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Temperature-dependent spin-resolved electronic structure of EuO thin films
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The electronic structure of the ferromagnetic semiconductor EuO is investigated by means of spin- and
angle-resolved photoemission spectroscopy (spin-ARPES) and density functional theory. EuO exhibits unique
properties of hosting both weakly dispersive nearly fully polarized Eu 4 f bands, as well as O 2p levels indirectly
exchange-split by the interaction with Eu nearest neighbors. Our temperature-dependent spin-ARPES data
directly demonstrate the exchange splitting in O 2p and its vanishing at the Curie temperature. Our calculations
with a Hubbard U term reveal a complex nature of the local exchange splitting on the oxygen site and in
conduction bands. We discuss the mechanisms of indirect exchange in the O 2p levels by analyzing the orbital
resolved band characters in ferromagnetic and antiferromagnetic phases. The directional effects due to spin-orbit
coupling are predicted theoretically to be significant in particular in the Eu 4 f band manifold. The analysis of the
shape of spin-resolved spectra in the Eu 4 f spectral region reveals signatures of hybridization with O 2p states,
in agreement with the theoretical predictions. We also analyze spectral changes in the spin-integrated spectra
throughout the Curie temperature, and demonstrate that they derive from both the magnetic phase transition and
effects due to sample aging, unavoidable for this highly reactive material.
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I. INTRODUCTION

The nature of the ferromagnetic phase transition has been
one of the fundamental issues in condensed-matter physics
[1,2]. Its theoretical treatment is often based on the frame-
work of local magnetic moments (LMs), which is particularly
suitable to model 4 f compounds. LMs are all aligned par-
allel in the ferromagnetic (FM) phase well below the Curie
temperature (TC), fully disordered in the paramagnetic (PM)
phase [1–4], and the intermediate temperature range can be
described by an increased occupation of various magnon
modes. This framework has been used to model numerous
important magnetic phenomena such as the nature of the mag-
netic order in dilute magnetic topological insulators [5,6], the
surface ferromagnetism in novel 4 f compounds [7,8], and the
short-range order in itinerant magnets [2,3,9,10].

In this work, we study the electronic structure of EuO
across the ferromagnetic-paramagnetic phase transition. We
have chosen EuO as a prototypical Heisenberg FM, where
Eu 4 f orbitals can be treated as LMs. EuO is offering
a benefit of an easily accessible Curie temperature (TC ∼
70 K). The LMs in EuO are Eu 4 f states, which exhibit
∼10 eV (on-site) exchange splitting, which is therefore vir-
tually temperature-independent. This indirectly leads to much
smaller exchange splitting also in bands derived from other
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orbitals, and for Eu 5d it has been described within the d- f
model [11,12]. A similar model was recently used to establish
the temperature-dependent exchange splitting in S 3p levels of
EuS [13], a material similar to EuO but having a much smaller
TC = 16.5 K.

We employ a spin-resolved version of angle-resolved pho-
toemission (spin-ARPES) to get access to the spin-polarized
electronic structure of EuO up to TC. Spin-ARPES has been
the method of choice for studying the band structure of
magnetic materials [14–16], however we are only aware of
a single report on spin-resolved photoemission on EuO: in
an angle-integrated study, it was reported that the spectral
polarization is temperature-dependent and vanishes at TC [17].
In the case of spin-integrated ARPES, a recent synchrotron
study on Gd-doped EuO has reported for the first time results
where clear dispersions in the O 2p manifold are present in
experimental E (k) maps [18]. Earlier work by Miyazaki et al.
[19] reported a vanishing of exchange splitting in O 2p at
TC, based on the analysis of the second derivative of ARPES
spectra at � and X points of the Brillouin zone (BZ). Further-
more, the well-established redshift of the optical absorption
edge [20–22], the temperature-dependent resistivity of EuO
tunnel junctions [23,24], and the metal-insulator transition
(MIT) in Eu-rich samples [25,26] have been ascribed to the
vanishing of the exchange splitting in the Eu 5d-derived
conduction-band minimum (CBM) at TC � 70 K [12]. Previ-
ously mentioned work on EuS [13] has addressed the spectral
renormalization throughout TC in spin-integrated ARPES.
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To get more insight into the theoretical aspects of the
relation between the magnetic configuration and the elec-
tronic structure, we have employed ab initio calculations. EuO
band-structure calculations for FM, and two antiferromagnetic
phases, AFM-I and AFM-II [27,28], visualize the band renor-
malizations under various magnetic arrangements of Eu 4 f
moments. In addition, we analyze the role of spin-orbit cou-
pling (SOC), which leads to a directional dependence of band
energies. We find this effect to be particularly important for
the Eu 4 f levels.

