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Rare-metal free ferromagnetic material L1, FeNi with large uniaxial magnetic anisotropy has attracted much
attention for broad use of magnetic materials in various applications. While single-crystal films of L1, FeNi
can be made by layer-by-layer epitaxial growth, magnitude of the uniaxial anisotropy has been lower than
expected because of the imperfection of the crystal atomic structure. Here, a nitrogen (N) -surfactant epitaxial
growth below 150 K is employed for overcoming interlayer mixing of the atoms at the interface. Ordered
L1, FeNi films are successfully prepared on the Cu(001) substrate precovered by a Ni,N monolayer. The
role of the N surfactant and the absence of the intermixing among Fe and Ni during the deposition and
annealing processes were investigated by scanning tunneling microscopy and x-ray photoemission spectroscopy.
Element-specific magnetic properties were in situ studied by soft-x-ray magnetic circular dichroism (XMCD).
The observed Fe hysteresis curve and XMCD of the nitrogen-covered Ni/Fe/Ni trilayer indicate an out-of-plane
magnetocrystalline anisotropy large enough for dominating the film shape anisotropy. The N-surfactant epitaxy
provides a useful method for fabricating well-ordered magnetic materials without rare metals.
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I. INTRODUCTION

Critical to the development of magnetic materials for prac-
tical use is uniaxial magnetic anisotropy with high magnetic
moment, coercivity, and transition temperature [1]. To utilize
them widely, such as for magnetic memory devices and elec-
tric motors, rare-element free materials are strongly required
[2]. Ferromagnetic ultrathin films are particularly desirable for
the spintronic applications [3]. One of the excellent candidates
of rare-metal free materials is L1y FeNi with large uniaxial
anisotropy energy, K,,, up to 1.3 MIm~3 [4], whereas its sin-
gle crystal cannot be prepared by conventional macroscopic
crystal growth. It has been reported that single crystal L1,
FeNi films can be made by layer-by-layer molecular beam
epitaxy (MBE) on Cu(001) and other substrates in a vacuum
[5-7]. The maximum K, so far observed in the epitaxially
grown films is 0.7 MJ m~> [6]. The values similar to this
were estimated in the cases of L1y FeNi prepared by denitro-
genation [8] and pulsed-laser deposition (PLD) [9]. Thus, the
magnetic anisotropy perpendicular to the L1y FeNi film has
not been realized because the in-plane film shape anisotropy is
larger than the magnetocrystalline anisotropy. The limitation
of the K,, value in the epitaxial films has been attributed to
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the following two nonideal processes in the growth: one is
an imperfect layer-by-layer mode and the other is interlayer
mixing of the atoms at the interface during the growth over
200°C [5,6].

In the present paper, we demonstrate significant improve-
ment of the uniaxial magnetic anisotropy of an L1y FeNi
epitaxial film prepared by combination of surfactant epitaxy
[10] of Fe and Ni atomic layers using nitrogen (N) atoms
and the deposition on a cooled Cu(001) substrate. The N-
surfactant epitaxy, that is, successive and selected segregation
of the N atoms to the surface during the alternate Fe and
Ni monolayer deposition in the present case, suppresses the
mixing between Fe and Ni atoms during the deposition and
annealing. It was previously demonstrated on the N-adsorbed
Cu(001) substrate that N atoms segregate to the surface during
the Co deposition without mixing between the Co and Cu
atoms [11]. This is quite in contrast to the mixing during
the deposition of magnetic transition metals on the same
substrate, which was confirmed by atomically resolved obser-
vations using scanning tunneling microscopy (STM) [12,13].
Sharp interface between the atomic layers of the L1y FeNi
film is achieved by the present method. The cooled substrate
ensures a monatomic layer growth while the bilayer islands
are formed by the deposition above room temperature (RT).
Our schema of the N-surfactant growth of the L1y FeNi thin
film on Cu(001) is given in Fig. 1. The top layer is always a
nitride atomic layer (iron nitride FeN or nickel nitride NiN)
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FIG. 1. (a) Schematic model of an FeN/Ni/Fe/Ni film formation
process on Cu(001) by surfactant epitaxy using N atoms. (b) STM
image of a Ni;N atomic layer on Cu(001) (left) and its ball model
(right).

after deposition of Fe or Ni. For the trilayer FeNi film thus
prepared, the Fe hysteresis curve measured using element-
specific soft-x-ray magnetic circular dichroism (XMCD) indi-
cates the out-of-plane magnetocrystalline anisotropy is large
enough for overcoming the in-plane film shape anisotropy.

