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The structural and magnetic properties of iron nitride thin films on a Cu�001� surface were investigated by
low-energy electron diffraction �LEED�, scanning tunneling microscopy �STM�, x-ray absorption spectroscopy,
and x-ray magnetic circular dichroism �XMCD�. In the STM and LEED observations of 1 and 2 monolayer
�ML� films, the nitride films exhibit p4gm�2�2� reconstructed smooth surfaces without significant amounts of
dislocations or islands. The stoichiometry of the 1 ML film was found to be Fe2N, while that of 2 ML was
Fe4N, consisting of a topmost layer with the Fe2N composition and a second layer containing Fe atoms only.
The XMCD measurements were performed for nitride films up to 4 ML. The angle-dependent XMCD spectra
indicate that the films are ferromagnetic, with easy axes along the surface parallel direction. In addition,
according to the results of the sum-rule analysis, strong magnetic anisotropy appears in the 1 ML film, where
the orbital magnetic moment perpendicular to the surface is almost zero. The total magnetic moment, which is
a combination of the spin and orbital magnetic moments, increases with the increase in film thickness up to 3
ML. The magnetic moment for more than 2 ML is �2.1 �B, which is nearly equal to that of bulk ��-Fe4N of
2.2 �B.
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I. INTRODUCTION

Enhancement and suppression of magnetic moments in
ultrathin films and a change in magnetic anisotropy by ad-
sorption of atoms are attractive issues for surface
magnetism.1–10 These magnetic properties depend on the
kinds of atomic species that are adjacent to a magnetic atom
and the interatomic distance.11–13 It is thus essential to per-
form combined studies with structural and magnetic proper-
ties. In the present study, we focus our attention on iron
modified by nitrogen. Bulk iron nitrides are interesting ma-
terials because of their excellent magnetic properties such as
large saturation magnetization and chemical stability, which
are advantages for applications in magnetic storage devices.
The iron nitride system shows various kinds of phases in a
phase diagram, and the magnetic moments are considerably
different from each other.14,15 Regarding the cubic FeN
phases, the ��-ZnS-type nitride is a nonmagnetic metal,
while the ��-NaCl-type nitride is an antiferromagnet. Ac-
cording to the Mössbauer results for �-Fe2N, the phase is
presumably a very weak itinerant ferromagnet.16 On the
other hand, most of the nitrides on the nitrogen-poor side of
the phase diagram are ferromagnetic. For the ��-Fe16N2
phase, the magnetic moment is expected to be
2.4–3.5 �B.17–19 The uncertainty of the reported magnetic
moments is caused by the difficulty of obtaining a pure bulk
phase of ��-Fe16N2. Besides, the magnetic moment of the
��-Fe4N phase is �2.2 �B, which is almost equal to that of
elemental �-Fe.20

While it is technically difficult to prepare uniform single
crystals of iron nitrides, high-quality epitaxial layers of
��-Fe4N have successfully been grown on a Cu�001� surface
by depositing elemental iron in the presence of a flux of
atomic nitrogen from a radio-frequency plasma source.21,22

In the cubic crystalline structure of ��-Fe4N shown in Fig. 1,

the Fe atoms form an fcc sublattice, while the N atom
is placed at the center of the cubic cell, occupying one of
the four octahedral vacant sites. The lattice parameter of
��-Fe4N is 3.795 Å, which shows a small mismatch with the
lattice constant of Cu�001� �3.615 Å�. According to the
LEED �low-energy electron diffraction� observation com-
bined with Auger electron spectroscopy, the surface of the
film formed on the Cu�001� substrate displays a c�2�2� or
p4gm�2�2� symmetry, depending on the amount of N at-
oms near the surface.22 The c�2�2� phase seems to be
formed with less N, while the p4gm�2�2� phase seem to
requires more N. A more detailed morphology and its elec-
tronic structure were investigated by scanning tunnel micros-
copy �STM�, low-energy ion scattering, and x-ray and ultra-
violet photoelectron spectroscopy.23–25 In addition, magnetic
anisotropy of the films was studied ex situ by vectorial Kerr
magnetometry.26,27 However, the quantitative magnetic prop-
erties of the ultrathin iron nitride films have not been inves-
tigated so far.