Our spin-ARPES spectra directly demonstrate the ex-
change splitting in O 2p, showing two exchange split
doublets, as expected from the band-structure calculations.
The splitting vanishes when approaching TC, as expected from
the theoretical models [12,13]. Furthermore, we show a dif-
ference in the Eu 4 f spectral shape in spin-up and spin-down
channels which we ascribe to the hybridization with the spin-
up O 2p levels.

EuO is a highly reactive material, posing significant exper-
imental challenges even when keeping the highest standards
of the ultrahigh-vacuum methodology. Spin-integrated data
throughout TC demonstrate that sample aging effects in partic-
ular affect the O 2p bands, preventing unambiguous analysis
of the influence of magnetic phase transition on their spectral
shape.

II. EXPERIMENTAL RESULTS

EuO thin films were grown in a molecular beam epi-
taxy (MBE) system with a residual gas pressure p < 2 ×
10−10 mbar on a Cu(001) single crystal substrate. The films
are epitaxial with EuO(001)||Cu(001) and d = 25 nm thick-
ness resulting in a bulk-like electronic structure [22]. The
LEED and RHEED patterns obtained on the EuO(001) films
can be found in the Supplemental Material, Fig. S1 [29].
The stoichiometry of the EuO films was achieved by using
the distillation method [30–34] and was confirmed by in
situ x-ray photoelectron spectroscopy (XPS) (Supplemental
Material, Fig. S2 [29]). The spin polarization of the pho-
toemitted electrons was reversed after the sample was remag-
netized, confirming its ferromagnetic character (Supplemental
Material, Fig. S3 [29]). The bulklike Curie temperature of
TC � 72 K was verified using vibrating sample magnetom-
etry (VSM) measurements (Supplemental Material, Fig. S4
[29]). High-resolution ARPES and spin-ARPES measure-
ments were carried out in another ultrahigh-vacuum (UHV)
chamber (p < 1 × 10−10 mbar). Samples were transferred
using a transportable UHV shuttle. After the vacuum trans-
fer, the samples were annealed up to 300 ◦C for 2 min to
desorb surface contaminants. The spectra were taken using
nonmonochromatized He Iα resonance radiation with hν =
21.22 eV. A detailed discussion of the possible electronic tran-
sitions within the free-electron final state model is presented
in the Supplemental Material, Fig. S5 [29]. The energy resolu-
tion in the ARPES mode was 20 meV and in the spin-ARPES
mode it was 50 meV. The parallel momentum resolution in
the spin-ARPES mode was �0.1 Å−1. The spin-polarization
of the photoelectrons was measured at normal emission with
a FERRUM spin detector [35] that has a Sherman function
S = 0.29. The FERRUM detector measures two spectra I+

and I− for the target magnetized in opposite directions. Spin
polarization is calculated as P = (1/S) I+−I−

I++I−
, and the up/down

spectra are reconstructed as I↑(↓) = 0.5(I+ + I−)(1 ± P).
We have measured two EuO films grown on different days,

which we denote as “Sample A” and “Sample B.” Measuring
EuO surfaces with a laterally averaging technique such as
ARPES is challenging due to the EuO surface reactivity and
surface aging. Because of this, even though the ultrahigh-
vacuum transfer between MBE and ARPES chambers has
been made immediately after the growth, flashing of the sam-
ple to 300 ◦C before the measurement was needed to observe
sharply dispersing bands.

A. Angle-resolved and spin-integrated photoemission

Figure 1 compares room temperature (RT) and 40 K spin-
integrated ARPES maps from “Sample A” (“Sample B” shows
nearly identical results). Chronologically, after the vacuum
transfer and preparation by annealing, the RT spectrum in
Fig. 1(a) was measured. Immediately after cooling to 40 K the
spectrum in (c) was measured, and a further RT spectrum (e)
was measured the next day after warming up the cryostat and
another annealing cycle. Second derivative spectra indicate
that near normal emission, O 2p exhibits a two-peak structure
at RT and a four-peak structure at 40 K, in agreement with
similar analysis used in a previous work [19].

