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Abstract

Depth-dependent electronic states of a prototypical strongly correlated Fe3O4 thin film across the
Verwey transition temperature (7v ~125 K) were investigated by hard x-ray photoemission
spectroscopy (HAXPES) combined with x-ray total reflection (TR). We found that the Fe 2p
HAXPES spectral shapes strongly depend on the effective inelastic mean-free-path (Aefr) regardless
of temperature (7). Particularly, the shoulder structure located at the lower binding energy side of
the Fe 2p3» main peak becomes more pronounced with increasing Aefr, (i.e., increasing bulk
sensitivity), indicating a significant difference in the electronic structures between the surface and
deeper regions of the film. This trend coincides with the increase of the density of states near the
Fermi-level (EF) for larger Aefr, suggesting the contribution of non-local screening effects. While
the valence band spectra show a clear metal-to-insulator transition across 7v, the Fe 2p core-level
HAXPES and the magnetic circular dichroism profiles for large A.fr are almost independent on 7.
This behavior suggests that the average valence of the B-site Fe species is maintained at 2.5+ across

Tv. Comparison with the configuration interaction theory based on the cluster model calculations



emphasizes the importance of non-local screening effects in the Fe 2p spectral shapes. Our results
demonstrate that HAXPES combined with TR is a powerful technique for probing systematic depth-
dependent electronic states. By providing this systematic dataset from the surface to deeper regions,

this work serves as a reliable benchmark for the research field.
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I. Introduction

Hard x-ray photoelectron spectroscopy (HAXPES) is a powerful tool for elucidating the bulk-
sensitive electronic structures of solids [1-4] because of the large inelastic mean-free-path (IMFP) of
photoelectrons with the kinetic energy (Ex) of several keV in solids [5]. Even in core-level
photoelectron spectroscopy (PES), HAXPES can reveal bulk-derived electronic states, which are
difficult to detect by surface-sensitive PES using soft x-ray (SX) light sources, in the strongly
correlated electron systems [6-12]. To access both the surface- and bulk-derived (i.e., depth-
dependent) electronic states, the IMFP (A¢) of photoelectrons must be tuned. This is usually
achieved by varying Ex by changing the excitation photon energy (4 v) [6-8,12] or varying effective
Ae (Aetr) by changing the take-off angle (TOA) of photoelectrons [13-16]. In the former approach,
the fact that A. increases with Ex [5] is exploited: by selecting different #v one changes Ex and
therefore A.. In the latter approach, Acsr is given by Acr = Ae sin(TOA), where TOA is the angle
between the emitted photoelectron trajectory and the sample surface. By varying TOA, Acfr can be
reduced (more surface-sensitive) or increased (more bulk-sensitive), enabling systematic depth-
dependent PES measurements.

Recently, a high-throughput method for probing depth-dependent electronic states has been
realized by HAXPES combined with x-ray total reflection (TR). Around the TR critical angle (6¢c),
Aetf can be tuned in the range between ~2 and ~13 nm from the surface [17]. Using the TR-HAXPES
method, the surface band bending of polar GaN was examined by measuring Act-dependent HAXPES
spectra; the relationship between Aefr, Ae, and A, (Xx-ray attenuation length) is expressed by Aer
= Aep/(AetAp) [17].  Recently, Mizutani et al. [18] demonstrated that non-TR- and TR-HAXPES
can reveal the difference of the electronic states between the surface and bulk regions in the strongly
correlated oxides such as Lao.¢Sro4MnO3 and La;.9Ceo1CuO4.  Since the surface-sensitive PES using

vacuum ultraviolet (VUV) and SX light sources often yields electronic structures that contradict the



bulk physical properties of strongly correlated systems, it is essential that Acrr should be sufficiently
larger than the thickness of surface-affected layer, in which the electronic structure differs from bulk.
By varying A, the Acs-dependent HAXPES can reveal the thickness of the surface region in strongly
correlated electron systems. Moreover, the spectra for the buried bulk region can be extracted
numerically from the set of the Acf-dependent measurements, as described in Ref. [17].

Magnetite (Fe3Os) is a prototypical strongly correlated oxide, and exhibits ferrimagnetism with a
very high Curie temperature (7c) of ~860 K. Fe3Os is also known as a predicted half-metal in the
high-temperature (HT) phase above the Verwey transition temperature (7v), and has attracted much
attention for spintronic applications due to a possible perfect spin polarization at the Fermi-level (EF).
This perfect polarization originates from the conducting #¢ minority spin electrons of the octahedral
B-site Fe [19,20]. In addition, Fe3O4 exhibits a metal-to-insulator transition (MIT) together with a
cubic-to-monoclinic structural transition on cooling below 7v ~120 K (low-temperature (LT) phase)
[21-24].

There are many PES studies on Fe3O4 by using a rich variety of photon sources. For the valence
band (VB) measurements, /v ranges from 4.65 eV to 8 keV [12,25-31]. For the Fe 2p core-level
spectral measurements, 4v ranges from 800 eV to 8 keV [12,29,32-36]. In addition, magnetic
circular and linear dichroism (MCD and MLD) studies in the Fe 2p core-level x-ray absorption
spectroscopy (XAS) for FesO4 have been reported to reveal the electronic and magnetic states of Fe
species in the 4- and B-sites [29,37-40].

