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Visualizing bulk band structure in Fe,N thin films by spin- and angle-resolved
photoelectron spectroscopy
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The bulk band structure of an in situ prepared ferromagnetic Fe4N thin film has been investigated using spin-
and angle-resolved photoelectron spectroscopy with synchrotron radiation. It was observed that most of the
bands near the Fermi level are of minority spin. The experimental results are well reproduced by first-principles
calculations. Our orbital analysis of the band structure has revealed that the electron pocket near the I" point
is primarily attributed to the Fe 3d,, orbital of the Fe(Il) site, while the electron pocket near the M point is
associated with the Fe(Il) 3d_> orbital. Our observation of real band structure in Fe,N thin films could provide
valuable insight into the properties of anisotropic magnetoresistance and anomalous Nernst effect.
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I. INTRODUCTION

Utilizing the spin degree of freedom of electrons in ma-
terials has been a key approach to realizing highly efficient
spintronic devices. For instance, magnetic random-access
memories and read heads of hard disk drives nowadays incor-
porate magnetic tunnel junctions (MTJs) [1,2], which exhibit
high (low) electrical resistance at the antiparallel (parallel)
magnetic configurations of two ferromagnetic layers. The
tunneling magnetoresistance (TMR) ratio, i.e., the resistance
change in such two configurations, is determined by the spin
polarization of the density of states at the Fermi level (Ppos).
Consequently, numerous studies have been conducted to de-
velop ferromagnetic materials with a substantial Ppos.

However, the recent trend is moving toward more ad-
vanced functionalities, driving the development of spintronic
devices such as logic-in memories [3] and spin-torque nano-
oscillators [4]. Under these circumstances, various approaches
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are being explored to realize these devices, going beyond
the existing concept of high Ppos. An encouraging approach
to address this issue is the implementation of antiperovskite
transition metal nitride systems [5]. These materials possess
a perovskite crystal structure denoted as ANB;, where A
and B represent various 3d transition metals, such as Mn,
Fe, and Co. The preferential sites of A and B correspond
to the corner and face center of the unit cells, respectively,
while N is ordered at the octahedral center in the sublattice
of B as an interstitial impurity, due to its smaller atomic
radius compared to atoms A and B. A variety of tunable
physical properties has been reported in many systems with
ANBj; so far [5-8]. Among these systems, Fe4N (A = B = Fe)
[Fig. 1(b)] displays ferromagnetism with a Curie temperature
of 760 K and various spin-transport properties attributed to
its perfect spin polarization with a negative sign, as predicted
by Kokado et al. [9]. Epitaxial thin films of Fe4N can be
grown via molecular-beam epitaxy [10-12] and sputtering
techniques [13-20], making it a material of considerable in-
terest for magnetic and spintronic applications. In particular,
the inverse properties, where high (low) electrical resistance
is observed for parallel (antiparallel) magnetization config-
urations between the magnetic free and pinned layers, have
been demonstrated in MTJs with FesN electrodes [21]. This
phenomenon is referred to as the inverse-TMR effect, which
has been drastically enhanced by using the Cu underlayer
on the Si substrate [22]. Such an enhanced inverse-TMR
ratio could lead to a practical device based on the phe-
nomenon of inverse current-induced magnetization switching

Published by the American Physical Society
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FIG. 1. (a) Geometry of Fe4N thin film on MgO substrate with sample holder for ARPES experiment. (b) Crystal structure and (c) Brillouin
zone of Fe,N. (d) Out-of-plane x-ray diffraction profiles and (d) rocking curve of Fe4N thin film. (f) ARPES measurement geometry. Here, 6,
¢, and o denote polar, tilt, and azimuthal angles, respectively. ARPES E-k; frame of Fe,;N thin film acquired at hv = 85 eV [panel (g)] and
120 eV [panel (j)]. Calculated minority- [majority-] spin band structure along (h) [(i)] M-I"-M and (k) [(1)] R-X-R lines. The calculated band
structures are rigidly shifted downward by 0.2 eV to account for hole doping.
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[23]. Furthermore, Fe4N thin films have exhibited a variety
of unusual and intriguing device-related properties, such as
inverse current-perpendicular-to-plane giant magnetoresis-
tance (CPP-GMR) [24], large negative anisotropic magne-
toresistance (AMR) with a characteristic fourfold symmetry
[25], and a sizable anomalous Nernst effect (ANE) [26,27]. In
addition, the anomalous Hall effect in Fe4N shows a strong
temperature dependence, further highlighting the unique and
complex transport behavior of this material [28]. Various char-
acteristic transport and thermoelectric phenomena observed
in Fe4N are believed to be associated with its minority-spin-
dominated electronic band structure; however, spin-resolved
electronic bands have not yet been experimentally observed.
In this respect, it is crucial to experimentally elucidate the
band dispersions and their symmetries of Fe4N, as this would
facilitate a better understanding of electron transport phe-
nomena and open up opportunities for the development of
materials with enhanced functionality.

