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We performed x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) measurements at Fe L, 3 and N K-edges for Fe4N epitaxial films grown by molecular
beam epitaxy. In order to clarify the element specific local electronic structure of Fe,N, we com-
pared experimentally obtained XAS and XMCD spectra with those simulated by a combination of
a first-principles calculation and Fermi’s golden rule. We revealed that the shoulders observed at
Fe L, 3-edges in the XAS and XMCD spectra were due to the electric dipole transition from the Fe
2p core-level to the hybridization state generated by ¢* anti-bonding between the orbitals of N 2p
at the body-centered site and Fe 3d on the face-centered (II) sites. Thus, the observed shoulders
were attributed to the local electronic structure of Fe atoms at II sites. As to the N K-edge, the line
shape of the obtained spectra was explained by the dipole transition from the N ls core-level to the
hybridization state formed by n* and ¢* anti-bondings between the Fe 3d and N 2p orbitals. This
hybridization plays an important role in featuring the electronic structures and physical properties

of Fe,N. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921431]

I. INTRODUCTION

Anti-perovskite type transition metal ferromagnetic
nitrides such as Fe4,N and MnyN were subjected to extensive
study in order to apply them to novel magnetic devices over
the past decades.'™ Figure 1 shows the crystalline structure of
anti-perovskite type nitrides. One N atom is located at the
body center of face-centered cubic lattice composed of transi-
tion metals. Here, we define the corner and face-centered
atomic sites as I and II sites, respectively. In anti-perovskite
type transition metal ferromagnetic nitrides, II sites are further
divided into ITA and IIB sites representing the inequivalent
features of the electronic structure related to the band hybrid-
ization with the N atom. The Curie temperature of Fe,N was
reported to be 767 K,' which signifies that its ferromagnetism
is thermodynamically stable. There are several reports on the
epitaxial growth of Fe,;N films on MgO(OOl)f”g’lO SrTiO5
(STO)(001),”1° LaAlO;(LAO)001),>'* and Cu(001)® sub-
strates. Kokado et al. calculated the spin-dependent electrical
conductivity of Fe4N by a combination of the first-principles,
tight-binding calculation, and the Kubo formula.'' Tt predicts
that, while the spin-polarization of the density of states (Pp) at
the Fermi level (EF) of Fe,N to be —0.6, the spin-polarization
of electrical conductivity (P,) to be —1.0. Thereby, Fe,N is
regarded as a promising material for spintronics applications.
Here, the incorporated N atoms are considered to play an im-
portant role in generating high-spin polarization. Such a large
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magnitude of the negative spin-polarization at Er in FeyN is
theoretically attributed to the band hybridization between the
orbitals of Fe 4sp at II sites and N 2sp."" This hybridization
eventually leads to a dominant contribution of Fe 3d states
around Epr because Fe 4sp states are pushed above Fe 3d
states.'! Point contact Andreev reflection experiment for the
Fe,N films on MgO(001) showed that the measured spin
polarization |P,| was larger for FeyN than for o-Fe.'?
Furthermore, spin-resolved photoemission spectroscopy study
revealed the negative Pp near Ex for Fe,N films on STO(001)
substrate.'® Recently, a negative anisotropic magnetoresist-
ance (AMR) effect was reported for Fe,N films.'*'¢ To clar-
ify the observed AMR, Kokado et al. performed a model
calculation and exhibited relationship between the sign of
AMR signals and dominant s-d scattering process in ferro-
magnetic materials.'” Here, s and d represent general conduc-
tive and localized electrons, respectively. As mentioned
above, the Fe 3d electrons are expected to mainly contribute
to the electrical transport in Fe,N.'! Following this model cal-
culation, the negative AMR effect in Fe,N was explained by
dominant s-d scattering process of 5| — d|, and attributed to
both negative P, and P,.!” A lot of other physical phenomena
reported for Fe,N such as an inverse tunneling magnetoresist-
ance effect,18 an inverse current induced magnetization
switching,'? and a high-efficiency spin pumping can track
back to the negative spin-polarization at Er. Making good use
of negative spin-polarization in materials will further develop
novel spintronics devices.