For the VB spectra of Fe;O4, the reported spectral features around the Fermi-level (EF) strongly
depend on /v due to the changes in the photoionization cross-section ratio of the Fe 3d/O 2p orbitals
[41], which are clearly seen in Refs. [25,28].  In addition to the spectral features around Er regardless
of hv, the conflict experimental results have been reported on MIT across 7v. Some studies report

a small gap across EFr (or a spectral onset energy, Eon, is located below Er) even in the HT phase as



well as the LT phase as reported in Refs. [26-28].  Other works report a clear MIT in which Eo, is
located below (above) Er in the LT (HT) phase as reported in Refs. [12,25]. These discrepancies
can be attributed to (i) variations in the surface condition of Fe3;Os4 samples, (ii) /#1-dependent
photoionization cross-section, and (iii) photoelectron Ex-dependent A.. In fact, it has been reported
that the electronic states originated from bulk are strongly suppressed within a surface layer of
roughly 10 nm in depth for bulk Fe3O4 [12].

The impact of the probing depth is clearly observed in the Fe 2p core-level PES of Fe;O4 through
the TOA-dependent measurements with the Al-Kow excitation (1.48 keV) reported in Ref. [33]. In
the spectrum taken at shallow TOA = 7°, the B-site Fe** component (the binding energy (Eg) of ~ 709
eV) is strongly reduced relative to the Fe3" components (Eg of ~ 710.5 €V) when compared with the
spectrum taken at a normal emission (TOA = 90°), where the Fe 2p core-level spectrum is considered
as a sum of three distinct components of the 4-site Fe*", B-site Fe**, and B-site Fe*" , as described by
the mixed valence formula of [Fe**({:5up)]aO[Fe*(T:5up)Fe? (T:4up)]s0s.  Apart from this
probing depth dependence, the mixed valence picture also accounts for the intensity variations of the
B-site Fe** component when the tetrahedral 4-site Fe** is partially substituted by Zn** or Mn?*. In
these cases, the intensity of B-site Fe?* component diminishes to satisfy the charge neutrality of Fes.
M O4 (M =Mn, Zn) [29,34,35]. In contrast, the configuration interaction theory (CI) theory based
on the cluster model calculation for the Fe 2p core-level spectrum for Fe;O4 with using three distinct
components (4-site Fe**, B-site Fe**, and B-site Fe*") tends to underestimate the intensity at Eg of
~709 eV compared with the experimental spectrum [32].

Taguchi et al. [12] also reported a clear A.-dependent Fe 2p core-level spectral shapes for 4 v of
1.0 and 7.94 keV. The bulk-sensitive Fe 2p HAXPES spectrum (hv=7.94 keV) of Fe3O4 in the HT
phase showed a larger intensity at £ of ~709 eV than the surface-sensitive PES (Av= 1.0 and 1.48

keV) [32,33]. They also reproduced the experimental HAXPES spectrum by using an extended



impurity Anderson model (IAM) with including a non-local screening effect [6-8] for two distinct A-
and B-site Fe species, because all B-site Fe atoms in Fe3Oy4 are crystalographically equivalent in the
HT phase. Although the experimental Fe 2p HAXPES is well reproduced by the extended IAM
calculation, the MCD profiles in Fe 2p HAXPES spectra between the experiment and extended [AM
calculation are limited to partial agreement. In contrast, the Fe 2p XAS-MCD and MLD of Fe;04
in the HT phase have been analyzed by the CI cluster model calculations with three distinct
components (4-site Fe3", B-site Fe**, and B-site Fe?"). These CI cluster model calculations reproduce
the experimental XAS-MCD and MLD spectral shapes qualitatively [39,40].

To obtain reliable surface-to-bulk electronic states of Fe3;O4, depth-dependent VB near Er and Fe
2p core-level measurements that are less affected by 4 v (e.g., cross-section ratio of the Fe 3d/O2p
orbitals) and experimental geometry (e.g., TOA) are required. Earlier PES studies [12,25-28,30,33]
reported inconsistent trends: Eon of Fe304 in the VB spectra near Er varied with /v, and the intensity
of the Fe 2p core-level component at £ of ~709 eV changes with #vand/or TOA. To perform the
depth-dependent measurements, we utilize TR-HAXPES for an epitaxial Fe;O4 film sample, since
Aetf in HAXPES can be changed from ~2 to ~14 nm by a slight change of x-ray incidence angle (0in)
between ~0.4° and 2° with respect to the sample surface; a flat sample surface is suitable for small
Oin due to the expansion of x-ray footprint on the surface. In this work, we investigate the
temperature (7)- and Acr-dependent electronic states of an epitaxial Fe304(001) film on a MgO(001)
substrate by the Fe 2p core-level and VB HAXPES measurements combined with TR, together with
T-dependent Fe 2p core-level MCD-HAXPES measurements. These measurements clarify the
density of states (DOS) near Er as well as Eo, and the Fe 2p HAXPES intensity at Eg of ~709 eV
across Ty for various Acfr.