B. Angle-resolved and spin-resolved photoemission

Figure 2 shows a series of temperature-dependent spin-
ARPES spectra from “Sample A” (a similar set of spectra
for “Sample B” is presented in the Supplemental Material,
Fig. S8 [29]). Figure 2(a) shows spin-resolved spectra for
the sample in a ferromagnetic state at T � 40 K, where the
temperature-derived depolarization should be small. The O 2p
manifold in Fig. 2(a) shows the exchange splitting of 0.23 eV
for a more pronounced lower binding energy peak in the dou-
blet. Figures 2(a)–2(d) reveal how the spin-resolved spectra
evolve with the increasing temperature, and 2(e)–2(h) present
the corresponding spin-polarization distributions. It is evi-
dent that the spin-polarization in the photoemitted ensemble
converges to 0 upon approaching TC � 72 K [Figs. 2(d) and
2(h)]. Details of fitting the spin-polarized O 2p features with
Voigt doublets are presented in the Supplemental Material,
Fig. S7 [29].

Due to the intra-atomic exchange splitting of the order of
∼10 eV, the Eu 4 f manifold is virtually 100% spin-polarized
(see the Supplemental Material, Fig. S9 [29]), however in
Fig. 2(e) the Eu 4 f band shows a spin-polarization of only
∼50%. The reason is that the sample has been magnetized
along one of the 〈111〉 easy axes, therefore only the projection
onto the in-plane [010] direction (the detector quantization
axis) is probed, and the measured polarization is reduced by
1/

√
3, i.e., down to ∼58%. The large exchange splitting of

∼10 eV of Eu 4 f bands results from the 4 f local moments and
does not require any magnetic order. Figure 3(a) summarizes
the temperature-dependent spin polarization in Eu 4 f levels
of Figs. 2(a)–2(d).

The magnitude of the Eu 4 f local moment is large
and therefore virtually temperature-independent, however the
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FIG. 1. High-resolution ARPES spectra from “Sample A” taken at RT immediately after the vacuum transfer and sample preparation,
immediately after the cooling to 40 K, and the next day after another preparation cycle. The left column shows E (k) maps, and the right
column shows their inverted second derivatives. The middle columns replot the E (k) maps in the Eu 4 f regions normalized ×10. (a), (b) RT
spectra after sample transfer and a preparation cycle. (c), (d) Spectra after cooling the sample to ∼40 K. (e), (f) RT spectra taken on the next
day after another preparation cycle.

spectral shape of Eu 4 f features in up/down spin-ARPES
spectra may differ if they are affected by the hybridization
with the spin-up portion of O 2p. In Figs. 2(i)–2(l) we plot
the Eu 4 f portion of up/down spectra from Figs. 2(a)–2(d),
but separately normalized to visualize the differences in their
spectral shapes, which are discussed later in this manuscript
via a comparison to the theoretical calculations.

Figure 3(b) presents the values of the O 2p exchange
splitting extracted from the fitted spectra. The crosses mark
points obtained following the analysis of the spin-resolved
spectra using the Sherman function of S = 0.29 showing that
the exchange splitting approaches zero when the tempera-
ture reaches TC. The splitting in Fig. 2(a) of 0.23 eV is in
agreement with previous spin-integrated ARPES work [19]
where 0.21 eV was reported. We note, however, that the
actual exchange splitting in O 2p is likely slightly larger,
since our analysis does not include the correction for the
〈111〉 easy-axis projection on the detector [010] quantization
axis.

C. Temperature-dependent peak widths

Figure 4 shows the temperature-dependent set of normal
emission spectra from “Sample B.” Figure 4(a) shows the
temperature series of normal emission spectra normalized on
the Eu 4 f peak. Chronologically, the 300 K data were mea-
sured first, then the sample was cooled down to ∼30 K and
warmed up in steps as indicated in the legend of Fig. 4(a).
The intensity ratio between O 2p and Eu 4 f steadily grows
over time, that is, it depends mostly on the surface aging and
not on the temperature. Therefore, the changes in the shape of
the O 2p peak in Fig. 4(b) cannot be considered as being of
a purely magnetic origin. Eu 4 f spectra in Fig. 4(c) exhibit
changes in the FWHM of the order of 70 meV, summarized
in Fig. 4(g), with the general trend of the FWHM getting nar-
rower at higher temperatures, which suggests the bandwidth
narrowing with the increased magnetic disorder, in agreement
with the renormalization in spin-polarized spectra shown in
Figs. 2(i)–2(l). This picture also agrees with the results on
EuS [13].
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FIG. 2. Temperature-dependent spin-polarized photoemission of Eu 4 f (located at ∼2 eV) and O 2p (at ∼5 eV) bands taken on “Sample
A.” (a)–(d) Data from the spin-up (blue) and spin-down spectrum (red) of the spin-detector corrected by the Sherman function S = 0.29.
(e)–(h) Respective calculated spin-polarizations; gray areas depict standard deviations for spin-polarization curves. (i)–(l) Spectra from (a)–
(d) magnified in the Eu 4 f region and normalized separately for up/down spectra. Temperatures from left to right: 40, 50, 60, and 70 K;
temperature calibration accuracy is ∼ ± 10 K.