© 2015 AIP Publishing LLC
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FIG. 1. Lattice structure of Fe,N. II sites are distinguished by IIA and IIB
sites due to the inequivalent features of the electronic structure related to the
band hybridization with the N atom.

In order to unravel the underlying physics of such exotic
magnetic properties, where the negative spin-polarization at
Er should play an important role, the site-resolved N 2sp and
Fe 3d states need to be clarified. X-ray absorption spectros-
copy (XAS) and x-ray magnetic circular dichroism (XMCD)
are useful techniques that provide key information on the
element specific electronic structures of the constituent ele-
ments in the material since core-level excitation energies can
be tuned. Here, the Fermi’s golden rule with electric dipole
(E1) transitions allows us to determine the density of unoc-
cupied electronic states in an element- and orbital-selective
way. One can also clarify the element specific spin (mpin)
and orbital magnetic moments (71,,,) from the XMCD spec-
tra using a well-known sum rule.’’** These XAS and
XMCD techniques were applied to Fe,N epitaxial films.***>
In our previous report, site-averaged mg,i, and me, per Fe
atom were evaluated to be 1.87 and 0.19 ug, respectively,
and Mo/Mgpin value was 0.10 by XMCD measurements for
Fe L, s-edges of Au/Fe,N/LAO(001) at 300 K. However,
the site-specific electronic states of inequivalent Fe I and II
sites as well as N sites are yet to be resolved. In this study,
we compared the experimental XAS and XMCD spectra
acquired at Fe L, ;3 and N K-edges of Fe,N films with those
calculated theoretically, and clarified the element specific
local electronic structure in Fe4,N. To our knowledge, there
have been no reports thus far on the theoretical calculation
for XAS and XMCD spectra at Fe L, 3-edge of Fe,N. There
is only one report on the line shapes of the XAS and XMCD
spectra at N K-edge of Fe,N calculated by the first-principles
using FEFF code.?® However, a comparison with experimen-
tal results is yet to seek.

Il. EXPERIMENT

XAS and XMCD measurements were performed on Fe
L,5; and N K-edges of epitaxially grown Au(3 nm)/FesN
(10nm)/LAO(001) (sample A) and Fe,N(20 nm)/STO(001)
(sample B) by molecular beam epitaxy (MBE).>* We con-
firmed epitaxial growth of FeyN layers in both samples A
and B by reflection high-energy electron diffraction and out-
of-plane x-ray diffraction. Though the substrates and layer
thicknesses of Fey;N were different between samples A and
B, the FeyN films thicker than 10nm are almost relaxed,'’
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and thereby there is no difference in the degree of lattice
strain between these two samples. After growth of the Fe,N
layer in sample A, a 3-nm-thick Au capping layer was subse-
quently deposited in the same MBE chamber. In contrast, we
did not put the capping layer on sample B in order to mini-
mize a loss of the weak XMCD signals of N K-edge. XAS
and XMCD measurements by the total electron yield method
were performed at the twin helical undulator beamline
BL23SU of SPring-8 in Japan.”’ Circularly polarized soft
x-rays were incident perpendicular to the film surface.
External magnetic fields (H) of =3 T were applied perpen-
dicular to the film surface during Fe L,3;-edges measure-
ments at 300K. 3T was enough to saturate the sample
magnetization. XAS and XMCD spectra of N K-edge were
measured at 100 K under H = =6 T. We used averaged spec-
tra for analysis to ensure the accuracy of the measurement.

lll. CALCULATION

XAS and XMCD spectra at Fe L, 3 and N K-edges of
Fe,N were simulated by a combination of the first-principles
calculation using the all-electron full-potential linearized
augmented-plane-wave method and Fermi’s golden rule with
El transitions. Self-consistent-field calculations were per-
formed with the scalar relativistic scheme plus the spin-orbit
coupling in the second variation at every iteration. Some
more details of the methods were described in the previous
paper.”® The magnetization axis is assumed to be the
Fe,N[001] direction. Accordingly, the Fe IIA and IIB sites
(see Fig. 1) become inequivalent in the E1 transitions.

