry lines I'-K, and T-M. The stars represents T,
(T-M)/2, and (T-K)/2; the correspond energy distributive
curves (EDCs; integrated for Ak, and Ak, within £0.02 A’l)
are shown in Fig. 7(c). A strengthened quasiparticle peak
(~40 meV BE) is evident from the EDC at ", compared to
the same obtained from the EDCs at (I'-M)/2 and (T-K)/2.
It should be noted that the overall EDCs at various locations
across the Brillouin zone are mostly similar and agree well

with the momentum-integration high-resolution PES spectra
presented in the main text [Fig. 3(a)]. Further, Figs. 7(d) and
7(e) represent the band dispersion from ARPES (at 30 K)
and k-resolved spectral functions of both the spins from
the FM DFT+DMFT calculation (at 50 K, k, = 0.353c*),
respectively, along high-symmetry directions. ARPES spec-
tra [Fig. 7(d)] show broad (incoherentlike) bands at around
0.4 eV BE and sharper (coherentlike) bands around Efr in
M-T as well as in the T-K direction, which are better resolved
in both spin channels of k-resolved spectral functions of
DFT+DMFT. For better visualization, the bands with higher
spectral functions from the DFT+DMFT results are over-
lapped on the ARPES spectra (using markers) in Fig. 7(d),
with up and down green triangles for up spin and down spin,
respectively.

APPENDIX B: DFT+DMFT RESULTS AND ANALYSIS

Within the FM DFT+DMFT calculation the spin- and
orbital-dependent imaginary part of the self-energy on the
Matsubara frequency axis ImX(iw) for both Fe sites was
obtained and is shown in Fig. 8(a) for 7 = 50 K. ImX(iw)
approaches zero at lower frequency for all the orbitals and
spins of both Fe sites. The quasiparticle scattering rate is cal-
culated using I}, = —(m*/mh);x1 ImY; ; (iwo— 0T), where
(m*/m,); s =1—0ImZ ;(iw)/9(iw)liw,—o for [ orbitals and
s spins, and is shown in Fig. 8(b) [43,45] for various
temperatures. The imaginary part of the self-energy at the
zero-frequency limit and its derivative were obtained using
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FIG. 8. (a) Spin- and orbital-dependent imaginary part of the self-energy on the Matsubara frequency axis Im>(iw) for both Fe sites using
FM DFT+DMEFT calculations at 50 K. (b) Quasiparticle scattering rate I" for the three nondegenerate orbitals (including spin) for both Fe
sites at various temperatures. Spin up and spin down are shown by solid markers and open markers, respectively, for Fe I (dark purple) and

Fe 11 (green).

a fourth-order polynomial fit for the first six data points.
The spin-up channels for both Fe sites exhibit larger Im%;
(io— 07) for all the orbitals at higher temperature and
tend to zero faster at lower temperature in comparison to
the spin-down channels, implying a significant influence of
the spin-differentiated electron correlation in Fe;GeTe,. The
overall trend of 17 ; is consistent with the imaginary part of the

self-energy at the zero-frequency limit. Further, I" obtained
for all the orbitals for both Fe sites reveals that the spin-
down channels remain below kT [as shown in Fig. 4(b)],
irrespective of the temperature for both Fe sites, suggest-
ing the coherent scenario throughout, while the spin-up
channels show an incoherent-coherent crossover only below
150 K.
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