This work provides the experimental and theoretical results of the Fe3O4 film by using HAXPES

as follows; (i) Systematic Acr-dependent VB and Fe 2p core-level spectra of Fe3O4 by the HAXPES



measurements were performed to clarify the changes in the electronic states from the surface to deeper
regions. The Fe 2p HAXPES spectra of the Fe3O4 film showed a clear enhancement of the shoulder
structure located at Eg of ~709 eV as Aerr increased, regardless of 7.  This enhancement correlated
with the increase of the DOS at around Er with Aesr.  (i1) A proxy measure of Eon of the VB near Er
as a function of depth and 7 suggests that the surface layer (a several nm in depth), whose electronic
structure differs from deeper region, exists in the Fe3O4 film. (iii) In the analysis of the Fe 2p
HAXPES spectra, we discussed the discrepancies between this work, Ref. [12], and the CI
calculations by considering several possibilities such as photoelectron diffraction (PED), non-local
screening effect, experimental geometry and linear dichroism in HAXPES. (iv) The CI calculations
in the mixed valence model well reproduce the Fe 2p XMCD spectrum of Fe3O4 as well as the Fe 2p
MCD spectra in HAXPES with Aer = 7.33 nm, while the experimental Fe 2p HAXPES and MCD
profiles in HAXPES are almost unchanged across 7v. However, the discrepancy between the
experimental bulk-sensitive Fe 2p HAXPES and calculated spectra is found in the intensity of the
shoulder structure. These results provide not only the depth-dependent evolution of the core-level
and VB spectra but also a reliable benchmark for understanding the electronic states across the

Verwey transition and for the future studies of Fe;Oa.

I1. Experiment

A 150-nm-thick epitaxial Fe3O4(001) thin film was grown on a MgO(001) substrate by a pulsed-
laser deposition. The film was fabricated according to the growth procedures described in Ref. [42].
The 7-dependent resistivity clearly showed a sharp metal-insulator transition across 7v. The
sharpness of resistivity change was almost identical to that of the 160-nm-thick film reported in Ref.
[42]. In addition, 7v was approximately 125 K, which is close to the bulk value of Fe304. These

results indicate that the present film exhibits bulk-like Verwey transition behavior. The HAXPES



measurements were conducted at the revolver undulator beamline BL15XU of SPring-8 [3,43]. O
of x-rays was referred to Oc = 0.525° for bulk Fe3Os, which was calculated for Av = 5.95 keV
according to Ref. [44]. Here, Oc, at which the HAXPES intensity showed maximum, was identified
experimentally from the Fe 2p core-level intensity as a function of 0i, [17]. For Ag-dependent
HAXPES, the horizontal linear polarized x-rays were used. For the MCD-HAXPES measurements,
the horizontal linear polarized x-rays were converted to left- and right-handed circularly polarized x-
rays (LCP and RCP) by using a diamond phase retarder. The sample 7 was controlled by an open-
cycle He cryostat. The sample was remanently magnetized by applying a magnetic field of ~0.3 T
along the [100] direction in air at room temperature. Then, the magnetized sample was introduced
into an analysis chamber attached to a high-resolution electron analyzer (VG Scienta R4000). The
experimental geometry was described in Refs. [3,17]. Total energy resolution, AE, was set to 240
meV for both the core-level and VB HAXPES measurements at #v=5.95 keV. Ep was referred to
Er of an evaporated Au film. Note that we did not perform any surface treatments after the sample
fabrication. According to Refs. [5,44], A. and A, were calculated for bulk Fe3O4, and Actr was

obtained for each 0i, [17].

I11. Results
A. Fe 2p core-level HAXPES spectra of FezO4 thin film

Figure 1(a) shows the Fe 2p core-level HAXPES spectra of the Fe3O4 thin film measured at 7' =
300 K (above Tv) as a function of Aesr.  The spectra with Aerrof 1.95, 3.76, and 7.33 nm were obtained
at Oin of 0.38, 0.51, and 2.00°, respectively. The spectrum corresponding to Acrr of 12.8 nm was
numerically obtained by using these three spectra according to Ref. [17] given by,
Sb = 2% Aefi(Oin=2.00°)xSa — 3% Aeft(0in=0.51°)xSB + Ae(0in=0.38°)xSc, Eq. (1)

where Sa, S, and Sc represent the spectra with Acrr of 7.33, 3.76, and 1.95 nm, respectively, which



were normalized by the integrated intensity after subtracting an integrated-type background. The
obtained spectrum with A of 12.8 nm (Sp) reflects more bulk-sensitive electronic states due to the
reduced surface contribution. The intensity contribution from the surface to 5 nm in depth relative
to the total intensity is estimated to be 92.3% for Aesr =1.95 nm, 73.6% for Aerr =3.76 nm, 49.5% for
Aeft =7.33 nm, and 14.1% for A.sr=12.8 nm. One sees that the spectral line shapes strongly depend
on Aefr.  The intensity at around 715 and 730 eV (the higher Ep side of the Fe 2ps3,2 and 2p1/2 peaks)
decreases with increasing Acfr, and the spectra become sharper for larger Aer.  In contrast, the
shoulder structure located at Es of ~ 709 eV increases with increasing Aer.  These results indicate
that the electronic states within the top several-nm-thickness region of the film are different from bulk.
A similar A. dependence of the shoulder structure at Eg of ~ 709 eV was reported previously by
Taguchi et al. [12], where A. was tuned by the use of soft and hard x-rays as an excitation light source.
Figures 1(b) and 1(c) show the spectra measured at 7 above and below 7v (150 and 110 K),
respectively.  Although the spectral shapes measured at 7= 150 and 110 K are slightly sharper than
those measured at 300 K, the changes in the spectral shapes at 7= 150 and 110 K due to the variation
of Aer were very similar to those at 7= 300 K.