In the present study, we investigate the morphology of
iron nitride thin films formed on Cu�001� by LEED, STM,
and x-ray absorption spectroscopy �XAS�, while the mag-
netic properties have been studied by in situ x-ray magnetic
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FIG. 1. �Color online� Crystalline structure of ��-Fe4N. Large
orange and small blue spheres represent Fe and N atoms, respec-
tively. The center and right panels show the two different planes
along the �001� direction.
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circular dichroism �XMCD� measurements. The STM obser-
vation shows that the 1–2 monolayer �ML� iron nitride films
provide smooth surfaces without significant dislocations or
islands. The structures of films are determined quantitatively
by the tensor LEED analysis for I-V curves. The results elu-
cidate that the surface of the 1 ML film is reconstructed to
p4gm�2�2� and that its composition ratio of Fe and N is
2:1. In the case of a 2 ML film, the topmost layer shows a
p4gm�2�2� structure with the Fe2N composition similar to
the 1 ML film, while the second layer consists of a pure Fe
layer epitaxially grown on Cu�001�. Thus, the composition
ratio of the 2 ML film is Fe:N=4:1 altogether and its struc-
ture corresponds to one period of ��-Fe4N crystalline struc-
ture along the �001� direction. The XMCD measurements
indicate that these iron nitride films are ferromagnetic with
easy axes along the surface parallel direction. The spin and
orbital magnetic moments are evaluated directly using the
spin and orbital sum-rules.28,29 Large magnetic anisotropy is
observed in the 1 ML film, where the orbital magnetic mo-
ment perpendicular to the surface is almost zero due to
strong chemical bonding between Fe and N atoms located
almost within the same surface plane. The magnetic moment
increases with the film thickness, and for 3 and 4 ML it is
almost equal to that of bulk ��-Fe4N.

II. EXPERIMENTS

The STM, LEED, XAS, and XMCD measurements were
performed in two independent ultrahigh vacuum �UHV�
chambers with the same sample preparation condition. A
Cu�001� single crystal was cleaned by Ar+ ion sputtering and
900 K annealing cycles in the UHV chamber with a base
pressure of �1�10−10 Torr. The iron nitride films were pre-
pared in the following steps. The clean Cu�001� surface was
exposed to low-energy ��150 eV� N+ bombardment with a
pressure of 5�10−8 Torr at room temperature �RT� for 15
min. 1 ML Fe �99.99%� was subsequently deposited on the
N-adsorbed Cu�001� substrate at RT from an electron-beam
evaporator. Finally, the 1 ML iron nitride film was formed
after annealing the sample in UHV at 720 K for 10 min. This
process was repeated for more than 1 ML. Note that one
monolayer is defined as an atomic concentration of Fe of
1.53�1015 atom /cm2, which corresponds to the atomic den-
sity of the Cu�001� surface, and that the Fe thickness was
calibrated using the reflection high-energy electron diffrac-
tion oscillation observed in Fe deposition on clean Cu�001�.5

The structure of the film surface was observed by STM
with an electrochemically etched tungsten tip. All STM im-
age were taken in a constant-current mode at RT. LEED
patterns for the I-V measurements were recorded by a
computer-controlled CCD camera at the sample temperature
of 100 K. A Barbieri/Van Hove symmetrized automated ten-
sor LEED package30 was used to simulate I-V curves for
structure models. The surface structure model was optimized
by minimizing the Pendry R factor �Rp�.31

The in situ Fe L-edge XAS and XMCD measurements
were performed at the bending magnet station BL 4B at
UVSOR-II.32 The XMCD measurement system with a split
superconducting magnet �maximum magnetic field of �7 T�

was reported in Ref. 33 in detail. The XAS and XMCD spec-
tra were recorded with a total electron yield mode by detect-
ing a drain current from the sample at a temperature of 5 K.
The circular polarization factor was estimated to be Pc
=0.57, and the XMCD spectra were taken by switching the
magnetic field H, leaving the x-ray helicity unchanged. The
angular dependence of the XMCD spectra was examined at
the x-ray incidence polar angles �=0° �normal x-ray inci-
dence� and �=55° �grazing x-ray incidence�. The x-ray

propagation vector k was set within the �11̄0� plane of a
substrate Cu crystal. The procedure of the XMCD sum-rule
analysis is described in Sec. III B.