II. EXPERIMENT

The L1, thin films of Ni and Fe were fabricated on the
Cu(001) substrate in a UHV (<2.0 x 107'° Torr) in the fol-
lowing way. First, the Cu(001) surface was cleaned by cycles
of Ar? sputtering and annealing at 500 °C. Next, the substrate
at RT was exposed to 500 eV N ions followed by monatomic
layer (ML) Ni deposition from a high-purity (99.99%) Ni rod
using an electron-bombardment-type evaporator. Here, ML is
defined as the atomic density of the Cu(001) surface. Then,
a well-ordered Nip;N atomic layer was made on Cu(001) by
annealing at 400 °C for 10 min. At this stage, a ¢(2 x 2) NipN
atomic layer [14] appears on the Cu(001) substrate as the
STM image shows in Fig. 1(b). The stoichiometry of the Ni,N
layer was previously confirmed by x-ray photoemission spec-
troscopy (XPS) in comparison with the N-adsorbed Cu(001)
surface [14]. On top of the Ni,N atomic layer cooled below
150 K, we further deposited monolayer Fe and Ni alternatively
from an Fe (99.998%) rod and the Ni rod using the same
type evaporators. Before the third Ni and the fourth Fe layer
deposition below 150 K, the films were once annealed up to
RT for more than 30 min.

The STM topographic images were obtained at RT in a
constant current mode using a tungsten tip. The XPS measure-
ments were carried out at RT using a hemispherical electron
analyzer and Mg or Al x-ray sources. We used two separated
measurement systems for STM and XPS. Each system has a
UHV chamber equipped with a low-energy electron diffrac-
tion (LEED) optics for preparing the samples, which were
transferred to each measurement chamber in UHV through a
gate valve. The x-ray absorption spectroscopy (XAS)/XMCD
measurements were carried out at BL 4B of UVSOR-III
[15] in a total electron yield mode at 8 K using left and
right circular polarized light. The circular polarization of the
incident x ray was set to 65%. The absorption spectra were
recorded in the normal incidence (NI) (6§ = 0°) and grazing
incidence (GI) (0 = 55°) geometries. Here, we define the
incident x-ray angle 6 as the angle between the surface normal
and the incident x ray. The external magnetic field up to
5 T was applied in parallel or antiparallel to the incident
x ray. The XMCD spectrum was obtained by reversing the
magnetic field while the phonon helicity was fixed to one
alignment because of the technical limitation on the frequent
switching of the photon helicity. The XMCD intensity is
defined as I, — I, where I; and /_ denote the absorption
intensity at the Fe or Ni L, 3 edges with the photon helicity
parallel (+) and antiparallel (—) to the external magnetic
field. The magnetization curve was obtained by plotting the
Fe L; absorption peak intensity normalized by the L, one
with a single photon helicity as a function of magnetic field
[16]. The XAS/XMCD measurement system has an UHV
sample-preparation chamber with a LEED optics, from where
the samples were transferred to the measurement chamber in
UHV.

III. RESULTS AND DISCUSSION
A. STM study

A topographic STM image of the surface after deposition
of 0.8 ML Fe on the Ni,N surface is shown in Fig. 2(a). Most
of the Fe islands have monoatomic height in contrast to the
growth of 2-ML-high Fe islands at RT [17]. The layer-by-
layer growth is promoted by reducing the surface diffusion
of the Fe atoms on the cooled Ni,N surface. As indicated in
the magnified STM and LEED images shown in Figs. 2(b) and
2(c), however, the island surface was not well ordered while
the bare Ni,N surface kept the c(2 x 2) structure.

The lattice order of the monolayer Fe islands was sys-
tematically studied by LEED after 10 min annealing between
200 and 400 °C [16]. The c¢(2 x 2) spot becomes sharp with
increasing the annealing temperature 7, up to 300 °C while the
LEED intensity at the p4gm(2 x 2) spot gradually increases
after the annealing over 250 °C. The latter suggests the forma-
tion of the pdgm(2 x 2) Fe,N monoatomic layer on Cu(001)
[18], which was confirmed by our STM observations, and is
attributed to thermal diffusion of the Ni atoms into the Cu
substrate.

For suppressing the Ni diffusion into the substrate Cu, we
decreased T, to 150 °C and prolonged the annealing time up
to 10 h. Then, a flat and ordered surface was successfully
prepared as in Figs. 2(e)-2(g). A magnified STM image
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FIG. 2. STM [(a),(b),(e),(f)] and LEED [(c),(g)] images, and profiles of the (1,0) LEED spots [(d),(h)] indicated by the red circles in the
corresponding LEED images of a Ni,N atomic layer after deposition of 0.8-ML Fe on average at 150 K. The Fe deposition amount of 0.8 ML
was set for observing the structure of the underlayer Ni;N. The images were taken at RT before [(a)—(c)] and after [(e)—(g)] 10-h annealing at

150°C. In (b) and (f), the image contrast is modified nonlinearly to show the surface structures of the overlayer, and the original substrate can
be seen clearly. Red curves in (d) and (h) are Gaussian curves fitted to the data with the full widths half maximum 0.7 and 0.3 A1, respectively.