To clarify the dependence of the Fe 2p core-level HAXPES spectra on 7 and Aefr in more detail,
the spectra around the Fe 2p3» main peak region are enlarged as shown in Fig. 2, since the changes
in the spectral shapes across 7v have been reported in the previous work [12].  Again, the shoulder
structure located at Eg of ~709 eV increased with increasing Actr at each 7" with respect to the main
peak located at Eg of ~710.5 eV, and the spectral weight shifted toward the lower Eg side with
increasing Aefr. In contrast, the spectral shape for 300 K was almost identical to those for 150 and
110 K for the bulk-sensitive Aesr = 12.8 nm, even across 7v. In the mixed valence picture, the
shoulder structure originates from the Fe?* component in the B-site, whereas the main peak is a

superposition of the Fe** component in both the 4- and B-sites. The B-site Fe?* and Fe** electrons



contribute to the electrical conductivity, while the A-site Fe** electrons are localized. To satisfy the
charge neutrality in the metallic and insulating states of Fe3;O4, the mean valence of Fe ions in the B-
site must be 2.5+ regardless of 7. This charge neutrality naturally explains why the Fe 2p core-level
spectral shape does not change across 7yv. However, one may suspect that the weak 7" dependence
in the Fe 2p spectra arises from degraded electronic states near the surface, since no surface treatment
was performed after the film fabrication. To verify whether the present film still exhibits MIT with

the probing depth of HAXPES, we measured the VB spectra near Er as described below.

B. VB HAXPES spectra of Fe3;Oy4 thin film

To verify MIT of the Fe3O4 film across Tv, we have measured the VB HAXPES spectra near Er
at 7=300, 150, 110 K. The VB spectra measured at each 7 for different At (2.01, 4.07, and 8.15
nm) are shown in Figs. 3(a)-(c). Note that the intensity of VB is normalized by the integrated
intensity of the entire VB region between 12 eV and —1 eV after subtracting an integrated-type
background (not shown). The VB spectra with Acrr= 14.0 nm was obtained by using Eq. (1). Then,
the intensity normalized spectra were plotted in Fig. 3(a)-(c). The intensity contribution from the
surface to 5 nm in depth relative to the total intensity is estimated to be 91.7% for Aer =2.01 nm,
70.8% for Acr=4.07 nm, 45.9% for Aerr=8.15 nm, and 11.2% for Aerr=14.0 nm.  As an example, the
position of Eon, obtained by the extrapolation of the leading edge near Ef, for Acsr= 14.0 nm is
indicated by the vertical bar in Figs. 3(a)-(c). Here, we define Eon as a proxy for the valence band
maximum, although the value of Eox is an empirical measurement dependent on the fitting range, 7,
AE, and background subtraction. Note that the observed Eon in Fig. 3 suggests a redistribution of
DOS near Er. The dependence of Eon on T and Aefr is summarized in Fig. 3(d).  Eon above Tv shows
a negative value (metallic behavior), while Eo,n below 7v shifts to a positive value, indicating the

opening of bandgap across Er. In addition, the position of Eon shifts to the negative energy side as

10



Aeff increases, suggesting that deeper regions exhibit a larger metallic contribution. These results
confirm that a clear MIT occurs across 7v in the present Fe3O4 thin film and reveal the existence of

the depth-dependent electronic states in Fe3Oa.

C. Fe 2p core-level MCD-HAXPES of Fe3;Oy4 thin film

We have also performed the Fe 2p core-level MCD-HAXPES measurements at 7= 300, 150, and
110 K with a fixed Aesr=7.33 nm (0in = 2.00°) [45].  Here, MCD is defined as the intensity difference
between the spectra measured with RCP and LCP x-rays. It is expected that MCD is sensitive to the
changes of the electronic states of Fe3O4 by the changes of the multiplet structures, when the B-site
Fe electronic states are modified by MIT. Figure 4 shows the Fe 2p MCD-HAXPES spectra of the
Fe304 thin film measured at 7=300, 150, and 110 K. The MCD-HAXPES spectra of the Fe3O4 thin
film measured at 7= 300 K are similar to that reported in Ref. [34]. At first glance, the Fe 2p core-
level HAXPES spectra measured with LCP and RCP x-rays are almost 7-independent, and the
resulting MCD profiles show no obvious 7-dependent variation. The MCD profiles intrinsically
show the complicated structures due to the superposition of contributions from the 4- and B-site Fe
species, which have the opposite magnetization direction, and they are further influenced by the
strong electron correlation effect. Nevertheless, the overall spectral shape of MCD is almost the
same at 7= 300, 150, 110 K. Slightly sharper line shapes of the Fe 2p core-level HAXPES and
MCD spectra at lower T are probably due to the reduction of thermal broadening effects. A similar
T independence of the Fe 2p XAS and MCD spectra in Fe;O4 across 7v has been reported in Ref.
[38]. Almost identical MCD-HAXPES spectral shapes at 7= 300, 150, and 110 K suggest that the
mean valence of Fe ions in the B-site sustains to be 2.5+ at 7"above and below 7 to satisfy the charge

neutrality.
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D. CI cluster model calculations for Fe;O4