III. RESULTS AND DISCUSSION

A. Morphology

In this section, we reveal the surface structures of 1 and 2
ML iron nitride films formed on Cu�001� by LEED, STM,
and XAS. The LEED patterns of 1 ML and 2 ML iron nitride
films are shown in Figs. 2�a� and 2�b�, respectively. Sharp
p4gm�2�2� patterns were observed in a wide energy range
from 40 to 400 eV, indicating the growth of smooth and
homogeneous films on Cu�001�. No other pattern has been
observed in a 1 or 2 ML iron nitride film, although the c�2
�2� LEED pattern was reported in film with a thickness up
to 300 Å when the relative amount of N at the surface was
small.22 This fact indicates that the Fe/N composition ratio is
constant in the early stages such as 1 ML and 2 ML, because
in thinner films there is the less freedom of atomic displace-
ments than in thicker films. This can be confirmed by the
STM images in Figs. 2�c� and 2�d�, where wide terraces with
a monoatomic step are clearly seen. The images show uni-
form and smooth surfaces without significant dislocations
and islands. The insets at the right bottom in Figs. 2�c� and
2�d� are the enlarged images in the terrace. The images ex-
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FIG. 2. �Color online� �a,b� LEED patterns of the 1 ML �a� and
2 ML �b� iron nitride films formed on Cu�001� with the incident
electron energy of 100 eV. �c,d� STM images of 1 ML �c� and 2 ML
�d� iron nitride films on Cu�001�. The image size is 80�80 nm2.
The inset shows magnified image �4�4 nm2� of the surface on the
terrace.
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hibit a periodic corrugation corresponding to a c�2�2� su-
perstructure with respect to the Cu�001� substrate in contrast
to the observed p4gm�2�2� LEED pattern. The apparent
corrugation may not accurately depict the structure due to the
low resolution of the images. A wavy pattern of the atomic
arrangement of the p4gm�2�2� reconstruction24 could be
seen by STM observation at higher resolution.

The composition ratios of the FeN films are approximated
from the XAS edge-jump measurements because the Fe L
��707 eV� and N K ��396 eV� edge jumps normalized
with the Cu L ��930 eV� one are proportional to the num-
ber of these atoms in the films when the film is a few mono-
layers thick. We measured the XAS at the normal incidences
of linear x-rays for 1 and 2 ML iron nitride films. The
N K-edge jump normalized with Cu is 0.021 for 1 ML,
which is almost the same as that in the reference material
Cu�001�-c�2�2�N �0.022�, where the 0.5 ML N atoms are
located at the fourfold hollow site.34 For the 2 ML film, the
N K-edge jump is again 0.021, while the Fe L-edge jump
increases twice from 0.10 for 1 ML to 0.19 for 2 ML. As-
suming that Fe forms an fcc structure grown epitaxially on
Cu�001�, the present results of the XAS edge-jump measure-
ments indicate that the compositions of 1 and 2 ML iron
nitride films are Fe:N=2:1 and 4:1, respectively.

The LEED I-V analysis was performed to determine
quantitatively the structures of thin films. The I-V curves of
four diffraction spots, �1/2,1/2�, �1,0�, �1,1/2�, �1,1� in the
p4gm�2�2� pattern were recorded with normal electron in-
cidence. The total energy range of the I-V curves used in the
analysis is 1120 eV. The atom positions of Cu�001�-c�2
�2�N were adopted as a reference structure, and the atoms
from the first to third layers were displaced for the structure
optimization.

By considering the p4gm�2�2� superstructure and the
Fe/N composition ratio, we modeled a 1 ML iron nitride film
consisting of a Fe2N layer on Cu�001�, where the N atoms
are located at the fourfold hollow site of 1 ML fcc Fe and the
four Fe atoms rotate around the N atom within the surface
plane. In Fig. 3�a�, the calculated I-V curves are compared
with the experimental ones for 1 ML. The resultant Rp value
is 0.16, which is satisfactorily small. For the 2 ML iron ni-

tride film, by taking into account the Fe/N composition ratio
�Fe:N=4:1�, we adopted a model consisting of the Fe2N
layer similar to the 1 ML film as the topmost layer and a pure
Fe layer as the second layer, because N is likely to segregate
to the topmost layer to decrease the surface energy. The cal-
culated curves for 2 ML are shown in Fig. 3�b� with the
experimental ones. The resulting Rp value is 0.31, which is
larger than the value for 1 ML. However, using the other
model where the topmost layer is pure Fe and N atoms exist
only in the second layer, the resulting Rp value is at least
0.49. Thus, we conclude that the former model is more prob-
able. The reason for the less-optimal value in 2 ML than in 1
ML may be that the actual film with an average thickness of
2 ML contains various thicknesses, such as a mixture of 1 to
3 monolayers, especially around the step edges. The signals
from these contributions may have been superimposed, re-
sulting in a worse Rp value.