Angle-resolved photoelectron spectroscopy (ARPES) is
a powerful experimental technique that enables the visual-
ization of the band structure of materials. However, when
employing conventional light sources in the vacuum ultra-
violet region, ARPES exhibits high surface sensitivity due
to the short mean free path of photoelectrons. As a con-
sequence, this experimental method is typically applied to
materials with cleavage planes, such as layered superconduc-
tors and transition metal chalcogenides [29]. On the other
hand, for nonlayered materials, ARPES has been restricted to
elemental crystals for which surface-cleaning procedures have
been established. The surface cleaning of multielement com-
pounds presents challenges since sputtering and annealing
procedures have element-dependent sputtering rates, which
can alter surface stoichiometry. Therefore, the ARPES on
bulk crystals of Fe4sN remains a challenge due to the lack
of an established surface-cleaning procedure. To address this
issue, we employed thin-film samples of Fe4N grown on MgO
substrates and loaded them into the ARPES experimental
setup without breaking the vacuum, utilizing an ultrahigh-
vacuum suitcase. In this article, we successfully observed
bulk-driven band dispersions using ARPES with synchrotron
radiation. Spin-resolved measurements revealed that most of
the observed bands are of minority spin. The experimen-
tal results are reasonably well reproduced by first-principles
calculations. Our findings may provide insights into the char-
acteristic transport and thermoelectric phenomena observed
in Fe4N.

II. EXPERIMENTAL

Using a reactive magnetron nitride sputtering technique,
a 42-nm-thick y’-Fe4N epitaxial film was deposited on a
MgO(001) substrate at a substrate temperature of 450 °C at the
National Institute of Materials Science. Electrodes consisting
of Cr/Ag/Cr thick multilayers were formed between the MgO
substrate and the FeyN film for the ground connection, as
shown in Fig. 1(a). The possible crystal structure is depicted
in Fig. 1(b), indicating an antiperovskite structure with three
sublattices: the corner Fe [Fe(I)], face-center Fe [Fe(Il)], and
body-center N [30]. The structural analysis was performed by
x-ray diffraction (XRD).

ARPES and spin-ARPES measurements were conducted
using synchrotron radiation at incident photon energies of
80-120 and 50-119 eV, respectively, at BL-7 and BL-9B of
Research Institute for Synchrotron Radiation Science. The
analysis of the photoelectron spin polarization was performed
using a very-low-energy electron diffraction (VLEED)-type
spin detector, with an effective Sherman function of 0.3,
which was determined by a standard Bi thin film prior to
the measurement [31-33]. After transportation from the vac-
uum suitcase, thin-film samples were postannealed at 400 °C
for 30-60 min in an ultrahigh vacuum. The maintenance
of stoichiometry in the samples was confirmed by Auger
electron spectroscopy, and clean and well-ordered surfaces
were validated by clear 1 x 1 low-energy electron diffraction
(LEED) spots. The photoelectron spin polarization (P) was
estimated from the measured intensity asymmetry A = (/T —
I7)/(IT +17) with the effective Sherman function (Seg)
through the relation P = A/S.sr, where It (I7) represents the
reflected electron intensity at the positively (negatively) mag-
netized Fe target of the spin detector. See the Supplemental
Material [34] for further details of the experimental proce-
dures, surface characterization, and computational methods.

III. RESULTS AND DISCUSSION

Figure 1(d) shows the out-of-plane XRD profile for the
FeyN film. Two diffraction peaks were observed at 20 /w =~
23.4° and 47.8°, which originate from the Fe4N(100) super-
lattice and Fe4N(200) fundamental lattice, respectively. The
XRD intensity for both peaks was evaluated by fitting with the
pseudo-Voigt function, following the same procedure as in our
previous study [35]. The degree of order of Fe and N was esti-
mated to be 0.78, suggesting an agreement with previous stud-
ies. Figure 1(e) shows the rocking curve for the (200) plane.
The full width at half maximum was evaluated to be 1.1°,
indicating that the deviation of the crystal orientation along
the perpendicular direction to the film plane was small [36].