To understand the electronic states of Fe species in the 4- and B-sites from the Fe 2p core-level
MCD-HAXPES spectra, we have performed the CI cluster model calculations with full multiplets by
using a software of CTM4XAS [46]. The complicated MCD profile observed in the HAXPES
spectra can be a fingerprint of the electronic states of Fe3O4. We have also calculated the XAS-
MCD for the Fe 2p core-level to confirm the reliability of the used electronic structure parameter set,
which reproduces the experimental MCD-HAXPES spectra. In the calculations, the basis states for
the B-site Fe?* are chosen to 3d%, 3d’L, and 3d8L?, where L denotes the ligand O 2p hole. The basis
states for the 4- and B-site Fe*" are chosen to 3d°, 3d°L, and 3d’L?. The charge transfer energy (A)
is defined as E(3d""'L) — E(3d"), where n is 5 and 6 for Fe3" and Fe?*, respectively. The electronic
structure parameters of the crystal field splitting (10Dq), Fe 3d-3d (2p-3d) Coulomb interaction (Uaa
(Uac)), and hybridization strength between the Fe 3d (e, and #2) and ligand O 2p states (V{(eg) and
V(t2e), respectively) are taken into account in the calculations.

Figures 5(a)-5(c) show the site-resolved MCD-HAXPES spectra calculated for the Fe 2p core-
level region of Fe3Oa; the B-site Fe?" component in Fig. 5(a), the B-site Fe** component in Fig. 5(b),
and the A-site Fe** component in Fig. 5(c). These calculations were performed with the electronic
structure parameter set listed in Table I. Figure 5(d) shows the sum of the three site-dependent
spectra. The relative spectral weights of the B-site Fe?" and Fe*" and A4-site Fe** contributions are set
tol:1:1. An integrated-type background was added to the RCP- and LCP-HAXPES spectra in
Fig. 5(d) for comparison with the experimental spectra in Fig. 4. One sees that the calculated LCP-
and RCP-HAXPES and MCD spectra (Fig. 5(d)) are similar to the experimental ones (Fig. 4), while
the shoulder structure located at Eg of ~709 eV in the calculated LCP spectrum is weaker than the
experimental one. Figure 5(e) compares the MCD profile obtained from the calculation with the

measured MCD spectra at 7 = 300, 150, and 110 K. One sees that the calculated MCD profile
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reproduces well the complicated MCD profiles in the experiments. This result again suggests that
the mean valence of Fe ions in the B-site sustains to be 2.5+ at 7 above and below 7v. Using the
same parameter set listed in Table I, we have calculated the Fe 2p core-level XAS and MCD spectra
as shown in Fig. 6. The calculated RCP- and LCP-XAS and MCD spectra also reproduce well the
previously reported experimental data for Fe3sO4 [29,38,39]. Thus, we were able to obtain the
reliable electronic parameter set for FesO4 from the CI cluster model calculations using the B-site

Fe?* and Fe**, and A-site Fe** components.

IV. Discussion
A. Depth-dependent Fe 2p spectra and VB spectra near Ey

Let us consider a possible origin of the depth-dependent electronic states of Fe3sOs. As shown
in Figs. 2(a)-(c), the intensity of the shoulder structure at Eg ~709 eV in the Fe 2p HAXPES spectra
increases with increasing Acfrat each 7.  Simultaneously, the intensity of VB near Er (in other words,
DOS) increases with Aesr as shown in Figs. 3(a)-(c). This correlation indicates that the intensity of
the shoulder structure is affected by the non-local screening effect through the hybridization between
the coherent and Fe 3d states as reported in strongly correlated systems in HAXPES [6-8]. The
depth- and 7-dependent Eon in Fig. 3(d) clearly shows that Eo, shifts toward the positive energy side
with decreasing Aeir.  Although the 7-dependent Eon for Aesr = 8.15 and 14.0 nm clearly shows the
MIT behavior, Eon for Aesr = 2.01 and 4.07 nm at 7= 150 K is located at ~Er even above Tv. A
similar 7-dependence of Eon for Aeir = 2.01 and 4.07 nm suggests that the electronic structure of
surface region (at least several nm in depth) differs from the deeper region.

For the VB PES studies on bulk single crystal Fe;O4 [12,25-28], a clean surface is obtained by in
situ fracture or cleavage for various surface orientations without post annealing. In these works,

inconsistent results on Eq, across 7v has been reported; (i) the presence of MIT for the cleaved surface
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of bulk Fe304(110) is found in VUV-PES [25], (ii) the bandgap is opened in both the LT and HT phase
for the cleaved (001) surface in SX-PES [26], (iii) the changes in E,, around 7v are varied for the
annealed surfaces in the polished (111) and (100) surfaces and fractured surface in SX-PES [27], and
(iv) in the HAXPES studies [12,28], MIT is observed for the fractured surfaces, but Eqq at 150 K (HT
phase) in Ref. [28] shows the positive value (presence of bandgap). These discrepancies are
probably caused by that fracture- or cleavage-induced strain remains near the surface region, since
for high-quality sample to obtain, pieces of Fe3O4 single crystal are annealed in an atmosphere of
mixture of CO and CO; to release internal strain and to homogenize the composition after cutting the
ingot into pieces [47,48].