The results of LEED I-V analysis lead to the conclusion
that the 1 ML film has a p4gm�2�2� structure with a com-
position ratio of Fe:N=2:1. On the other hand, the compo-
sition ratio of the 2 ML film is Fe:N=4:1, where the top-
most layer has a p4gm�2�2� structure similar to the that of
the 1 ML film and the second layer is a pure Fe layer. The
models of the best fit p4gm�2�2� structures are shown in
Fig. 4, and the optimized parameters with atom positions of
the reference structure are listed in Table I. These structures
can be thought to have distorted ��-Fe4N phases. The 1 ML
film has the same composition as the Fe2N layer of ��-Fe4N,
and the structure of the 2 ML film corresponds to a period of
��-Fe4N along the �001� direction, which contains Fe2N and
pure Fe layers.

The Fe atoms at the topmost layer �No. 3� of the 1 ML
film move from the midpoint between the two N atoms �Nos.
1 and 2� by 0.39 Å along the �y direction. It is interesting
to note that the N atoms move upward �No. 1� and the N
atoms move upward and downward alternately from the top
Fe layer by �0.2 Å to relax the lattice mismatch of �5%
between bulk ��-Fe4N and Cu�001�, although both the N
atoms have the same circumstances. On the other hand, the
atoms below the second layer almost keep the reference po-
sitions. Namely, the interface strain can be relaxed only in
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FIG. 3. �Color online� Comparison between the experimental
�solid red line� and simulated �dashed black line� LEED I-V curves
for p4gm�2�2� structures of 1 ML �a� and 2 ML �b� iron nitride
films on Cu�001�.
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FIG. 4. �Color online� Top and side views of the determined
p4gm�2�2� structures of 1 ML �a� and 2 ML �b� iron nitride films
formed on Cu�001�.
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the topmost layer to reconstruct the surface into the
p4gm�2�2� structure. The surface relaxation allows the for-
mation of flat iron nitride films on Cu�001� without defects
or dislocations, as seen in Fig. 2.

At the end of this section, we mention briefly the inacti-
vation and stability of the surface. No contamination appears
in the STM images during the measurement for a day, and a
sharp LEED pattern was maintained after the STM measure-
ments. Regarding the thermostability of the surface, the
p4gm�2�2� structure appears after the annealing at 780 K,
which is higher than the N desorption temperature from the
Cu�001�-c�2�2�N surface.35 This implies that the N–Fe
bond is stronger than the N–Cu bond. In addition, after the
iron nitride films form on the surface, no Fe atom is inter-
mixed with the Cu substrate during annealing.

B. Magnetic properties

This section discusses the magnetic properties of iron ni-
tride films in thicknesses ranging from 1 to 4 ML by XAS
and XMCD measurements. The structures of the 1 and 2 ML
films were determined in the previous section. The LEED
patterns of the 3 and 4 ML films also showed the p4gm�2
�2� symmetry. The composition Fe/N ratios are Fe:N
=4:1, similar to the case with 2 ML, verified from the results
of the XAS edge-jump measurements. Since the thick iron
nitride films on Cu�001� show the ��-Fe4N structure,22 it is
reasonable to infer that the structure of the film thicker than
2 ML also has the ��-Fe4N structure.

First, we show the circularly polarized Fe LIII,II-edge XAS
of pure iron and iron nitride films on Cu�001� under mag-
netic field H= �5 T, taken at normal x-ray incidence �the
x-ray helicity and the magnetization perpendicular to the sur-
face� at a temperature of 5 K �Fig. 5�. The spectra are nor-
malized with the edge jumps. The spectral features of iron
nitride films are clearly different from those of a pure Fe
film. A shoulder structure appears at a higher energy side of

the main peak at the LIII edge. The shoulder structure can be
ascribed to the multiplet splitting due to the cationicity of the
Fe atoms. Besides, it is clear that the difference between the
left- and right-circularly polarized spectra, which corre-
sponds to XMCD, increases with the film thickness.