Electronic energy dispersions were experimentally ob-
tained along the [110] direction in the incident photon energy
(hv) range of 80-120 eV with a 5 eV increment between
each step. It corresponds to the energy dispersions on the
I'MRX plane of the Brillouin zone [Fig. 1(c)], where the
ARPES geometry is shown in Fig. 1(f). In Figs. 1(g) and 1(j),
selected energy ARPES images in the E-kj frame acquired
at hv = 85 and 120 eV are presented. The images demon-
strate a parabolic energy dispersion that exhibits an energy
minimum near the zone center (k; =0 A~') and measures
approximately —2.8 eV from the Fermi level (Ep) (feature
B). One can see a pair of steep energy dispersions spanning
the energy range from —2.0 to —1.3 eV (B;). In the vicinity of
the Er and kj = 0 A~! of the image at v = 85 eV, there are
two parabolic dispersions, one downward (B3) and the other
upward (By), which touch at —0.2 eV and k; = 0 A~!. Addi-
tionally, at k) = 1.2 A‘l, a small electron pocket (Bs) and a
steep dispersion intersecting the Er (Bg) are observed near the
zone boundary. At hv = 120 eV, a different feature is notice-
able, as the upward dispersion observed at 85 eV diminishes,
while the downward dispersion is still visible (B7), exhibiting
an oscillation as depicted in Fig. 1(j). A small electron pocket
labeled Bg is seen at the zone boundary (kj = 1.2 A’l). By
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FIG. 2. (a) ARPES snapshot and (c) its spin polarization map in E-k; frame of Fe4N thin film acquired at hv = 85 eV. (b) Spin-resolved
energy distribution curves in majority-spin (red) and minority-spin (blue) channels along several k; cuts (numbered 1-11) displayed in

panel (a).

comparing the experimentally observed ARPES energy dis-
persions with the calculated band structures [Figs. 1(h), 1(1),
1(k), and 1(1)], we find that the experimentally observed pair
of downward and upward energy dispersions at hv = 85 eV
[B; and B4 in Fig. 1(g)] is well reproduced in the calcu-
lation for the minoriy-spin channel along the M-I"-M line
as shown with thick green curves in Fig. 1(h). The calcula-
tion also shows two electron pockets crossing Ep near the
M point, with one that corresponds to the observed ARPES
result at v = 85 eV [Bs in Fig. 1(h)]. The calculated energy
dispersions in the minority-spin channel along the R-X-R
line [Fig. 1(k)] also show only downward dispersions around
the X point, consistent with the experimental result at hv =
120 eV. The good correspondence between experiment and
theory allows us to conclude that the ARPES results taken
at hv = 85 and 120 eV trace the electronic states at k, = 0
and 7 /a (a is the lattice constant of Fe4N), respectively. It
should be noted here that none of the calculated majority-spin
dispersions in Figs. 1(i) and 1(l) match with the experimen-
tally observed band dispersions in Figs. 1(g) and 1(j). It is
noted that some of the calculated bands are not clearly ob-
served in the experimental spectra, which can be attributed
to photoemission matrix-element effects, k, broadening, and
spin-dependent spectral-weight redistribution. Similar situ-
ations have been discussed in previous ARPES studies of
magnetic and correlated materials, where the overall topology
of the electronic structure can still be reliably interpreted
even when some calculated bands are not clearly observed
in the experimental spectra [37-40]. Nevertheless, the overall
topology and connectivity of the minority-spin bands are well
reproduced by the calculations. The majority-spin spectra ap-

pear to be substantially broadened due to the shorter lifetime
of majority-spin holes compared to their minority-spin coun-
terparts [41], making experimental identification difficult.