Figures 4(a), 4(d) and 4(e) indicate binding energy shifts
between the spectra, with the similar order of magnitude but
different behavior as compared to the previous work [19]. The
origin of this difference might be related either to the surface

FIG. 3. (a) Temperature dependence of the spin-polarization as
obtained by integrating the Eu 4 f peak of the spectra from “Sample
A” shown in Figs. 2(a)–2(d). The temperature calibration accuracy
of ±10 K is indicated with error bars. (b) O 2p exchange-splitting
as obtained by fitting the data of Figs. 2(a)–2(d). See the text and
Supplemental Material Fig. S7 [29] for details.

aging or to the band bending and the photovoltage between
the Cu(001) and the EuO film. Such effects are difficult to
quantify, however the separation of the peaks in Fig. 4(f) is
consistent with Ref. [19], being larger for the FM phase.

III. THEORETICAL CALCULATIONS

A. EuO band structure in FM, AFM-I, and AFM-II phases

Realistic DFT+U bulk band structures of EuO in FM and
AFM phases are presented in Fig. 5. These calculations were
performed using the full-potential linearized augmented plane
wave method as implemented in the WIEN2K code [36] at the
cubic lattice constant of 5.14 Å. For the exchange-correlation
functional, we used the generalized gradient approximation
(GGA) [37]. To correctly describe the relative positions of
bands as measured in photoemission experiments, we have
included static local electronic correlations to the GGA po-
tential in the GGA+U method [38] with U = 7.9 eV on
Eu 4 f orbitals. The use of bulk band structure for interpreting
the ARPES data is justified since no well-defined surface
states are expected in the Eu 4 f and O 2p manifolds for the
EuO(001) surface [39].

Note that in Fig. 5 we have used an initial energy scale,
which is negative for occupied bands and referenced to the
top of the 4 f manifold, and in Figs. 1, 2, and 4 we use
a binding energy scale referenced to the Fermi level mea-
sured on the metal plate in contact with the sample. The two
scales are shifted with respect to each other, and similarly to
Ref. [18] the theoretical energy separation between 4 f and 2p
manifolds is too small; see also Figs. S5(a) and S5(b) of the
Supplemental Material [29]. This discrepancy does not influ-
ence our conclusions, and it has been previously addressed
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FIG. 4. (a) Set of temperature-dependent normal emission spec-
tra normalized on the Eu 4 f area from “Sample B.” The legend shows
a chronological sequence of taking the spectra. (b) O 2p peak area
from (a) with the same intensity scaling, but with binding energies
aligned on the right (lower binding energy) slope at half-maximum
of 300 K spectrum to allow a comparison of the peak widths and
shapes. (c) The same as (b) but for Eu 4 f . Temperature-dependent
positions of the Eu 4 f and O 2p slopes are plotted in (d) and (e),
while (f) shows their difference, the distance between the two peaks.
(g) FWHM of the Eu 4 f , taken on slightly smoothed spectra. Dashed
lines in (d)–(g) show these values for 300 K.

by calculations with correlation effects included from first
principles [27].