Figure 6 gives typical magnetization curves obtained by
recording the electron yield with the photon energy fixed at
the Fe LIII peak top ��707 eV�. The amplitude corresponds

TABLE I. Optimized structural parameters of the p4gm�2�2� iron nitride films formed on Cu�001�. The
number in the first column �No.� corresponds to the atom indicated in Fig. 4. The atom labeled 1 is located
at the origin of the coordinates. The x, y, and z coordinates imply the �100�, �010�, and �001� directions,
respectively. The displacements are given with respect to the reference structure, which is the same atom
positions as Cu�001�-c�2�2�N. No displacement along the x direction takes place because of the p4gm�2
�2� symmetry.

No.

Reference Structure
�Å�

Displacement
�Å�

1 ML 2 ML

x y z 	y 	z 	y 	z

1 0 0 0 0 0.23�8� 0 0.27�7�
2 3.62 0 0 0 −0.24�3� 0 −0.04�3�
3 1.81 0 0 0.39�5� 0.04�9� 0.26�8� 0.05�8�
4 0 0 −1.81 0 −0.04�3� 0 0.05�3�
5 3.62 0 −1.81 0 −0.02�3� 0 −0.04�2�
6 1.81 −1.81 −1.81 0 −0.05�2� 0 −0.03�3�
7 1.81 0 −3.62 0.03�7� 0.05�2� 0.08�9� −0.03�3�
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FIG. 5. �Color online� Circularly polarized XAS at the
Fe LIII,II-edges of pure iron and 1–4 ML iron nitride films on
Cu�001�, taken at normal x-ray incidence. �+ ��−� is the spectrum
with the electron spin direction parallel �antiparallel� to the x-ray
helicity.

TAKAGI et al. PHYSICAL REVIEW B 81, 035422 �2010�

035422-4



to the difference in the LIII peak intensity of XAS normalized
with the edge jump of the spectrum at H=0, indicating a
larger magnetic moment at a larger thickness. The magneti-
zation curve provides information on magnetic anisotropy
and is also useful for estimating the saturated magnetization
required in the XMCD analysis. The data in the vicinity
of H=0 are omitted due to strong suppression of the elec-
tron yield by the Lorentz force. All the grazing incidence
��=55°� curves show steplike features with a constant inten-
sity at �H�
0.5 T, while the smoothed shapes of the mag-
netization curves appear in the normal incidence ��=0°�
curves. It is concluded that these films are ferromagnetic
with the magnetic easy axes parallel to the surface. In con-
trast to a report that the magnetization of bulk Fe2N is very
weak,16 the 1 ML iron nitride film with a stoichiometry of
Fe2N is found to be ferromagnetic. The structure of the 1 ML
iron nitride film on Cu�001� is the tetragonal structure shown
in Fig. 4�a�, while bulk Fe2N is the �-PbO2 type orthorhom-
bic structure.36 The structural difference between the film
and the bulk may cause the difference in the magnetic prop-
erties.

The magnetization curves measured at the normal x-ray
incidence ��=0°� were simulated using a simple second or-
der magnetic anisotropy model. The magnetic anisotropy en-
ergy Ea is phenomenologically given as

Ea = �Ku +
Ms

2

2�0
�cos2 � − MsH cos��M − �� , �1�

where �M is the polar angle of the magnetization Ms, Ku
is the uniaxial anisotropy constant, and �0 is the vacuum
permeability. Since the round curvature indicates the

finite-temperature effect due to the small size of the magnetic
domain, the classical Boltzmann distribution function �
=exp�−NEa /kBT� was assumed in the simulation, where kB is
the Boltzmann constant and N is the number of atoms in one
magnetic domain. The simulations were performed using the
Monte Carlo method. Here the magnetization Ms is estimated
from the result of the XMCD analysis discussed later. The
results of the simulated magnetization curve are also shown
in Fig. 6, and the estimated parameters are listed in Table II.

The XMCD spectra of the Fe L-edge at H= �5 T are
shown in Fig. 7. The intensity of the XMCD signals in-
creases with the film thickness. According to the above re-
sults of the magnetization curves at an x-ray incident angle
�=0°, the magnetizations of all of the films are almost satu-
rated under H=5 T. A sum-rule analysis was performed us-
ing the formulas of the orbital magnetic moment �morb� and
the spin magnetic moment �mspin�.

