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The van der Waals ferromagnet Fe;GeTe, has attracted great research attention recently due to its extraor-
dinary properties. Here, using high-resolution angle-resolved photoemission spectroscopy, we systematically
investigate the temperature evolution of the electronic structure of bulk Fe;GeTe,. We observe largely dispersive
energy bands with exchange splitting that are in overall agreement with our density-functional theory calculation.
Interestingly, the band dispersions barely change upon heating towards the ferromagnetic transition near 225 K,
except for the reduction of quasiparticle coherence, which strongly deviates from the itinerant Stoner model. We
suggest that the local magnetic moments may play a crucial role in the ferromagnetic ordering and the electronic
structure of Fe;GeTe,, which will shed light on the generic understanding of itinerant magnetism in correlated

materials.
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Magnetism is not only a fascinating quantum phenomenon,
but also immensely influences various emergent proper-
ties such as unconventional superconductivity [1-3], heavy
fermion systems [4,5], topological quantum physics [6,7],
and quantum critical behaviors [8,9]. In order to properly
describe the magnetism in electronic materials, two paradig-
matic frameworks have been established, concentrating on
two opposing extremes: itinerant and local-moment mag-
netism [ 10]. Within the weak-coupling itinerant picture as rep-
resented by the well-known Stoner model, the spin-polarized
exchange splitting of electron bands drives the long-range
magnetic ordering in metallic systems, while the local mag-
netic moments take charge of the magnetism mainly in insu-
lating materials according to the localized Heisenberg model.
However, to distinguish these two mechanisms is usually
challenging, especially in correlated materials, where the local
magnetic moments, although screened by itinerant electrons,
strongly modify the quasiparticle energy bands [11]. Such
competition between local and itinerant magnetism has been
well demonstrated by the longstanding debate regarding the
nature of magnetic ordering in the cuprate and iron-based
superconductors [3,12—15].
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Recently, Fe;GeTe,, as a representative van der Waals fer-
romagnet, has been intensively studied due to the realization
of tunable room-temperature ferromagnetism in its thin films
[16,17]. Besides, bulk Fe;GeTe, also exhibits fertile and in-
triguing properties, such as an extremely large anomalous Hall
effect induced by topological nodal lines [18], Kondo lattice
physics [19], a strongly enhanced electron mass [20], and a
magnetocaloric effect [21]. Although it is widely believed that
the ferromagnetism in Fe;GeTe, is itinerant in nature [22],
a local Heisenberg model can likewise properly describe the
ferromagnetic ordering in Fe;GeTe, [17]. There is even a
debate regarding whether Fe atoms align ferromagnetically
or antiferromagnetically in Fe;GeTe, [23]. These intriguing
yet mysterious properties allude to the possible effect of
local moments in the ferromagnetism of Fe;GeTe,. There-
fore, Fe;GeTe, provides a rare platform to investigate the
interplay between the ferromagnetism, electronic structure,
and correlation effects. It will be elucidative to investigate the
electronic structure of Fe;GeTe,, which is not yet adequate
enough.

In this Rapid Communication, we systematically inves-
tigate the electronic structure of bulk Fe;GeTe, and its
temperature evolution using high-resolution angle-resolved
photoemission spectroscopy (ARPES) and an ab initio band-
structure calculation. The measured band structure in the
ferromagnetic state is in overall agreement with our density-
functional theory (DFT) calculation after renormalized by a
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FIG. 1. (a) Magnetic moment as a function of magnetic field for
Fe;GeTe, measured at 2 K showing the magnetic hysteresis loop.
(b) Temperature-dependent magnetization of Fe;GeTe, measured
under zero-field-cooling (ZFC) and field-cooling (FC) conditions.
(c) Temperature-dependent resistivity of Fe;GeTe,. (d) Temperature-
dependent anomalous Hall angle of Fe;GeTe,. All the data were
collected with the magnetic field applied along the ¢ axis. The
vertical dashed line indicates the Curie temperature (77.).

factor of 1.6. Interestingly, upon heating towards the Curie
temperature (7;.), we observe a minor change of the shape and
position of the band dispersions, which is beyond the expec-
tation of the itinerant Stoner model. Therefore, we argue that
the local magnetic moments are crucial in the ferromagnetism
and the electronic structure of Fe;GeTe,, although it is a pro-
totypical itinerant ferromagnet. Our results provide important
insights into not only the nature of ferromagnetism and other
properties of Fe;GeTe,, but also a generic understanding of
itinerant magnetism in correlated materials.