The symbol size in Fig. 5 indicates the local O 2p character
on a particular site, while blue (red) marks the predominant
majority (minority) spin character. The calculated cases are as
follows: the FM phase with all Eu spins aligned, the AFM-I
with four Eu nearest neighbors (NN) and two NN in oppo-
site spin directions, and the AFM-II where three NN Eu are
spin-up and the other three are spin-down [28]. The insets
in Fig. 5 show schematics of these magnetic configurations
with bigger blue (red) spheres as Eu majority (minority) ions,
and small spheres as oxygen ions. In addition, Fig. S10 of
the Supplemental Material [29] visualizes the influence of the
FM and AFM-I phases on the spectral shapes and bandwidths
by directly comparing the bands along the same recipro-
cal directions, as referred to the crystal lattice, for the two
phases. Detailed plots of various orbital characters and addi-
tional comparisons are provided in the Supplemental Material,
Fig. S9 [29], and the picture that emerges reveals a complex
character of energy splittings in the O 2p manifold; the ex-
change splitting depends not only on the BZ direction but also
on the orbital character of the electronic states. In particular, in
the AFM-I phase, locally, the O 2p orbitals are partially polar-
ized, and when looking at a particular O site in the lattice, the
polarization order reverses depending on the orbital character.
Without the loss of generality, let us assume that the intralayer
FM arrangement is within x-y planes, see a schematic crystal
lattice next to Fig. 5(c). Along z, subsequent layers are ar-
ranged antiparallel. Therefore, despite the fact that O 2p are
locally polarized their global polarization of course vanishes.
Then, O 2px and 2py interact primarily with Eu 4 f moments
within the same plane, and O 2pz with Eu 4 f moments from
adjacent planes. In the FM case, the px, py, and pz orbital
character is mixed for all bands with the O 2p dispersion rem-
iniscent of the valence bands of the classical semiconductors
[40], but for AFM-I along many high-symmetry directions
O 2p bands split, having either px + py or pz orbital character
(suggesting π - and σ -like bonding for AFM phases). This
leads to the spin reversal in bands derived from in-plane and
out-of-plane (in our geometry) O 2p orbitals. As an example,
we have highlighted bands along �-X by dashed line boxes
in Figs. 5(c) and 5(d). The order of red-blue colors reverses
between these two cases, in particular near the � point, which
means their spin polarizations are antiparallel, with the local
polarization reaching 98% for the pxy orbital and 87% for the
pz orbital.

The understanding of the magnetism in Eu chalcogenides
has been based on the various indirect exchange mechanisms
[41–43]. Establishing the values of NN and next NN exchange
integrals J1 and J2 is still an active research area [44–46].
For instance, Wan et al. [44] have discussed a considerable
hybridization between Eu 4 f and O 2p leading to the superex-
change, which, however, turns out to be a second-order effect
compared to other exchange mechanisms. Consistently, we
notice a hybridization between O 2p and Eu 4 f manifolds. In
particular, near the � points a partial p character of the bands
within the Eu 4 f manifold is observed; see Fig. 5(a) and Sup-
plemental Fig. S9 [29]. Accordingly, f character is observed
in spin-up part of the O 2p manifold (Supplemental Fig. S9
[29]), revealing the nature of O 2p–Eu 4 f hybridization. This
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FIG. 5. DFT+U band structure and the corresponding BZs of (a) FM, (b) AFM-II, and (c), (d) AFM-I phases of EuO. Energy eigenvalues
are depicted with green lines. The size of the colored filled circles indicates the p-orbital character of the oxygen atom, and colors depict the
spin-polarization in these orbital projections. Lattice spin-up/-down configurations of AFM-II and AFM-I phases are shown next to panels
(b) and (c), respectively. The two regions marked by dashed line boxes in (c) and (d) indicate a reversal of the spin character for differently
dispersing bands.

hybridization leads to the increased bandwidth of the Eu 4 f
manifold in the FM phase, in agreement with the results on
EuS [13], and it is responsible for the renormalization of the
spectral weight in spin-ARPES from the Eu 4 f , Figs. 2(i)–
2(l). Our theoretical bandwidths in eV for FM, AFM-I, and
AFM-II for Eu 4 f are 0.95, 0.68, and 0.57, and for O 2p
they are 2.32, 2.23, and 2.03, respectively, indicating Pauli
localization in the AFM phases. Notably, the hybridization of
Eu 4 f with the conduction bands is less pronounced (Supple-
mental Fig. S9 [29]), suggesting it has less influence on the
Eu 4 f bandwidth.

Also the Eu 5d orbitals slightly hybridize with Eu 4 f ,
with the difference in the 5d orbital shapes that despite being
centered on Eu sites can overlap with both their own on-site
4 f and some of their 12 NN 4 f , depending on the d-orbital
symmetry. The nonvanishing local spin polarization in the
Eu 5d also for the AFM-II phase (Supplemental Material
Fig. S9 [29]) seems to be related to this overlap.

B. Band renormalizations due to spin-orbit coupling

Typically the effects of SOC are not considered in dis-
cussing the band structure of EuO. While the easy axis in
our films is along [111], it is interesting to establish how the
band dispersions would renormalize in the case of a sample
hypothetically magnetized along another direction. Our cal-
culations were performed using WIEN2K with SOC included
using the second-variational approach [36]. Our spin-ARPES
spectra were taken at normal emission, which for our ge-
ometry probes the [001] �-X direction in the BZ due to
the conservation of the parallel momentum. Therefore, we

focus on the band structure along this direction, with the
result for two different magnetization directions presented in
Fig. 6. The solid lines and dashed lines in Fig. 6 represent the
band structure along �-X , with SOC included, for the sample
magnetized along [111] and [001], respectively. One can see
that changing the magnetization direction renormalizes band
dispersions, with lifted degeneracies and shifts of the order of
50–200 meV in the Eu 4 f manifold, while the effects in O 2p
are much smaller.