IV. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the experimental XAS and
XMCD spectra, respectively, at Fe L, 3-edges of the Fe,N
layer in sample A. We can clearly see the main peak struc-
ture at photon energies of 707.8 eV for Fe L3- and 720.8 eV
for Fe L,-edges. The shoulders, denoted by arrows in Figs.
2(a) and 2(b), were observed at a photon energy of approxi-
mately 3 eV above the main peaks. Note that such shoulders
observed in XAS and XMCD spectra of some metallic ferro-
magnetic systems have been successfully explained by unoc-
cupied single-particle density of states.”” One may anticipate
that similar satellites and shoulders of the spectra appear due
to the final state multiples caused by the local electrostatic
coupling between a created core hole and d holes of the
outer-shell. However, such final state multiplets are not
likely in the present case because the photo-induced excited
electrons cannot stay at the same atomic site due to the
strong itinerancy of d electrons.

In order to clarify the origin of these line shapes, we
obtained the density of states of Fe,N by the first-principles
calculation. Figure 3 shows the calculated spin- and orbital-
resolved partial densities of states (p-DOSs) in Fe,N. The
left and right columns show the p-DOSs of majority and mi-
nority spins, respectively. The site-averaged mgpin and nigr,
per Fe atom in Fe,N are calculated to be 2.45 and 0.06 ug,
respectively. These values are very close to those of reported
calculation values.” However, the calculated n,,, of 0.06 Us
is much smaller than the experimental m,y4, of 0.19 ug, and
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FIG. 2. Experimentally obtained (a) XAS and (b) XMCD spectra at Fe L, 5-
edges of the FeyN film.

the calculated mopu,/mgpi, Tatio is 0.06/2.45 = 0.024, which is
lower than that of the experimental value of 0.10. The under-
estimation of m,y, is attributed to the underestimated orbital
polarization in the framework of a local density approxima-
tion.>° Figures 3(a) and 3(b) exhibit the p-DOSs of N 2p, and
Figs. 3(c)-3(h) show those of Fe 3d orbitals for each Fe site.
Here, we pay attention to the four peaks at —8 eV (a), —6 eV
(b), —0.5¢eV (c), and 3eV(d) in Fig. 3(a). In the p-DOSs of
Fe 3d orbital at II sites in Figs. 3(c) and 3(e), we can see the
peak structures at the same energies as peaks a-d in

J. Appl. Phys. 117, 193906 (2015)

Fig. 3(a). In contrast, there are no peaks at those energies in
the p-DOSs of Fe 3d orbital at I sites in Fig. 3(g), where Fe
atoms are separated from the N atom. This indicates that
peaks a-d correspond to the states caused by the band hybrid-
ization between the orbitals of Fe 3d at II sites and N 2p. We
find that these peaks a-d are electronic states generated by o,
7 bondings, and n*, ¢* anti-bondings, respectively, between
these orbitals. The ¢ (6*) bonding (anti-bonding) is formed
by Fe 3d._,» and N 2p, orbitals, and the n (7*) bonding
(anti-bonding) by Fe 3d,., Fe 3d.,, and N 2p. orbitals. There
are electronic states at approximately 3 eV above Ef in the p-
DOSs, denoted by arrows in Figs. 3(c) and 3(e), formed by
the ¢* anti-bonding. On the other hand, there is no electronic
state at this energy in the p-DOSs of Fe 3d orbital at I sites in
Fig. 3(g). We can also apply the same explanations to the mi-
nority spin’s p-DOSs in Figs. 3(b), 3(d), 3(f), and 3(h).

Next, we calculated the XAS and XMCD spectra at Fe
L,5; and N K-edges of FesN by applying these calculated
p-DOSs of FeyN into Fermi’s golden rule. Figures 4(a)—4(d)
display the calculated total XAS, partial XAS, total XMCD,
and partial XMCD spectra, respectively. In Figs. 4(b) and
4(d), red, green, and blue lines correspond to the spectra cal-
culated from the p-DOSs of Fe atoms located at I, IIA, and
IIB sites, respectively. The horizontal axis (photon energy)
of the calculated spectra (Fig. 4) is different from that of the
experimental ones (Fig. 2), which is mostly due to an incapa-
bility of reproducing accurate binding energy of Fe 2p orbital
as an initial state of the electric dipole transition. We notice
that the calculated total XAS and XMCD spectra shown in
Figs. 4(a) and 4(c) well explain the line shapes of the experi-
mental results shown in Figs. 2(a) and 2(b), respectively. In
particular, the shoulders observed above the main peak struc-
tures are theoretically reproduced. In contrast, these should-
ers are missing for Fe atoms at I sites [red line in Fig. 4(b)].
Since the Fe atoms at I sites are farther from the N atom than
those at II sites, their localized feature should be pronounced.
On the other hand, we can clearly see the shoulders in the

