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Interface band dispersion of a MgO(2 nm)/Fe(50 nm) heterostructure was detected by hard X-ray angle-resolved photoemission spectroscopy
(HARPES) with the excitation photon energy of 3.29 keV by utilizing X-ray total reflection (TR). By subtracting bulk-sensitive band dispersion of the
buried Fe(001) obtained by HARPES in the non-TR condition from near-interface-sensitive Fe(001) band dispersion obtained by TR-HARPES, the
band-folding of Fe and the O 2p -Fe 3d hybridization at the heterointerface were clearly unveiled. These results suggest that HARPES can probe
not only the bulk band but also the buried interface band of heterojunctions. © 2024 The Author(s). Published on behalf of The Japan Society of

Applied Physics by IOP Publishing Ltd

(HAXPES) has been developed for the measure-

ments of bulk-sensitive electronic and magnetic
states of solids'™ owing to a large inelastic mean-free-path
of electrons (\.) with several-keV inside solids.'” HAXPES
with an angular resolution (HARPES) for the band dispersion
measurements of single crystals or epitaxial thin films''~'*
has also been a powerful tool for detecting bulk band
dispersion of materials. The band dispersion measurements
for epitaxial films covered by thin protection layers (e.g.
AlO,) by using HARPES are very useful since the surface
treatment of the samples is not required in many cases.
Although the HARPES measurements are limited by the
photoemission Debye—Waller factor (DWF), which is a
fraction of the momentum-conserved transition,”'"'*> obser-
vations of band dispersion are expected to be possible in
many cases at low-temperature and approximately 3 keV
photoexcitation conditions.

In the HAXPES experiments combined with X-ray total
reflection (TR), it has been reported that the effective Ao (hefr)
can be tuned by the incidence angle of X-ray (6;,) with
respect to the sample surface and that the depth-dependent
electronic (and magnetic) states can be obtained.”” It seems
that HARPES combined with TR has a capability for
exploring band dispersion of heterointerfaces as well as
buried layers, while TR-HARPES has not been reported
yet. Here, we focused on a MgO/Fe heterojunction to
demonstrate the capability of TR-HARPES, since the inter-
facial electronic states between the MgO and Fe layers in Fe/
MgO/Fe tunnel magnetoresistance (TMR) junctions'” are
still important; differences in band dispersion between
interfacial and buried bulk Fe layers are present or not.
Very recently it has been reported that the TMR ratio of Fe/
MgO/Fe-based junctions reaches 631%, which is the highest
value in the TMR junctions at room temperature.'® In this
work, we have performed HARPES measurements for a
MgO-capped Fe(001) thin film to observe the band disper-
sion of near-interface and buried Fe layers in TR and non-TR

Recently, hard X-ray photoemission spectroscopy

(NTR) conditions, respectively. In the TR-HARPES mea-
surement, a clear band dispersion from the buried Fe(001)
film with the enhanced MgO-derived O 2p states was found,
while the O 2p states were quite weak in the NTR-HARPES
measurement. We also found that the band-folding of Fe
(001) and the formation of the O 2p-Fe 3d anti-bonding state
at the MgO/Fe heterojunction, which were obtained by the
subtraction of bulk band dispersion (NTR condition) from
near-interface one (TR condition), suggesting the usefulness
of the combination of TR- and NTR-HARPES for probing
interface electronic band states.

The HARPES measurements for the MgO(2 nm)/Fe
(50 nm)/MgO(001) structure at the temperature (7) of 22K
were performed with the excitation photon energy (hv) of
3.29keV at the undulator beamline BLISXU of
SPring-8.>'” The sample growth procedure was described
elsewhere.”’ Although we used a helical undulator as a light
source, circularly polarized X-rays were converted to hor-
izontal linear polarized X-rays due to the Bragg reflections'®
in a four-bounce Si 111 monochromator, leading to the
degree of linear polarization calculated to be ~0.98. The
energy and angle of photoelectrons were analyzed and
detected by a hemispherical electron analyzer (VG Scienta
R4000). The angular resolution of the electron analyzer was
~0.3° in HARPES.'" The energy resolution was set to
290 meV, and the binding energy (Eg) was calibrated by the
Fermi level (Eg) of the Au film. The spot size of X-rays at the
sample position was 25 pym (vertical) x 35 pum (horizontal) in
FWHM. The experimental geometry was described
elsewhere.>'" To control e (depth in Fe with respect to
the interface), the relationship of Xeer = Nphe/(Ap+Xe) Was
used, where N\, was X-ray attenuation length in Fe and
depended on 0,,.>" N for Fe was obtained from the TPP-
2M equation.'”