IV. DISCUSSION

The vanishing temperature-dependent exchange splitting
in the p manifold has been previously conjectured from the
spin-integrated ARPES data for EuO [19] and EuS [13]. Our
data in Fig. 2 directly demonstrate this effect in O 2p in
spin-ARPES from remanently magnetized EuO thin films.
They also clarify earlier spin-polarized investigation of EuO,
where the reverse ordering in the exchange splitting in O 2p
has been proposed from analysis of the spin-polarized spectra
at hν = 135 eV. The Eu 4 f bands, which originate from the
4 f LMs and for which the exchange splitting is virtually
temperature-independent, are strongly polarized in the FM
state, and their polarization vanishes at TC. Therefore, they can
serve as a gauge of the global magnetization of the system.
On the other hand, as shown in Figs. 2(i)–2(l), the spectral
shape of Eu 4 f features is not the same in up/down channels.
The Eu 4 f spin-up (majority) spectrum, depicted in blue in
Figs. 2(i)–2(k), is slightly shifted towards lower binding en-
ergies, and the spin-down (minority, shown in red) exhibits a
tail on the high binding energy side. Theoretical calculations
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FIG. 6. Theoretical DFT calculations with SOC included.
(a) The band structure along the [001] �-X direction (in our case
the direction normal to the surface), for the magnetization M along
[111] (solid line) and [001] (dashed line).

in Fig. 5(a) and Supplemental Material Fig. S9 [29] show that
these effects are related to hybridization between Eu 4 f and
O 2p, which is now demonstrated experimentally. In particu-
lar, the dispersive lower binding energy portion of Eu 4 f has
an admixture of O 2p, and the flat portion of the spin-up part
of O 2p has an admixture of Eu 4 f . Similar conclusions were
made for EuS [13].

Our AFM calculations in Figs. 5(c) and 5(d) show how
the induced moment on O 2p does not vanish in the AFM-I
phase, and how it depends on the configuration of the 6 NN
Eu 4 f moments. This suggests that also in the fully disordered
scenario, the magnitude of the induced local moment on O 2p
will not vanish if it is taken as a normalized sum of the 6 NN
(fully disordered) Eu 4 f moments. However, since the FM
exchange splitting in O 2p is ∼0.23 eV, and the bandwidth of
the O 2p manifold of the order of 2 eV, no signatures of this
residual O 2p local moments are expected in the dispersive
O 2p band manifold in the PM phase, as recently simulated
theoretically in case of S 3p states in EuS. It is possible that
in the vicinity of TC, a nonvanishing spin-correlation length
exists in the PM phase [47], however in transition metals

estimations of nonvanishing correlation lengths above TC are
of the order of two to three atomic distances [9], while EuO
exhibits significant phonon modes softening when approach-
ing TC [48], therefore likely making all phonon modes active
in the vicinity of TC.

In addition to these effects, our calculations in Fig. 6 show
that sizable directional effects of SOC are present in particular
within the Eu 4 f manifold. So far, the temperature-dependent
calculations [12,13] did not include SOC, and one can ex-
pect non-negligible additional renormalizations of the Eu 4 f
spectral weight between FM and PM phases when SOC is
included.

V. SUMMARY

Employing temperature-dependent spin-ARPES spectra
we have directly demonstrated the exchange splitting of the
O 2p manifold in remanently magnetized EuO(001) thin
films. The exchange splitting vanishes when approaching TC,
consistent for the expectations for the PM phase. Small renor-
malization of the spectral shape between the spin-up and
-down spectral regions related to Eu 4 f is also observed and
ascribed to the hybridization with O 2p.

Spin-integrated experimental spectra show dispersive fea-
tures in the O 2p manifold indicating clean and well-ordered
EuO(001) surfaces. Analysis of the temperature-dependent
peak widths in the spin-integrated spectra is obscured by the
sample aging effects, in particular for the O 2p manifold.
The Eu 4 f spectral region is less affected, and it exhibits
temperature-dependent narrowing at higher temperatures,
ascribed to the spectral narrowing in the magnetically disor-
dered phases, in agreement with the predictions for EuS [13].