For the in situ grown epitaxial (111) thin film reported in Ref. [33], the photoelectron diffraction
(PED) analysis suggested the interlayer spacing in top five atomic layers deviates from the bulk value
by -57 ~+29%. Therefore, structural relaxation near the surface is expected even for epitaxial films.
In the present epitaxial (001) film, the broader Fe 2p spectra Aerr = 1.95 and 3.76 nm compared with
those for larger Actr seen in Fig. 1 may reflect modifications of the local electronic environment of Fe
species near the surface. From these results, together with the systematic Acf-dependent changes in
Eon, DOS near EF, and Fe 2p shoulder intensity, we can conclude that the near-surface electronic states
of Fe;0q4 differ from the bulk electronic states over a depth scale of several nanometers. Note that
the observed differences between the surface- and bulk-sensitive spectra may be influenced by not
only surface relaxation and but also potential variations in surface stoichiometry or
adsorbates/contaminations in the film surface due to the exposure to air. In the following
subsections, we will discuss the weaker shoulder intensity in Fe 2p HAXPES spectra with Acfr =12.8
nm compared with the spectra reported in Ref. [12].

B. Effect of experimental geometry and linear dichroism in Fe 2p spectra

In our measurements, the photoelectrons approximately emitted along the [001] direction of the

14



Fe30s4 film were measured, since the grazing incidence with nearly normal emission geometry was
adapted [3,17]. In contrast, for bulk Fe3O4 in Ref. [12], the nominal surface orientation and detailed
experimental geometry were not explicitly described. Therefore, differences in the experimental
geometry may partly contribute to the discrepancy in the Fe 2p HAXPES spectral shapes between
this work and Ref. [12]. Mori et al. [49] reported that, in the single crystal case, the detection-
direction of photoelectrons can induce linear dichroism in HAXPES (LD-HAXPES), which appears
as changes in spectral shapes depending on the emission-direction of photoelectrons. This effect is
clearly observed in the core-level region for Yb compounds, which reflects the asymmetric electron
occupation in the 4/ orbital. In the case of Fe3Os, the B-site Fe*" has the 3d° high spin configuration
(half-filled, symmetric). In contrast, the B-site Fe?" has the 3d° high spin configuration (five
majority spin electrons and one #; minority spin electron), which can lead to an asymmetric 3d
occupation. The dominant difference in the Fe 2p HAXPES spectra between this work and Ref.
[12] is found in the shoulder structure at £ of ~709 €V, which is originated from the B-site Fe*" in
the mixed valence picture. Therefore, one may consider that geometry-dependent LD effect can
partly influence the shoulder intensity. However, Sekiyama et al. [50] reported that LD is absent in
principle for the p core-level photoemission from localized ions in a cubic symmetry. Since the
metallic HT phase of Fe3O4 is cubic, LD-HAXPES cannot explain the observed discrepancy. On
the other hand, MLD in core-level HAXPES, which is the intensity difference between the
magnetizations parallel and perpendicular to the E-vector of x-rays, has been reported by Stryganyuk
etal.[51]. Inbulk Fe3Os, the predominant cleave plane is known to be {111}, whereas the nominal
surface of bulk Fe3Os is not given in Ref. [12]. If the nominal surface in Ref. [12] is close to (111),
relative relationship between the easy magnetization axis and the E-vector could differ from that in

this work. Therefore, the MLD contribution to the shoulder intensity could not be ignored.
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C. Effect of PED

Even if the LD or MLD contribution is small, the detection-direction influences the relative
intensity ratio of 4- and B-site contribution via the PED effect. Hashimoto et al. [36] reported the
site-selective core-level PES for Fe3O4 using PED along the [001] and [113] directions by SX-PES
and HAXPES. In their work, the core-level spectrum in SX-PES for the [001] direction showed the
higher B-site sensitivity, whereas that for the [113] direction was sensitive to the A-site.  Their results
were consistent with the simulations of the photoemission intensity angular distribution (PIAD) for
SX-PES. For HAXPES, the Fe 2p core-level spectra measured along the [001] and [113] directions
showed a weaker site-selectivity than SX-PES spectra. These results were also reproduced by their
PIAD simulations and were understood by the direction of forward focusing peaks (FFPs) in PIAD
from each site. We also performed the PIAD calculations for the 2p photoelectrons with Ex = 5240
eV according to Ref. [52] and compared the [001] and [111] FFPs for the (001) and (111) surfaces,
respectively (not shown). We found that the B-site intensity for the [001] FFP is enhanced by a
factor of 1.3 relative to that for the A-site with considering the acceptance angle of the electron
analyzer (£7°). Here the factor was already divided by 2 due to the site occupancy ratio of the B/4
sites. In contrast, the B site-intensity reduces to 80% for the [111] FFP in the same condition.
Although the site-selectivity is weak in PED in HAXPES compared to SX-PES, our PED calculations
indicate that FFP peaks can slightly modify the Fe 2p spectral shape. Bulk-sensitive core-level
HAXPES with higher site-selectivity helps to reveal the site-specific spectral shapes. We
considered that comparison of the experimental site-specific Fe 2p spectra with the CI and extended
IAM calculations for the selective Fe 2p spectra gains insights into the bulk electronic states of Fe3Oa4.
To do so, x-ray standing-wave (XSW) HAXPES [53] will be useful, but ultrahigh-quality bulk single

crystal is required.
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D. Limitation of the CI cluster model