To further confirm the spin characteristics of the observed
ARPES energy dispersions in Figs. 1(g) and 1(j) by
experiments, we conducted the spin-ARPES measurements.
Figures 2(a) and 2(b) display the ARPES image at 85 eV
and the spin-resolved energy distribution curves (EDCs)
along several kj cuts (1-11) denoted with dashed lines
in Fig. 2(a). On the ARPES image in Fig. 2(a), the local
intensity maxima of the majority- and minority-spin EDCs
are indicated by red and light blue open circles, respectively.
It is noticed from cut 1 (k; = —0.5 A~") in Fig. 2(b) that
two peak structures are present at E — Er = 0 and —0.4 eV
in the minority-spin channel, whereas the majority-spin
EDC is relatively featureless. The peak at —0.4 eV in the
minority-spin channel approaches toward Ep as the cut moves
from 1 (ky = —0.5 A=) to 2 (k; = —0.2 A~") and ultimately
merges with the peak at Eg in cut 3 (k; = 0 A~") as indicated
by the arrows. The intensity of the minority-spin peak at
Er increases from cut 1 to cut 3. These results indicate that
the observed downward and upward parabolic dispersions
that touch at the zone center [B; and B4 in Fig. 1(h)] have
minority-spin characteristics. It is also found that the flat
band (Bs) and the steeply dispersing band (Bg) near the zone
boundary (kj = 1.2 A~1) exhibit minority-spin character,
as evidenced by the corresponding plots in Fig. 2(a). A
spin-polarization image in the ARPES E-k; frame is shown
in Fig. 2(c), where positive spin polarization is observed in a
wide range of the frame. The predominance of positive spin
polarization is mainly due to the positively spin-polarized
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energy surfaces from E — Er = 0 to —0.78 eV.

secondary electron background typically observed in
ferromagnets [42]. The featureless majority-spin spectra
are again consistent with the shorter hole lifetime in the
majority-spin channel compared to that in the minority-spin
counterpart. On the other hand, negative spin polarization
dominates in the vicinity of Eg, which is consistent with the
spin-polarized EDCs, where most of the observed ARPES
energy dispersions are assigned to the minority-spin bands.
Moving on to the experimental E-k dispersion taken at
hv = 118 eV along the [010] (M-X-M) line, as shown in
Fig. 3(a), we observe W-shaped energy dispersion that reaches
an energy minimum (maximum) at the M (X) point. Fig-
ures 3(b)-3(g) display the constant energy slices. At E —
Er = 0 eV, a square-shaped pattern is observed in the center.
AtE — Er = —0.24 and —0.32 eV, we find a diamond-shaped
pattern surrounding the central X point, as well as a fourfold
symmetric pattern with some intensity near the four corner R
points. As the energy decreases, the central diamond-shaped
pattern increases in size and evolves into a circular-shaped
pattern, as seen in Figs. 3(f) and 3(g). These features are
reasonably reproduced with the minority-spin part of the cal-
culated constant energy contour as shown in Figs. 3(h)-3(m).
Henceforth, we gain a better understanding of the orbital
properties of each energy dispersion that intersects Er, which
likely contributes to various electron conductivity phenomena.
A depiction of Fe 3d orbital-specific energy dispersions in
the minority-spin channel is shown in Fig. 4. Fe 3d electrons
have a photoionization cross section approximately 35 times
greater than that of N 2p electrons and 83 times larger than
that of Fe 4p electrons at hv = 100 eV [43]. As a result, the
observed ARPES energy dispersions stem mostly from Fe 3d
orbitals. To deduce orbital components for ARPES energy
dispersions along the M-X-M line, we consider the dipole
selection rule for the p polarization of the incident photon. The
feasible options for observable Fe 3d orbitals can be narrowed
down to three (dy_y, dp, and d . orbitals), all of which
have even parity with respect to the xz mirror coinciding
with the measurement plane spanned by photon propagation
and photoelectron emission vectors as schematically shown in
the upper part of Fig. 4(c). The W-shaped energy dispersion
near Ep along the M-X-M line observed in Fig. 3(a) is now

interpreted to be mostly composed of the d,>_,» orbital (eg)
as shown in Fig. 4(a). Along the M-I"-M line, the observable
Fe 3d orbitals are d» and d,, as schematically depicted in the
lower part of Fig. 4(c). By comparing the theoretical results
shown in Fig. 4(b) with the experimental data in Fig. 1(g),
it becomes clear that the deeper-lying states, such as B; and
B, can be readily assigned to the d. and d,, orbitals, re-
spectively. The characteristic pair of downward and upward
parabolic bands close to the I point, which correspond to the
features Bz and B, in the ARPES image at hv = 85¢eV in
Fig. 1(h), is thought to be mostly composed of the d,, orbital,
while the electron pockets at the M point (Bs) with a flat
bottom are contributed by the d,» orbital [see Fig. 4(b)]. See
the Supplemental Material [34] for additional orbital-resolved
band-structure analysis.