Our DFT calculations with a Hubbard U term for FM,
AFM-I, and AFM-II phases reveal a complex nature of the
exchange splitting in the O 2p manifold, which depends on
the arrangement of the 6 NN Eu 4 f local moments. The
bandwidths of the Eu 4 f and O 2p manifolds decrease in
AFM phases, indicating the expected Pauli localization. Cal-
culations including SOC reveal renormalizations of the band
dispersions, which are particularly strong in Eu 4 f bands
and may additionally influence the interpretation of their
temperature-dependent spectral shape.

ACKNOWLEDGMENTS

We would like to thank G. Bihlmayer, M. Donath, Y.
Mokrousov, and M. dos Santos for fruitful discussions. We
thank O. Petracic and the Jülich Centre for Neutron Sci-
ence for providing measurement time at the magnetometers.
M.M. acknowledges funding by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation) “SFB 1432”
Project-ID 425217212. L.P. and T.H. acknowledge funding
by the German Research Foundation (DFG) priority program
SPP1666 Topological Insulators: Materials–Fundamental
Properties–Devices under Grant No. PL 712/2-1. R.P. and
O.K. acknowledge funding by the DFG within CRC/TRR80
(Project No. 107745057, subproject G3) and CRC1242
(Project No. 278162697, subproject C02) and computational
time at the Leibniz Rechenzentrum Garching, Project No.
pr87ro.

054424-7



TRISTAN HEIDER et al. PHYSICAL REVIEW B 106, 054424 (2022)

[1] J. Stöhr and H. C. Siegmann, Magnetism: From Fundamentals
to Nanoscale Dynamics, 1st ed., Solid State Sciences (Springer,
Berlin, 2006)

[2] J. Kübler, Theory of Itinerant Electron Magnetism (Oxford
University Press, Oxford, 2009).

[3] V. Heine, A. I. Liechtenstein, and O. N. Mryasov, On the origin
of short-range order above TC in Fe, Co, Ni, Europhys. Lett. 12,
545 (1990).

[4] V. Heine and R. Joynt, Coarse-grained magnetic disorder above
TC in iron, Europhys. Lett. 5, 81 (1988).

[5] G. Rosenberg and M. Franz, Surface magnetic ordering in topo-
logical insulators with bulk magnetic dopants, Phys. Rev. B 85,
195119 (2012).

[6] T. R. F. Peixoto, H. Bentmann, P. Rüßmann, A.-V. Tcakaev, M.
Winnerlein, S. Schreyeck, S. Schatz, R. C. Vidal, F. Stier, V.
Zabolotnyy, R. J. Green, C. H. Min, C. I. Fornari, H. Maaß,
H. B. Vasili, P. Gargiani, M. Valvidares, A. Barla, J. Buck, M.
Hoesch et al., Non-local effect of impurity states on the ex-
change coupling mechanism in magnetic topological insulators,
npj Quantum Mater. 5, 87 (2020).

[7] A. Chikina, M. Höppner, S. Seiro, K. Kummer, S.
Danzenbächer, S. Patil, A. Generalov, M. Güttler, Y.
Kucherenko, E. V. Chulkov, Y. M. Koroteev, K. Koepernik, C.
Geibel, M. Shi, M. Radovic, C. Laubschat, and D. V. Vyalikh,
Strong ferromagnetism at the surface of an antiferromagnet
caused by buried magnetic moments, Nat. Commun. 5, 3171
(2014).

[8] S. Schulz, I. A. Nechaev, M. Güttler, G. Poelchen, A.
Generalov, S. Danzenbächer, A. Chikina, S. Seiro, K. Kliemt,
A. Y. Vyazovskaya, T. K. Kim, P. Dudin, E. V. Chulkov,
C. Laubschat, E. E. Krasovskii, C. Geibel, C. Krellner, K.
Kummer, and D. V. Vyalikh, Emerging 2d-ferromagnetism and
strong spin-orbit coupling at the surface of valence-fluctuating
EuIr2Si2, npj Quantum Mater. 4, 26 (2019).

[9] N. Melnikov, G. Paradezhenko, and B. Reser, Magnetic short-
range order in fe and ni above the curie temperature, J. Magn.
Magn. Mater. 473, 296 (2019).

[10] V. Antropov, Magnetic short-range order above the Curie tem-
perature of Fe and Ni, Phys. Rev. B 72, 140406(R) (2005).