In the analysis of the experimental Fe 2p core-level MCD-HAXPES spectra of Fe3O4, we used
the CI cluster model calculations using the three distinct Fe species, i.e., the A-site Fe**, B-site Fe?",
and B-site Fe**, for simplicity. This approach has been widely used in the analysis of the Fe 2p PES
and XAS-MCD spectra for Fe304[32,37-39,54] as mentioned above. Although the calculated MCD
profile in Fig. 5(e) reproduces the experimental profiles at 7 = 300, 150 and 110 K, the shoulder
structure at £ of ~709 eV in the calculated LCP spectrum in Fig. 5(d) is noticeably weaker than the
experimental ones in Fig. 4. The discrepancy becomes even more evident when the LCP and RCP
spectra are summed as shown in Fig. 7. This problem has been pointed out by Taguchi et al. [12].
To overcome this problem in the calculations, they treated the B-site Fe as not two distinct species
but one species, because the B-site of Fe ions are crystallographically equivalent at T"above 7v [55,56].
Their extended IAM introduces the charge transfer between the Fe 3d orbital and coherent state in
the B-site Fe species, which enhances the well-screened shoulder structure. That is, the shoulder
structure cannot be explained by the B-site Fe?" in the simple mixed valence picture. Therefore, the
shoulder structure at Eg ~709 eV is partly caused by the well-screened states for the B-site Fe species
through the charge transfer from the coherent to the Fe #; minority spin states (i.e., the non-local
screening effect) in the photoemission final states, while the main peak at Eg ~710.5 eV mainly arises
from both the poorly-screened states for the B-site Fe in the final states and the 4-site Fe**. Thus,
we can conclude that the non-local screening effect enhances the intensity of the shoulder structure
in the bulk-sensitive Fe 2p HAXPES spectra of the Fe;O4 thin film.  Again, the site-selective Fe 2p
HAXPES measurements are needed to correctly understand the electronic structure of Fe3O4 from

the extended AIM calculations.

E. Non-local screening and trimeron in the LT phase
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Below Tv, the crystal symmetry of Fe3O4 changes from a cubic to monoclinic, and the B-site Fe
species exhibit a complex charge-orbital order with 16 nonequivalent Fe ionic states based on the
valence bond sum analysis [57]. This complex structure is formed by the network of trimerons [57-
59], in which each trimeron consists of three linear Fe ions in the nearest neighboring B-site. As
seen in Figs. 1 and 2, for the more bulk-sensitive spectra (Aesr =12.8 nm), the intensity of the shoulder
structure at £ ~709 eV measured at 7= 110 K (below 7v) is comparable to those measured at 7' =
300 and 150 K (above 7y). This result indicates that even in the insulating state, the similar core-
hole screening process via the #; minority spin electron near Er at the B-site exists in the
photoemission final states, which can be explained by the charge transfer of the #¢ minority spin
electron within the trimerons [57] and/or the sliding motion of the trimerons [58]. In the extended
IAM calculation of the Fe 2p HAXPES spectrum for the insulating phase [12], the B-site Fe species
were treated by three distinct Fe>#2*-like, Fe~>7*-like, and Fe?%2#"-like ion species to emulate 16-
nonequivalent Fe ionic states. The calculated spectrum reproduced the experimental spectrum for
the insulating state, when the coherent state near EF in the insulating state was assumed as well as the
metallic state due to the very small spectral change in the intensity near Er across 7v measured by
HAXPES [12]. Thus, we can conclude that even in the insulating state of Fe3Os, the shoulder
structure at £ of ~709 eV in the Fe 2p HAXPES spectrum with Acfr = 12.8 nm is partly caused by
the non-local screening effect at the B-site Fe species via the charge transfer of the 2, minority spin
electron inside the trimerons. However, the different trend in the shoulder structure across 7v
between this work and Ref. [12] remains unresolved; weak LD caused by the monoclinic distortion

may play a role.

F. MCD-HAXPES versus XAS-MCD

The experimental MCD profiles in Fe 2p HAXPES are well reproduced by the CI cluster model
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calculations (Fig. 5(e)) by using the electronic structure parameter set listed in Table I. The same
parameters set also yields XAS-MCD spectra (Fig. 6) that agree with the reported spectra [29,38,39].
The key difference between PES and XAS final states lies in the screening channel. XAS creates a
2p photo-hole and simultaneously promotes an electron into unoccupied 34 states, that is, the system
remains charge neutral in the XAS final states. The excited electron in the unoccupied 3d states
contributes to the photo-hole screening, and there is a little room for the contribution of the additional
screening via the charge transfer. In contrast, PES creates a 2p photo-hole and ejects one
photoelectron, that is, the transition from N to N—1 electron system. In this case, there is room for
the photo-hole screening via the charge transfer process due to the local and non-local screening
effects. Therefore, the non-local screening that enhances the shoulder structure at £ of ~709 eV is
significant for HAXPES, but only marginally affects XAS-MCD. Although the MCD profiles in Fe
2p HAXPES and Fe 2p XAS are well reproduced by the CI calculations, it is unclear whether the
non-local screening and PED effects modify the MCD profile in Fe 2p HAXPES. Thus, we
conclude that the theoretical approach including the non-local screening and PED effects for the Fe
2p MCD-HAXPES and the experimental site-selective Fe 2p MCD-HAXPES spectra with high bulk-

sensitivity are required to fully understand the nature of the Fe 2p HAXPES spectra for Fe;Oa4.

V. Summary

T- and Acr-dependent VB and Fe 2p core-level HAXPES measurements were performed to clarify
the electronic states of the Fe;O4 thin film across 7v.  The correlation between the shoulder structure
in the Fe 2p spectra and DOS near Er suggests the depth-dependent evolution of the non-local
screening from the surface to deeper regions. The position of Eon clearly showed MIT across 7v,
and Eon shifted to the higher £ side with decreasing Actr at each 7. Thus, we can conclude that the

electronic states of the surface region (at least several nm in depth) differ from the deeper region in
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the Fe3O4 film.