Figure 1(a) shows the Fe 2p core-level HAXPES spectra of
the MgO(2 nm)/Fe(50 nm) film measured in the TR and NTR
conditions. In the TR condition (A\.¢r ~1.7 nm), 6;, was set to
the TR critical angle (6c=0.817°) for Fe, which was
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Fig. 1. (a) Fe 2p core-level HAXPES spectra of the MgO(2 nm)/Fe

(50 nm)/MgO(001) structure measured with the TR (A\ege~1.7 nm) and NTR
(Nefr~3.4 nm) conditions at 7 = 22 K. (b) Valence band spectra of the MgO
(2 nm)/Fe(50 nm)/MgO(001) structure measured in the TR (A\ege~1.9 nm)
and NTR (A.g~4.0 nm) conditions at 7 = 22 K. The intensity difference
between the TR and NTR spectra is indicated by the green line. The inset
shows the enlarged view of the difference spectrum around Ef.

detected by the intensity maximum of the Fe 2p core-level
photoemission as a function of the incidence angle (see Ref. 5
for details), while 6;, was set to 2.6° in the NTR condition
(Nefr ~3.4 nm). The reduction of the background intensity in
the higher Ey side for the TR spectrum compared to the NTR
one was found as proof of TR. The similarity of each
spectrum indicates that oxidation of Fe near the interface is
negligibly weak, since the spectrum obtained in the TR
condition is sensitive to the MgO/Fe interface compared to
the NTR condition.

Figure 1(b) shows the valence band HAXPES spectra of
the MgO(2 nm)/Fe(50 nm) film measured in the TR and NTR
conditions, where the spectra have been obtained from the
angle-integrated HARPES data shown in Figs. 2(a) and 2(e).
Both the TR and NTR spectra (Itg and Iytr) were normal-
ized by the peak intensity at Eg = 0.65eV. The NTR
spectrum is roughly classified into two parts: dominant Fe 3d
states in the Ep range between Er and ~2 eV and dominant
Fe 4s states in the range between ~2 and ~9 eV as referred to
the previously reported HAXPES spectra for bulk Fe*” due
to the large photoionization cross-section of 4s orbital
relative to 3d one in HAXPES for 3d transition metals.”"
For the TR spectrum, additional O 2p states originating from
the MgO layer are visible in the range between ~4 and
~9eV according to Ref. 22. A hump structure at around
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13eV is due to carbon contamination on the MgO layer
according to Ref. 23. The enhanced MgO-derived states in
the TR spectrum is again proof of TR. The intensity
difference spectrum (Igg), which is defined by Ilgg¢ =
Itr — InTR, Clearly shows the O 2p states of MgO in the
Eg > 4¢eV region, while the in-gap of MgO (Eg <4eV)
shows structures, which would reflect the difference in the
electronic structures of Fe between the near-interface and
bulk regions. In fact, the theoretical calculations for the MgO
(001)/Fe(001) multilayer structure indicate that the nearest-
neighbor Fe atomic layer from the MgO layer shows the
decrease of the density of states (DOS) at around Ef and the
increase of DOS at Eg ~2 eV originated from the Fe 3d -O
2p hybridization at the interface.®** These changes in the
electronic structure near the interface are reported in the
interface-emphasized HAXPES measurement for the MgO
(2 nm)/Fe(1.5 nm)/MgO(001) structure.®

Figures 2(a) and 2(e), symbolized by IMtg and IMytg,
respectively, show the HARPES intensity maps for the MgO
(2 nm)/Fe(50 nm) film measured in the TR and NTR condi-
tions. Each intensity map was divided by the energy-
integrated angular distribution curve (ADC) to partly reduce
a detector inhomogeneity along the detector angle. In Fig. 3,
the final state wave-vector (ko) passing through the mo-
mentum space in the extended Brillouin zone (BZ) for the
kinetic energy (Ex) of photoelectrons with 3288 eV excited
from Ef for Fe(001) in our experimental geometry is shown.
The final state wave-vector corrected by the photon wave-
vector (k—kj,) is also shown in Fig. 3, since kj, cannot be
negligible in HARPES as can be seen in the figure. One sees
that k~—k,, passes through near the I'-H direction.

Figures 2(b) and 2(f), symbolized by IMtgr pc and
IMnTR BG, Tespectively, show the intensity maps of the
angle-integrated energy distribution curves (EDCs) obtained
from Figs. 2(a) and 2(e) with no angular dependence, to
assume the non-momentum-conserved transition intensity
maps as a background for simplicity. Here, the intensity
maps of Figs. 2(a) and 2(b) [Figs. 2(e) and 2(f)] were
normalized by their angle-integrated EDCs at Eg = 0.65eV.
Figures 2(c) and 2(g), symbolized by IMtg ¢ and IMnTR c,
respectively, show the HARPES intensity maps for TR and
NTR after subtracting the background intensity maps shown
in Figs. 2(b) and 2(f). These intensity maps are obtained by
IMr_c=IMtr — axIMrr s and IMyrr_c=IMntR -
OxIMntr_BG, Where o and [ are coefficients. One sees
that the clear band dispersion features in Figs. 2(c) and 2(g)
compared to those in Figs. 2(a) and 2(e) are apparent. This
subtraction process also gives DWF of Fe in our experimental
condition. The DWFs given by 1-« for the TR condition and
1-G for the NTR condition for Fe at T = 22K and
Ex = 3288 eV are ~0.40. This value is close to the calculated
DWF of 0.37 based on Refs. 2 and 11. Thus, this subtraction
process can roughly estimate DWF from the experimental
HARPES results.