High-quality Fe;GeTe, single crystals of size of 5 x 5 x
0.1 mm? were synthesized by a chemical transport method
with iodine as the transport agent [16]. ARPES data were
taken with various photon energies at beamline 105 of the
Diamond Light Source (DLS) under proposal No. SI20683-1,
beamline 9A of the Hiroshima Synchrotron Radiation Cen-
ter (HSRC), and beamline 5-2 of the Stanford Synchrotron
Radiation Laboratory (SSRL). Scienta R4000 electron an-
alyzers are equipped at all three beamlines. The overall
energy and angular resolutions are 15 meV and 0.3°. The
electronic structures of bulk Fe;GeTe, were calculated using
DFT with the projected augmented-wave method as imple-
mented in the Vienna ab initio simulation package [24,25].
The exchange correlation was considered in the Perdew-
Burke-Ernzerhof (PBE) approximation [26]. The cutoff en-
ergy for the plane-wave basis was 400 eV and the recip-
rocal space integrations were calculated by summing in a
I'-centered 12 x 12 x 3 mesh. The convergence of the mesh
has also been checked in our calculations. Experimental lat-
tice parameters were used with relaxations performed until
the Feynman-Hellman force on each atom was smaller than
0.001 eV/A. The atomic structure was further optimized by
applying a van der Waals (vdW) correction with the DFT-D3
method of Grimme [27].

FIG. 2. (a) Band structure along I'A showing strong k, dispersion
in Fe;GeTe, measured using photons ranging from 20 to 180 eV.
(b) Fermi-surface map obtained by integrating ARPES intensity in
an energy window of 20 meV near the Fermi energy (Er). (c)—(e)
Band dispersion along different high-symmetry directions. The black
dashed curves are guides to the eyes for the band dispersions. (f),
(g) DFT calculation of the band dispersions in ferromagnetic (FM)
and nonmagnetic (NM) states. Data in (a) and (b)—(e) were collected
using 114 eV photons with linearly (a) horizontal and (b)—(e) vertical
polarizations.

Fe;GeTe, crystallizes into a layered hexagonal structure
with the space group of P63 /mmc (No. 194). In the ferromag-
netic state, the magnetic moments of all the Fe atoms align
along the ¢ axis below 225 K [21-23]. Figure 1 shows the
magnetic transport measurements on Fe;GeTe, with a field
applied along the ¢ axis. We observe a clear magnetic hys-
teresis loop showing the ferromagnetic nature of Fe;GeTe,.
The magnetic moment saturates to a value of about 1.6u5/Fe
above 0.4 T [Fig. 1(a)]. Figure 1(b) shows the temperature
dependence of the magnetization. The 7, of Fes;GeTe, is
determined to be about 225 K, at which the temperature-
dependent resistivity shows an anomaly [Fig. 1(c)], in con-
sistence with previous measurements [20-22,28]. Below T,
Fe;GeTe, exhibits a large anomalous Hall effect, as shown by
the temperature-dependent anomalous Hall angle in Fig. 1(d),
which has been attributed to the topological nodal lines in the
system [18].
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FIG. 3. (a), (b) Temperature evolution of the band dispersions near the (a) I" and (b) K points. (c), (d) Energy distribution curves (EDCs)
integrated in a momentum window of 0.25 A" near the (¢) " and (d) K points. (e) The peak area of the EDCs in (c) and (d) as a function of
temperature. EDC peak area is obtained by integrating the EDC in an energy window of 200 meV. (f) The full width at half maximum (FWHM)
of the momentum distribution curves (MDCs) as a function of temperature. The MDCs are integrated in an energy window of 45 meV and
fitted with a Lorentzian to extract its FWHM. The orange and blue curves are the guides to the eyes for the temperature evolution of the peak
area and MDC width. Data in (a) and (b) were collected with photons at 27 and 114 eV, respectively.