The spin polarization of conduction electron is predicted to
be P, = % = —1.0, where o1 represents the conduc-
tivity of the majority- (minority-) spin channel. Notably, the
component of 3d minority spin dominates the entire conduc-
tivity, which is a specific characteristic of Fe4N [9]. Since all
the observed bands intersecting Er are of minority-spin origin
as exemplified by the EDCs for cut 2 and/or cut 3 [Fig. 3(b)],
the perfectly spin-polarized nature of conduction electrons
is strongly supported. Additionally, most of the observed
ARPES energy dispersions primarily originate from the 3d
orbitals of Fe, as inferred from the dispersion in Fig. 4. This
can be understood through the present spin-resolved ARPES
results, compared with first-principles calculations.

Hence, we conclude that the predicted 3d minority-spin
conduction in Fe4N can be supported by the results of ARPES
in this study. A spin polarization value of P, = —1.0 holds the
promise of enhanced and inverse output in the CPP-GMR spin
valves. The inverse CPP-GMR effect was thus demonstrated
in the Fe,N/Ag/Fe spin valves by Li et al., which can be
attributed to the combined effects of negative P, in FesN
and positive P, in Fe [24]. Nonetheless, the magnitude of
the CPP-GMR ratio does not fully reflect the potential of
P, = —1.0. According to the CPP-GMR origin [44], not only
the spin-asymmetry coefficient at a bulk 8 (related to P,) but
also that at an interface y play arole in boosting the magnitude
of CPP-GMR ratio. Considering the electron flow from the
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Fe4N layer to the Fe layer in the Fe,N/Ag/Fe spin valve, for
example, 3d minority spin flips at the interface between FesN
and Ag spacer because of the less d-band state at the Er of Ag,
resulting in the suppression of y. Consequently, the overall
CPP-GMR ratio is suppressed no matter how large g in the
F64N.

Second, concerning the anisotropic ANE in the FesN thin
film, the in-plane ANE voltage along the [110] direction was
observed to be larger than that along the [100] direction
[26]. Upon examining the constant energy surfaces at Fp =
0 to — 0.4 eV [Fig. 3(b)], a distinctive diamond-shaped pat-
tern is noticeable around the X point, coupled with a fourfold

symmetrical pattern showing some intensity near the four R
points. This offers one possible qualitative explanation for the
in-plane anisotropic ANE. On the other hand, the diamond-
shaped pattern near the Er evolves into a circular shape at
—0.58 and —0.78 eV [Figs. 3(f) and 3(g)], indicating the
potential for controlling anisotropy in transport phenomena.
We thus infer that the in-plane anisotropic ANE could be
efficiently changed by tunning of Ep through the electron/hole
doping and/or crystal strains.

Finally, we attempt to clarify a relation between the afore-
mentioned orbital analysis and the observed negative-AMR
effects in Fe4N. The negative-AMR ratio of FesN thin film
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exhibits a pronounced enhancement at temperatures below
~50 K, coinciding with the emergence of a fourfold symmet-
ric component (Cyp) in the in-plane field-angular dependence
[25]. According to the extended two-current model, which
incorporates s-d scattering [45], the origin of Cs can be
elucidated through the splitting of 3d orbitals into five differ-
ent orbitals, denoted as (d,2, d,2_,2) and (dyy, dy., d;), brought
about by the discernible crystal field effect at low tempera-
tures. Our orbital analysis, as presented in Fig. 4, uncovers
contributions from both the d,; and the d» and d>_ to the
bands intersecting the Er. Therefore, we can confirm that the
drastic enhancement in the negative-AMR ratio of FesN is
linked to these orbitals. To gain a more in-depth understanding
of this phenomenon, a scattering analysis based on the Fermi
surface would be necessary.

IV. CONCLUSION

To summarize, we employed the ARPES technique to
investigate the band structure of Fe4N thin films on MgO sub-
strates using an ultra-high vacuum suitcase. Our observations
revealed distinct energy dispersions along the M-I"-M line,
encompassing both upward and downward energy dispersions
converging at the I' point, as well as electron pockets near
the M point. Spin-resolved analysis indicated that most of
the bands intersecting Er consist of minority spins, which ac-

counts for the inverse TMR and negative AMR. The in-depth
orbital analysis of the band structure demonstrates that the pair
of parabolic bands near the I" point is primarily composed
of d,, orbitals, while the electron pocket with a flat bottom
near the M point is mainly comprised of d,» orbitals. These
findings may also provide valuable insights into anisotropic
properties observed in phenomena such as anisotropic mag-
netoresistance and the anisotropic anomalous Nernst effect.
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