(a) N 2p up{(b) N 2p down
L . 1 1
L b 4
T 1(c) IIA Fe 3d up IIA Fe 3d down
S| 1 1
£
I
n
..g ~ . " . FIG. 3. Calculated projected DOSs on
n IB Fe 3d up IIB Fe 3d down F§ 3dvand N ZR states of the majority and
S L 1 ] minority spins in Fe,N when the magnet-
2 ization points to the [001] direction.
2 L
o)
D -
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simulated partial XAS spectra of Fe atoms at II sites [green
and blue lines in Fig. 4(b)]. These shoulders are attributed to
the dipole transition from the Fe 2p core-level to the state
generated by the band hybridization between the orbitals of
Fe 3d at II sites and N 2p shown by arrows in the p-DOSs of
Figs. 3(c)-3(f). Thus, we conclude that the shoulders shown
in Fig. 2(a) reflect the local electronic states of Fe atoms
located at II sites. These shoulders were also observed in the
XAS spectra at Fe L,3-edges of Fe,N epitaxial films on
Cu(001) substrates measured by in situ XMCD measure-
ments,” and thereby they are due to intrinsic electronic
structures of Fe,N. We performed the calculation on Co4N
in the same way as that for Fe,N, and found that the should-
ers appeared in the XAS spectrum at Co L, 3-edges in CosN
by the same mechanism as in Fe,N. We experimentally
observed the shoulders in the XAS spectra at Co L, 3-edges
of CoyN films*'*2 as well as at Fe and Co L, 5-edges of
CosFeN films.?>*? We think that these local electronic struc-
tures are characteristic of anti-perovskite type ferromagnetic
nitrides such as Fe4N, Co4N, and their alloys. As to CosFeN
films, the shoulders were observed at both Fe and Co L s-
edges, meaning that both Fe and Co atoms are located at II
sites in the CosFeN lattice.>~* This speculation about Co-Fe
disorder in the CosFeN film is consistent with the site-
averaged myg;, values of Fe and Co atoms in the CosFeN film
deduced from the measured XMCD spectra.”>>2 This trend is
also theoretically supported by the first-principles calculation
showing that Co atoms tend to occupy both the I and IT sites
in CoFe,_,N from the viewpoint of total energy.33 The small
shoulders are observed at Fe L, ;-edges in the XMCD spec-
trum shown in Fig. 2(b) denoted by arrows. These smaller
shoulders than the main peaks are also theoretically repro-
duced as shown in Fig. 4(c). In Fig. 4(c), the calculated
absolute XMCD intensity at Fe L;-edge is almost the same as
that at Fe L,-edge, which is inconsistent with the experimental
XMCD spectrum in Fig. 2(b). This is attributed to the under-
estimation of mgy, in the first-principles calculation as

690

700 710 720 730

Photon energy [eV]

mentioned above.*® By applying the sum rule*'? into the cal-

culated XMCD spectrum in Fig. 4(c), the mou/mpiy ratio was
deduced to be 0.027, which is in good agreement with 714,/
Mgpin=0.024 deduced from the first-principles calculation
results shown in Fig. 3. We now confirm that the underestima-
tion of m,,, is apparently linked to the strong L, XMCD am-
plitude in Fig. 4(c). We note, however, that the spectral line
shapes based on El transition are hardly affected by the
underestimation.