The electron energy for LEED was 110 eV.

shown in Fig. 2(f) indicates atomically ordered areas on the
surface while the island surface was disordered before the
annealing as in Fig. 2(b). The terrace is well connected and
the LEED spots become sharp after the 10-h annealing as in-
dicated by the profiles shown in Figs. 2(d) and 2(h). The 10-h
annealing at higher than 150 °C should be avoided because
the significant diffusion of the Ni atoms into the substrate
was confirmed as the increase of the LEED intensity at the
pagm(2 x 2) spot after the 200 °C annealing [16].

B. XPS study

To confirm the surfactant effect of N and the intermixing
among Cu, Ni, and Fe during the annealing processes up to
450 °C for 10 min, XPS signals of these elements were in situ
measured at RT [16]. The Fe and Ni monatomic layers were
alternately deposited on the Ni,N monolayer at 80 K. The
results are summarized in Fig. 3 for the Fe-deposited (bilayer)
and both Fe- and Ni-deposited (trilayer) Ni,N surfaces.

The integrated intensity of the N ls signal is almost the
same for 7, < 300°C as that before the Fe deposition as
shown in Fig. 3(a). The N atoms are always at the surface
as surfactant for RT < 7, < 300°C. Thermal desorption of
the N atoms can be concluded from the decrease of the N 1s
signal for T, > 350 °C. The segregation of N atoms above RT
was also confirmed by XPS for the NiN/Fe/Ni trilayer and
FeN/Ni/Fe/Ni quadruple layer as shown in Fig. 4. It is noted
that oxygen cannot be used for the surfactant epitaxy in the
present case, because Cu atoms are known to segregate during
transition-metal deposition at RT on the oxygen-adsorbed
Cu(001) [19,20].

The observed decrease of the Ni 2p3,, intensity after the
Fe deposition and annealing at RT for the FeN/Ni bilayer in

Fig. 3(b) indicates that the Ni layer is below the Fe layer.
The estimated fraction of Ni atoms in the surface FeN layer
is less than 10% at RT. This value was obtained using the
universal curve of photoelectron escape depth for the observed
Ni 2ps, intensity after the Fe deposition. Thermal diffusion
of the Ni atoms into the Cu substrate is recognized also from
the decrease of Ni 2p3 ; intensity for 7, > 300 °C in Fig. 3(b),
and the mixing of Fe atoms with Ni and Cu from the decrease
of the Fe 2p;3, intensity for 7, > 400°C in Fig. 3(c). In
the case of the NiN/Fe/Ni trilayer, the Fe 2p;,, intensity in
the grazing emission increased as in Fig. 3(d). This confirms
the intermixing between subsurface Fe atoms and surface Ni
atoms above 350 °C.

C. Magnetic properties

In this section, we focus on the magnetic properties of the
trilayer and quadruple-layer films prepared after 10-h anneal-
ing at the stage of the FeN/Ni bilayer, where the surface is flat
and ordered, and suitable for the further Ni and Fe growth. We
show the results of Fe XAS and XMCD for the NiN/Fe/Ni
trilayer after RT annealing in Fig. 5(a). They were recorded
at Fe L, 3 absorption edges in the NI and GI geometries. The
value of Fe XMCD is an order of magnitude larger than that
of Ni L, 3 XMCD, and thus the Fe monolayer dominates the
magnetism of the film. It is noted that no XMCD signal was
detected in the Ni,N monolayer without Fe overlayer at 8§ K
in5T.

Figures 5(b) and 5(c) display the Fe element-specific
magnetization curves of the NiN/Fe/Ni trilayer and
FeN/Ni/Fe/Ni quadruple layer. These were obtained from the
field-dependent Fe XAS data in the NI and GI geometries.
The magnetization curves of the trilayer exhibits excellent
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FIG. 3. (a)—(c) Integrated intensity of N 1s XPS (a), Ni 2p3,,» XPS (b), and Fe 2p3,, XPS (c) from a FeN/Ni bilayer for normal (NE) and
grazing (60° off from the surface normal, GE) emission as a function of the annealing temperature 7;,. (d) Integrated intensity of Fe 2p3,, XPS
from a NiN/Fe/Ni trilayer for NE and GE as a function of 7,. The N and Ni XPS intensity at RT from the Ni,N surface for NE is set to be 10
in (a) and (b), respectively. In (c), the Fe XPS intensity at RT for NE is set to be 10, and in (d), that before the Ni deposition.