Figure 2 investigates the electronic structure of Fe;GeTe,
in the ferromagnetic state at 10 K. Despite the weak interlayer
coupling, we observe a strong k, variation of the energy bands
in Fig. 2(a) (see Supplemental Material [29]), suggesting
strong interlayer coupling that can play an important role
in the ferromagnetism of Fe;GeTe, [17]. Figure 2(b) shows
the Fermi surface in the k,—k, plane measured with 114 eV
photons. We observe a hexagonal Fermi pocket near I, with
a complex texture structure inside. There is a small electron
pocket near K and a distribution of blurred spectral weight
near M, in consistence with previous ARPES measurements
and band-structure calculations [19]. Figures 2(c)-2(e) show
the band dispersions along the high-symmetry directions. Due
to the multiorbital nature and k., dispersion of the energy
bands, the measured Fermi surface and band dispersions
strongly depend on the photon polarization and photon energy
(see the Supplemental Material [29]). Using 114 eV photons

with linearly vertical polarization, we observe mainly four
bands in an energy range of 1.2 eV below the Fermi energy
(Er). The a and y bands contribute to the hole pockets near I,
while the 6 band contributes to the small electron pocket near
K. Our DFT calculation in Fig. 2(f) suggests that the calcu-
lated bands need to be renormalized by a factor of about 1.6 in
order to obtain an overall agreement with the experiment (see
Supplemental Material [29]). After renormalization, our cal-
culation is consistent with previous dynamical mean-field the-
ory (DMFT) calculations that suggest a relatively large Hub-
bard interaction in Fe sites and confirm the importance of elec-
tron correlation in the ferromagnetism of Fe;GeTe, [18,20].
By comparing the calculated and measured § band, we obtain
an electron effective mass enhancement by a factor of about
1.6 (see Supplemental Material [29]), and we do not observe
mass enhancement more significant than this value from the
Fermi velocity of other bands. This value is much smaller
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than that obtained from the Sommerfeld coefficient, which
remains mysterious [20,22]. The calculated band structure
in the ferromagnetic state shows a large exchange splitting
[~1.5 eV as indicated by the arrows in Fig. 2(f)] compared
with the nonmagnetic state [Fig. 2(g)], which is believed to
drive the ferromagnetic ordering in Fe;GeTe, according to the
Stoner mechanism [22].

In order to unveil the nature of the ferromagnetism in
Fe;GeTe,, we track the temperature evolution of its electronic
structure in Fig. 3. Figures 3(a) and 3(b) show the band dis-
persions around I and K at selected temperatures measured
with 27 eV (horizontally polarized) and 114 eV (vertically
polarized) photons, respectively. We observe different bands
n and B near [ due to the k, dispersion and polarization
dependence of the energy bands (see Supplemental Material
[29]). Both the n and § bands only slightly shift towards lower
binding energies with a spectral weight strongly suppressed at
high temperatures. Figures 3(c) and 3(d) show the temperature
evolution of the energy distribution curves (EDCs) near I" and
K, respectively. The EDC peak intensity quickly decreases
with increased temperature, as presented in Fig. 3(e). In
addition, the ARPES spectra are strongly broadened upon
warming towards 7., suggesting a dramatic enhancement
of the disordering level in the system, as estimated by the
quickly increased momentum distribution curve (MDC) width
in Fig. 3(f), which will scatter the coherent electron states
near Er into incoherent states and suppress the intensity near
Er. Both the suppression of the quasiparticle spectral weight
and the increase of MDC width show an anomaly near T,
suggesting an intimate correlation between the broadening of
the spectra with the magnetism in the system. Thus, we spec-
ulate that the enhanced magnetic fluctuation with increased
temperature [22] dominates the observed spectra broadening,
although other effects such as the electron-phonon interaction
may also contribute to the broadening. Notably, we observe
the broadening of the energy bands in a large energy range,
which is out of the expectation of itinerant spin fluctuations
that mainly affect the states near Er.