Figures 2(d) and 2(h) compare the experimental band
dispersion with the theoretical calculation based on the local-
spin-density approximation (LSDA).*> Although the experi-
mentally probed momentum region slightly deviates from the
I'-H direction, the experimental results of both TR and NTR
conditions are similar to the LSDA calculations along the

I'-H direction. One sees that the intensity at Eg of ~2eV
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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(a) and (e) Experimental HARPES intensity maps for the MgO(2 nm)/Fe(50 nm)/MgO(001) structure in the TR and NTR conditions, respectively,

measured at 7 = 22 K. In the valence band region, Nefr is ~1.9 (~4.0) nm in the TR (NTR) condition. (b) and (f) Background intensity map obtained from the
angle-integrated EDC in each map. No angular-dependent intensity distribution is assumed. (c) and (g) Corrected HARPES intensity maps for TR and NTR
conditions, respectively. (d) and (h) same as (c) and (g), but the theoretical spin-resolved band dispersions along the I'-H direction are overlaid, where the
majority (minority) spin band is indicated by the red (light blue) lines, where the band dispersion data are taken from Ref. 25.
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around the I" point in the experiment damps in both TR and
NTR conditions, while the flat-band-like majority spin band
states are present in the calculation. The damping and
broadening of the majority spin band has been reported in
surface-sensitive spin-resolved ARPES for Fe(110),”” and
the importance of many-body correlation effects in ARPES

To emphasize the interface sensitivity in HARPES, the
intensity difference map (IMyer = IMTr c—IMnNTR ) Of the
HARPES maps between Figs. 2(d) and 2(h) in the I'-H
region, indicated by black arrows, is shown in Fig. 4(a),
where IMtr_c and IMntr_c are normalized by their angle-
integrated EDCs at Eg = 0.65 eV within the I'-H region. One
sees that the negative and positive intensity regions are found
even after the subtraction process and that the intensity
difference map is antisymmetric to the X point. Here, the
positive (negative) intensity mainly arises from the interface
(bulk) electronic states. In Fig. 4(b), the difference map was
compared with the band dispersion along the I'-H direction
of Fe. The negative intensity area partly agrees with the A
majority and minority spin band and the majority spin band
around the H point at ~EF, while the positive intensity area
does not show a similarity to the band dispersion curves.
When we applied the band-folding at the X point as shown in
Fig. 4(c), the positive intensity area partly agreed with the
folded majority and minority spin band, although the band-
folding does not occur in the ideal interface structure for
MgO/Fe as described in Ref. 31. The absence of the band-
folding in the ideal MgO/Fe interface is due to the in-plane
lattice period of Fe is the same as that of MgO at the interface
as seen in Fig. 4(d). If oxygen defects at the interface as
shown in Fig. 4(e) are present as an example, the in-plane
lattice period of Fe is half of that of O-deficient MgO, leading
to the band-folding at the X point in Fe at the interface. The
O-deficient MgO at the interface might relate to a deposition
condition and/or a large lattice mismatch between Fe and
MgO and is a possible origin of the band-folding of Fe
around the interface. Finally, we note that the intensity

has been discussed in the theoretical calculations for Fe.”>”  integration in the region enclosed by the dashed line at Ep
© 2024 The Author(s). Published on behalf of
075501-3 The Japan Society of Applied Physics by IOP Publishing Ltd
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HARPES [Fig. 2(h)] from TR-HARPES [Fig. 2(d)]. (b) Same as (a), but the
spin-resolved band dispersions along the I'-H direction are overlaid. The red
(blue) lines indicate the majority (minority) spin band. (c) Same as (b), but
the folding at the X point is considered. The folded bands are indicated by
the dashed lines. (d) Ideal interface structure of MgO(001)/Fe(001). (e) Same
as (d), but O-deficient interface structure.

of ~2eV in Fig. 4(a) shows the positive value as similar to
the intensity difference spectrum in Fig. 1(b), suggesting that
this region is considered to originate from the Fe 34-O 2p
hybridized states formed at the MgO/Fe interface.®”"

In summary, buried interface band dispersion of the MgO/
Fe heterostructure was detected by HARPES combined
with the NTR and TR conditions. By subtracting bulk-
sensitive band dispersion of the buried Fe(001) obtained by

075501-4

NTR-HARPES from near-interface-sensitive Fe(001) band
dispersion obtained by TR-HARPES, the band-folding of Fe
and the Fe 3d-O 2p hybridized state at around the interface
were clearly unveiled. These results suggest that HARPES
can probe not only the bulk band but also the buried interface
band of heterojunctions.
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