[11] R. Schiller, Correlation effects and temperature dependencies
in thin ferromagnetic films, Ph.D. thesis, Humboldt-Universität
zu Berlin, 2000.

[12] R. Schiller and W. Nolting, Temperature-dependent band struc-
ture of bulk EuO, Solid State Commun. 118, 173 (2001).

[13] A. V. Fedorov, G. Poelchen, S. V. Eremeev, S. Schulz, A.
Generalov, C. Polley, C. Laubschat, K. Kliemt, N. Kaya, C.
Krellner, E. V. Chulkov, K. Kummer, D. Y. Usachov, A. Ernst,
and D. V. Vyalikh, Insight into the temperature evolution of
electronic structure and mechanism of exchange interaction in
EuS, J. Phys. Chem. Lett. 12, 8328 (2021).

[14] J. Osterwalder, Spin-polarized photoemission, in Magnetism: A
Synchrotron Radiation Approach, edited by E. Beaurepaire, H.
Bulou, F. Scheurer, and J.-P. Kappler (Springer, Berlin, 2006),
pp. 95–120.

[15] L. Plucinski and C. Schneider, The electronic structure of
spintronic materials as seen by spin-polarized angle-resolved
photoemission, J. Electron Spectrosc. Relat. Phenom. 189, 137
(2013).

[16] S. Eich, M. Plötzing, M. Rollinger, S. Emmerich, R. Adam,
C. Chen, H. C. Kapteyn, M. M. Murnane, L. Plucinski, D.

Steil, B. Stadtmüller, M. Cinchetti, M. Aeschlimann, C. M.
Schneider, and S. Mathias, Band structure evolution during the
ultrafast ferromagnetic-paramagnetic phase transition in cobalt,
Sci. Adv. 3, e1602094 (2017).

[17] H. Lee, J.-Y. Kim, K.-J. Rho, B.-G. Park, and J.-H. Park, Tem-
perature dependent phase transition of EuO on MgO (100), J.
Appl. Phys. 102, 053903 (2007).

[18] J. M. Riley, F. Caruso, C. Verdi, L. B. Duffy, M. D. Watson,
L. Bawden, K. Volckaert, G. van der Laan, T. Hesjedal, M.
Hoesch, F. Giustino, and P. D. C. King, Crossover from lattice
to plasmonic polarons of a spin-polarised electron gas in ferro-
magnetic EuO, Nat. Commun. 9, 2305 (2018).

[19] H. Miyazaki, T. Ito, H. J. Im, S. Yagi, M. Kato, K. Soda,
and S. Kimura, Direct Observation of Momentum-Dependent
Exchange Interaction in a Heisenberg Ferromagnet, Phys. Rev.
Lett. 102, 227203 (2009).

[20] M. J. Freiser, F. Holtzberg, S. Methfessel, G. D. Pettit, M. W.
Shafer, and J. C. Suits, The Magnetic red shift in europium
chalcogenides, Helv. Phys. Acta 41, 832 (1968).

[21] G. Busch, Magnetic properties of rare-earth compounds, J.
Appl. Phys. 38, 1386 (1967).

[22] G. M. Prinz, T. Gerber, A. Lorke, and M. Müller, Quantum
confinement in EuO heterostructures, Appl. Phys. Lett. 109,
202401 (2016).

[23] J. S. Moodera, T. S. Santos, and T. Nagahama, The phenomena
of spin-filter tunnelling, J. Phys.: Condens. Matter 19, 165202
(2007).

[24] M. Müller, G.-X. Miao, and J. S. Moodera, Exchange splitting
and bias-dependent transport in EuO spin filter tunnel barriers,
Europhys. Lett. 88, 47006 (2009).

[25] P. G. Steeneken, L. H. Tjeng, I. Elfimov, G. A. Sawatzky,
G. Ghiringhelli, N. B. Brookes, and D.-J. Huang, Exchange
Splitting and Charge Carrier Spin Polarization in EuO, Phys.
Rev. Lett. 88, 047201 (2002).

[26] T. Mairoser, A. Schmehl, A. Melville, T. Heeg, L. Canella,
P. Böni, W. Zander, J. Schubert, D. E. Shai, E. J. Monkman,
K. M. Shen, D. G. Schlom, and J. Mannhart, Is There an
Intrinsic Limit to the Charge-Carrier-Induced Increase of the
Curie Temperature of EuO?, Phys. Rev. Lett. 105, 257206
(2010).

[27] M. Schlipf, M. Betzinger, M. Ležaić, C. Friedrich, and S.
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