For the evaluation of the magnetic moments, the d-hole
number nd is required, which is experimentally estimated by
using the formula as
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FIG. 6. �Color online� Magnetization curves of 1–4 ML iron
nitride films obtained by recording the electron yield with the pho-
ton energy fixed at the Fe LIII peak top ��707 eV� for the x-ray
incident angles �=0° �normal x-ray incidence, red solid line� and
�=55° �grazing x-ray incidence, blue dashed line�. The simulated
magnetization curves using a simple magnetic anisotropy model are
also depicted �green dotted lines�.

TABLE II. Uniaxial anisotropy constants Ku, domain sizes N
estimated from the simulations of the magnetization curves in Fig.
6. The magnetization Ms is determined from the XMCD analysis
and is also listed here.

Ku

�meV/atom�
N

�atom�
Ms

��B /atom�

1 ML 0.114�20� 10�5� 0.73�10�
2 ML 0.102�20� 10�5� 1.47�10�
3 ML 0.092�20� 25�5� 2.17�10�
4 ML 0.048�20� 25�5� 2.12�10�
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FIG. 7. �Color online� Fe L-edge XMCD spectra of 1–4 ML
iron nitride films at H= �5 T for the x-ray incident angles �=0°
�normal x-ray incidence, red solid line� and �=55° �grazing x-ray
incidence, blue dashed line�, normalized with the LIII,II-edge jumps.
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nd = C	
LIII+LII

��av − �BG�dE , �2�

where �av= ��++�−� /2 and �BG is the background absorp-
tion spectrum expressed by the two step functions. The pro-
portional constant C in Eq. �2� is obtained by the standard
spectrum of some reference metal whose nd is known. In the
present analysis, the XMCD spectrum of bulk bcc Fe �nd is
assumed to be 3.40� was used as the standard.

The effective spin magnetic moment mspin
eff =mspin+7mT

�mT is the magnetic dipole term� and morb are evaluated as

mspin
eff

�B
= −

C

3 �	LIII

	�dE − 2	
LII

	�dE� �3�

and

morb

�B
= −

2C

3
	

LIII+LII

	�dE , �4�

where 	� is the XMCD �the difference between �+ and �−�,
and �B is the Bohr magneton. mT can be estimated by mea-
suring the angle dependence of the XMCD spectra. Stöhr
and Köning37 proposed the important formulas as

morb��m� = morb
� cos2 �m + morb


 sin2 �m, �5�

mT��m� = mT
� cos2 �m + mT


 sin2 �m, �6�

and

0 = mT
� + 2mT


 , �7�

where �m denotes the polar angle of the magnetic moment m,
and the superscripts � and 
 denote the directions of the
magnetic moments perpendicular and parallel to the surface,
respectively. We can evaluate all the magnetic moment by
using the numerical values obtained by the sum-rule analysis
for the XMCD data of two x-ray incident angles �=0° and
55°. The evaluated magnetic moments are listed in Table III.

The considerably smaller magnetic moments in the 1 ML
iron nitride films than in a pure iron film �the moment of
bulk �-Fe is 2.2 �B� is ascribed to the strong chemical
bonding between Fe and N, which is also indicated by the
shoulder peak in XAS spectra in Fig. 5. The perpendicular
orbital magnetic moment in 1 ML is almost zero, indicating
strong in-plane magnetic anisotropy. As seen in Fig. 4�a�, the
N atoms in the 1 ML film are located almost in the same
plane of the topmost Fe layer. In this arrangement, the per-
pendicular angular momentum of the Fe atom �electron rota-

tion within the surface plane� is effectively quenched by the
N atom, leading to an almost zero perpendicular orbital mag-
netic moment and a strong in-plane magnetic anisotropy.

When the thickness of the film varies from 1 to 2 ML, the
Fe/N stoichiometry changes from 2:1 to 4:1. According to
the film structures seen in Fig. 4, all the Fe atoms in the first
layer of the 2 ML film have chemical bonds with two
nearest-neighbor N atoms, which are almost within the same
surface plane as in the 1 ML film, while the half of Fe atoms
in the second layer have a chemical bond with only one
nearest-neighbor N atom in the vertical direction; the other
half do not directly interact with the N atoms. Thereby, the
average mspin value increases from 0.73 �B for 1 ML to
1.38 �B for 2 ML, although the magnetic moment is still
smaller than the bulk ��-Fe4N of 2.2 �B. When the thick-
ness is more than 2 ML, the increase in the average magnetic
moment is rather saturated, approaching the bulk one of
��-Fe4N.