The Fe 2p MCD-HAXPES measurements showed the complicated structure, but were almost
independent on 7. T-independent behavior in the MCD profiles as well as the Fe 2p HAXPES
spectral shapes is considered to arise from that the mean valence of B-site Fe species sustains to be
2.5+ across Tv, which is related to small changes in the electronic states near £r by MIT in Fe3Oa,
while a complex charge-orbital ordered state is formed in the LT phase. The experimental MCD
profile was well reproduced by the CI cluster model calculations that employ three distinct Fe species
(A4-site Fe**, B-site Fe**, and B-site Fe*") and the parameter set listed in Table I, while the CI
calculations underestimated the shoulder intensity in the bulk-sensitive HAXPES spectra. These
results suggest the importance of the non-local screening effect in the bulk-sensitive Fe 2p HAXPES
spectral shapes, while it is unclear whether these effects modify the MCD profile in HAXPES. To
clarify the discrepancy between the experiments and calculations, the site-selective observation of
the Fe 2p MCD-HAXPES spectra is important to distinguish between the A- and B-site electronic
states across 7v. The comparison of the experimental site-selective Fe 2p spectra with the
theoretical approach including the non-local screening and PED effects for the Fe 2p MCD-HAXPES
can gain insights into the bulk electronic states of Fe3O4 across 7v. In the experimental approach,
XSW-HAXPES for the Fe 2p core-level is expected to be useful for the site-selective spectral
observations.

Our systematic depth-dependent HAXPES measurements demonstrate that the electronic
structure of the surface region differs from that in the deeper region in Fe3Os4 and highlight the
importance of the non-local screening effect. Although the observed features are broadly consistent
with earlier HAXPES results, this work provides a systematic dataset obtained under a unified
experimental framework from the surface to deeper regions. These results provide a reliable

benchmark for understanding the electronic states across the Verwey transition and for the future
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studies of FesOa.
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Figure captions

FIG. 1. (Color online) Depth-dependent Fe 2p core-level HAXPES spectra of the 150-nm-thick Fe;O4
thin film measured at (a) 300 K, (b) 150 K, and (c) 110 K. By tuning the X-ray attenuation length
by Oin, the spectra with Aeir = 1.95, 3.76, and 7.33 nm (6i, = 0.38, 0.51, and 2.00°, respectively) were
obtained. The surface contribution-reduced spectra (Aefr = 12.8 nm) were numerically obtained by
Eq. (1) according to Ref. [17]. The spectra were normalized by the highest intensity in the Fe 2p3.»

region after subtracting an integrated-type background.

FIG. 2. (Color online) Enlarged view of the depth-dependent HAXPES spectra around the Fe 2p3)

region measured at (a) 300, (b) 150, and (c) 110 K.

FIG. 3. (Color online) Valence band HAXPES spectra of the Fe;O4 thin film in the vicinity of Er
measured at (a) 300, (b) 150, and (c) 110 K for different Aesr.  The position of Eon for Aesr = 14.0 nm
determined by the extrapolation of the leading edge is indicated by the vertical bar in each figure. (d)
T- and Acs-dependent Eon of the FesOgs thin film.  The positive (negative) value indicates that the

position of Eq, is located below (above) Ef.

FIG. 4. (Color online) Fe 2p core-level HAXPES spectra at 7 = (a) 300, (b) 150, and (c) 110 K
measured with RCP and LCP X-rays. The intensity difference between the RCP and LCP spectra

corresponds to MCD-HAXPES.  0i, is set to 2.00° (Aegr = 7.33 nm).

FIG. 5. (Color online) Calculated Fe 2p core-level HAXPES and MCD spectra for (a) B-site Fe?",

(b) B-site Fe**, and (c) 4-site Fe** components by using the electronic structure parameters shown in

30



Table I. (d) Calculated HAXPES with an integrated-type background (black solid line) and MCD
spectra for Fe3O4 by using the spectra shown in (a), (b), and (c) with the ratio of 1 : 1 : 1. (e)
Comparison of the experimental MCD spectra (7= 300, 150 , and 110 K) and the calculated MCD

Spectra.

FIG 6. (Color online) Calculated Fe 2p core-level XAS-MCD spectra for Fe;O4 by using the

electronic structure parameters shown in Table I.

FIG. 7. (Color online) Comparison of the experimental and calculated Fe 2p core-level spectra. The

experimental spectrum was obtained by the sum of the LCP and RCP spectra shown in Fig. 4(a).

The calculated spectrum was also obtained by the sum of the spectra shown in Fig. 5(a)-(c).
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Table

Table I. Electronic structure parameters for Fe3O4 used in the Fe 2p MCD-HAXPES and XAS-MCD
calculations. The parameters are given in units of eV. In the octahedral (tetrahedral) site, the
positive (negative) value of 10Dgq is employed. An exchange field of +150 (-150) meV was applied

to the B- (4-) site in the calculations.

Sites 10Dq A Ve Wtag) Udd Ude
B-site (Fe*") 1.6 7.0 2.0 1.0 6.0 7.5
B-site (Fe*") 1.6 3.0 2.0 1.0 6.0 7.5
A-site (Fe*") -0.6 3.5 1.0 2.0 6.0 7.5
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