Within the Stoner model, a prototypical itinerant ferromag-
net is expected to exhibit a temperature-dependent exchange
splitting that disappears above T, [Figs. 2(f) and 2(g)]. How-
ever, we do not observe a considerable change in the elec-
tronic structure with temperature in Fig. 3, as further tracked
by MDCs and EDCs in Figs. 4(a) and 4(b). We quantify
the band shift AE by tracking the temperature evolution of
either EDC or MDC peaks (AE = AkdE /dk, where Ak
is the MDC peak shift and dE /dk is the dispersion slope)
and summarize the result in Fig. 4(c). We also compare the
band shift with the temperature-dependent exchange splitting
estimated from the magnetic moment that is scaled to half of
the DFT calculated exchange splitting (about 1 eV taking the
band renormalization into account). In a temperature range
as large as 220 K, we observe a minuscule band shift (about
10% of the exchange splitting), which strongly deviates from
the expectation within the itinerant Stoner model [Fig. 4(c);
also see Supplemental Material [29]]. On the contrary, our
observation fits better to the temperature-independent model
based on the localized exchange interaction as indicated by the
horizontal dashed line in Fig. 4(c) [30]. Clearly, a completely
itinerant mechanism is not capable of explaining our experi-

(a) E - E.=50 meV

Intensity (arb. units)

Intensity (arb. units)

> l
= 02 e -
::é 02 NS, :
2 ® & Bband MDC ocqO
S © wband EDC A
S 94 o Estimated from I |
magnetic moment T o )
: . . . S :
0 50 100 150 200 250 300
T (K)

FIG. 4. (a) MDCs integrated in an energy window of 50 meV
near —50 meV at selected temperatures. (b) EDCs integrated in a
momentum window of 0.15A~" near 0.94sA~" at selected tem-
peratures. The gray dashed curves in (a) and (b) are guides to the
eyes for the shift of EDC and MDC peaks with temperature. (c)
The shift of energy bands as extracted from MDCs and EDCs as
a function of temperature. The gray circles are the energy shift
estimated from the magnetic moments in Fe;GeTe, measured with
neutron scattering in Ref. [21]. The gray and green curves are
guides to the eyes for the temperature dependence of the energy
shift. The temperature-independent dashed line shows the expected
temperature evolution of the energy shift within a local-moment
ferromagnet.

ment. The local magnetic moment, on the other hand, should
be taken into account in order to properly describe the ferro-
magnetism in Fe;GeTe,. Our conclusion is supported by the
observation of Kondo lattice behavior and the explanation of
the ferromagnetism in Fe;GeTe, within the Heisenberg model
[17,19].

Our results mimic the behaviors of other itinerant fer-
romagnets such as SrRuO;, in which a strong mass
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enhancement, electron decoherence, and the local character
of ferromagnetism indicated by a minor band shift with
temperature were observed [31]. However, the underlying
microscopic interaction and the impact of local moments on
the electronic structure are different in these two systems.
The quasiparticle effective mass is strongly renormalized by
an electron-boson interaction in SrRuQs;, as demonstrated
by a kink structure in the band dispersion. On the contrary,
we did not observe any kink structure in Fe;GeTe, and the
electron effective mass is only enhanced by a factor of 1.6
due to the electronic correlation effect (see Supplemental
Material [29]), although the specific heat measurement alludes
to a dramatic enhancement of the quasiparticle effective mass
[20,22]. The electron-electron interaction is more important
in the magnetism of Fe;GeTe, [20] than in StRuOj3, since the
effective on-site Coulomb interaction between Fe 3d electrons
is much stronger that between Ru 4d electrons. On the other
hand, the persistent exchange splitting in Fe;GeTe, above
T, also resembles the results in the canonical ferromagnets
Fe and Ni. Although the exchange splitting in Fe and Ni
shows a strong temperature dependence, it survives above
T. [30,32-34], which was attributed to the retained local
magnetic moments after the loss of long-range ferromagnetic
ordering [31]. Considering the dominant role of Fe 3d orbitals
in the ferromagnetism of Fe;GeTe,, it is reasonable that
the local magnetic moments play similar roles in Fe;GeTe,
and Fe.

In conclusion, we have presented a systematic temperature
evolution of the electronic structure of the van der Waals
ferromagnet Fe;GeTe,. We observe substantial electron
decoherence in a large energy range and a minor band
shift upon warming towards 7., which are against a
weak-coupling itinerant picture. We argue that the local
magnetic moments should be taken into account in order to
understand the ferromagnetic ordering in the prototypical
itinerant ferromagnet Fe;GeTe,. Our results resemble the
observations in other prototypical itinerant ferromagnetic
systems, which will deepen our generic understanding of the
magnetism in condensed materials.
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