In many thin films, enhancement of the magnetic mo-
ments has been reported and could be ascribed to the reduced
atomic coordination of the surface atoms.2,33 The results of
the first-principle calculations for a ��-Fe4N surface possess-
ing the Fe2N stoichiometry indicate that the magnetic mo-
ment of the surface Fe atom is larger than that in the bulk
while that of the second layer Fe atom is smaller.13 Alto-
gether, the average magnetic moment around the surface re-
gion is almost equal to the bulk value. On the other hand, the
magnetic moment of 2 ML obtained in this work is quite
small compared to the bulk value. This discrepancy might be
attributed to a shorter N-Fe distance in the thin film than that
in the bulk Fe4N, because the lattice parameter of the
Cu�001� surface is smaller than that in the bulk ��-Fe4N. A
shorter N-Fe distance may result in the reduction in the Fe
magnetic moment. Moreover, the present study has eluci-
dated the structural difference between the iron nitride film
and the bulk ��-Fe4N. The Fe magnetic moment in the
p4gm�2�2� reconstructed structure at the surface could be
smaller than that in the ideal c�2�2� structure that appears
ideally at the Fe2N layer in bulk Fe4N. On the other hand, the
magnetic moments of 3 and 4 ML iron nitrides are nearly
equal to the bulk value. This can be attributed to the smaller
contribution of the topmost p4gm�2�2� layer than the inner
layers, which have a structure similar to that of bulk
��-Fe4N.

Finally, we briefly discuss the uniaxial anisotropy con-
stant �Ku�. Bruno38 theoretically derived the relation between
the microscopic orbital magnetic moment and the macro-
scopic magnetic anisotropy constant as

TABLE III. Results of the sum-rule analysis of iron nitride films. Average spin �mspin� and orbital �morb�
magnetic moments of Fe are given, which are obtained from the experimental XMCD spectra in Fig. 7.

nd mspin��B� morb

 ��B� morb

� ��B� mT

 ��B� mT

���B�

1 ML 3.87�15� 0.73�10� 0.07�5� 0.00�5� −0.000�5� 0.000�5�
2 ML 3.80�15� 1.38�10� 0.18�5� 0.11�5� 0.006�5� −0.011�5�
3 ML 3.80�15� 2.05�10� 0.25�5� 0.15�5� 0.008�5� −0.016�5�
4 ML 3.88�15� 1.98�10� 0.24�5� 0.17�5� 0.008�5� −0.016�5�
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Ku =
�

4

G

H

morb

 − morb

�

�B
, �8�

where � is the spin-orbit coupling constant, and G and H are
the integrals of the density of states. The value of � for Fe is
�50 meV,39 while a rough estimation of G /H is 0.2 for 3d
transition metals.40 The difference in the orbital magnetic
moments �morb


 −morb
� � /�B is �0.07 from the present XMCD

analysis, and we consequently obtain Ku�0.18 meV /atom.
On the other hand, the Ku estimated from the simulation
results of the magnetization curve in Table II is
�0.10 meV /atom. Although the agreement is not excellent,
the order of magnitude is reproduced well, exemplifying
semiquantitative accuracy in the present MH curve and
XMCD analyses. Note also that the observed Ku value of the
thin Fe4N film is by far larger than the thick ��-Fe4N film on
SrTiO3 �1.4 �eV /atom� �Ref. 41�, that on MgO�001�
�2.5 �eV /atom� �Ref. 42�, and that on Cu�001�
�3.8 �eV /atom� �Ref. 27�.

IV. CONCLUSION

In this work, the structural and magnetic properties of iron
nitride thin films on Cu�001� were investigated by LEED,
STM, XAS, and XMCD. The measurements revealed that
the surface of the 1 ML film has a p4gm�2�2� structure and
that the Fe/N composition ratio is 2:1, while the films of
more than 1 ML have a composition ratio of 4:1. The mag-
netic properties of the films are found to be strongly related
to their morphology. Especially, the 1 ML film shows strong
in-plane magnetic anisotropy, where the perpendicular or-
bital magnetic moment is almost zero, because the surface N
atoms are located almost in the same plane of the topmost Fe
layer with strong in-plane chemical bonding. The magnetic
moment increases with the film thickness, and that of 3 ML
is close to that of bulk ��-Fe4N, whereby the structure is
quite similar to that of the iron nitride film except for the
topmost layer.
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