Next, we move on to the N K-edge XAS and XMCD
spectra as depicted in Figs. 5(a) and 5(b), respectively, for
the FeyN layer in sample B. There are four-peak structures
around the main peak at photon energies of 398.0eV (u),
398.5eV (f5), 400.0eV (y), and 401.1eV () in Fig. 5(a). As
one can see in Fig. 5(b), the distinct XMCD spectrum is
observed with the same sign as XMCD signal of Fe L;-edge,
showing that the N 2p orbital of FeyN is spin-polarized. In
Fig. 5(b), the sign of XMCD signal is slightly negative
around 397.5eV, and it became positive near 398.3eV.
Clear negative XMCD signals are observed around peak f.
The XMCD signal is still negative around peak 7, but it
becomes positive again near peak o. Figures 6(a) and 6(b)
display the calculated XAS and XMCD spectra, respectively,
at N K-edges of Fe4N. We can see the three peak structures
labelled as peaks A-C, in Fig. 6(a). The origin of peak A is
explained by the dipole transition from the N 1s core-level to
the hybridization states generated by n* anti-bonding, and
peaks B and C are explained by ¢* anti-bonding between the
orbitals of Fe 34 at II sites and N 2p. Judging from the sign
of XMCD signal, correspondence relationship between
observed and calculated peaks is a-A, -B, and 0-C. We are
able to simulate well the line shape of XAS and XMCD
spectra at N K-edge of FeyN, especially the variation of the
sign of XMCD signal around the main peak structure,
although peak 7y is not reproduced by the calculation, and the
XMCD intensity at peak ¢ is smaller than that at peak C.
Having considered the fact that it is difficult to simulate the



193906-5  lto et al.
T T T T T T T
(a) B Experiment
2} i
Y
7)) o
< 5
3 1t 1
N
©
= N K
—
<}
Z 0 _
0.002 ' } + } ; }

0.000

-0.002

-0.004

Normalized XMCD

-0.006 . ! . L . 1 .
390 400 410 420 430
Photon energy [eV]

FIG. 5. Experimentally obtained (a) XAS and (b) XMCD spectra at N
K-edge of the FeyN film.

accurate line shape of XAS and XMCD signals above the
energy of the N K-edge main peak and the effect of N s
core-hole that might sharpen the lowest energy peak that is
ignored in the calculation,*® it is safe to state that we are able
to explain the local electronic structure of Fe,N by compari-
son of measured XAS and XMCD spectra with those

T
Calculation

XAS [arb. units]

XMCD [arb. units]

370 380 390 400 410
Photon energy [eV]

FIG. 6. Calculated (a) XAS and (b) XMCD spectra at N K-edge of FeyN.
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calculated based on the first-principles and Fermi’s golden
rule. Kokado et al. reported that the transfer integral between
the Fe 3d and N 2sp orbitals is small, and the hybridization
between these orbitals is weak.'' However, our experimental
results indicate that the band hybridization between the Fe
3d and N 2p orbitals has a lot of influence on the electronic
structure of Fe,N. The hysteresis loop of the H dependence
of XMCD intensity measured at N K-edge scales with that at
Fe Ls-edge.®* This might be a strong evidence of the band
hybridization between the Fe 3d and N 2p orbitals. We spec-
ulate that the Fe 3d-N 2p band hybridization was formed by
Fe 4sp orbitals acting as an intermediary between them
because the Fe 4sp orbitals have a large transfer integral with
N 2sp and Fe 3d orbitals."!

V. CONCLUSION

We measured the XAS and XMCD spectra at Fe L, ;
and N K-edges of MBE-grown Fe,N epitaxial films, and
compared their line shapes with those calculated. We found
that the origin of the shoulders observed at Fe L, ;-edges was
due to the dipole transition from the Fe 2p core-level to the
hybridization states formed by ¢* anti-bonding between the
orbitals of Fe 3d at II sites and N 2p. This means that the
shoulders reflect the local electronic structure of Fe atoms at
IT sites. They were also experimentally observed in CosN
and CozFeN films, and thereby we consider that they are the
distinctive feature of Co,Fe, ,N. The main peak structures
of the XAS and XMCD spectra at N K-edge were well
explained by the dipole transition from the N 1s core level to
the hybridization states formed by n* and ¢* anti-bondings
between the orbitals of Fe 34 at II sites and N 2p. We con-
cluded that the band hybridization between these orbitals
plays a critical role in defining the electronic structures and
physical properties of Fe,N.
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