ferromagnetic behaviors, and the out-of-plane magnetization
curve has a slightly steeper slope around the origin (zero mag-
netic field) than that in the GI geometry. The result indicates
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FIG. 4. N 1s XPS data in the normal emission geometry for the
Ni,N monatomic layer, FeN/Ni bilayer, NiN/Fe/Ni trilayer, and
FeN/Ni/Fe/Ni quadruple layer after RT annealing. No reduction
of the intensity was observed by successive Fe and Ni deposition
at 80 K.

that the out-of-plane magnetic anisotropy is realized against
the in-plane film shape anisotropy in the trilayer. In contrast,
for the quadruple layer, the magnetization curve in the GI
geometry has a steeper slope around the origin than that in the
NI geometry. The out-of-plane magnetocrystalline anisotropy
of the quadruple layer is insufficient for dominating the film
shape anisotropy as in all the previous results of the MBE-
grown L1y FeNi films. In the quadruple layer, there are two
different kinds of Fe layers: one is monolayer Fe between the
Ni monolayers and the other is monolayer FeN at the surface.
The latter could weaken the out-of-plane anisotropy because
the Fe,N monolayer on Cu(001) has an in-plane magnetic
anisotropy [21,22].

It is noted that the importance of the interface magnetic
anisotropy was pointed out previously in the studies of the
related system, Fe-covered pure Ni films on Cu(001) [23-27].
Out-of-plane magnetic anisotropy of the Ni films has been re-
ported in a thickness range between 7-10 ML and 40-70 ML
[28-30]. The Fe overlayer modifies the critical thickness of
the anisotropy change from in-plane to out-of- plane with
changing the Fe thickness. This change is attributed to the
interface magnetic anisotropy. The present results on the L1
FeN:i films indicate that the interface magnetic anisotropy can
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FIG. 5. (a) Fe L-edge XAS (upper) and XMCD (lower) spectrum of the NiN/Fe/Ni trilayer after RT annealing for the NI and GI
geometries. The XAS intensity was measured with the photon helicity parallel (/) and antiparallel (/_) to the external magnetic field.
(b),(c) Narrow- (upper) and wide- (lower) range Fe magnetization (M) curves of the NiN/Fe/Ni trilayer (b) and FeN/Ni/Fe/Ni quadruple
layer (c). In the GI geometry, the magnetic field direction is 55° off from the surface normal to the [100] direction of the Cu(001)

substrate.

be affected by the atomic-scale disorder and intermixing in the
system.

Here we estimate values of K, in the present sample by us-
ing the saturation magnetization of the MBE-grown L1, FeNi
film as follows. The difference of the magnetic energy Enp
and Eg; between the NI and GI geometries can be obtained
from the following equation with the magnetization (M-H)
curves,

Ent — Egr = Mo/HdMNI - MO/HdMGIv (1

where My and Mg are the magnetization in the NI and GI ge-
ometries, and 1t¢ the vacuum permeability. The estimated val-
ues of the energy difference using the M-H curves shown in
Figs. 5(b) and 5(c) are —0.1 £ 0.02 and 0.30 £ 0.02 MJ m3
for the NiN/Fe/Ni trilayer and the FeN/Ni/Fe/Ni quadru-
ple layer, respectively. The field-direction dependence of the
magnetic energy Ey is phenomenologically given [21] as

. MOMSZ 2
Ey = > K, Jcos“(0) — woMsH cos(By — 6), (2)

where 0 is the angle between the surface normal and the direc-
tion of the magnetic field H, M, the saturation magnetization,
and 6y the polar angle of the magnetization. When we use the
saturation magnetization of the MBE-grown L1, FeNi film
[6] and assume 6); = 0 for & = 0 and 55°, K, is estimated
from Eq. (2) as 1.0 4 0.02 and 0.45 +0.02 MIm~? for the
NiN/Fe/Ni trilayer and the FeN/Ni/Fe/Ni quadruple layer,
respectively. The value of K, for the trilayer is overestimated
because the magnetic moment of the Ni layers is smaller than
that of the MBE-grown L1y FeNi film [31]; the bottom Ni
layer is adjacent to the nonmagnetic Cu substrate, and the top
Ni layer is not of pure Ni, but nickel nitride. The monatomic

Ni layer on both Cu(001) [32] and NigN [33] is known to
have magnetic moments smaller than metallic pure Ni. We
can expect the increases of M, and thus the value of K, by
increasing the thickness of the L1 film.

By applying the XMCD sum rules [34,35] to the Fe
XMCD data in 5 T for the trilayer, effective spin magnetic
moment mglﬁfin (=my 4+ Tmy), which dominantly contributes
to the amplitude of the magnetization, and orbital magnetic
moment M, are quantitatively evaluated. Here, m; is the spin
magnetic moment and my is the magnetic dipole moment.
We used the average number of Fe 3d holes 3.22, which was
estimated as in literature [21]. The value of m¢f  thus obtained
is 1.7 = 0.1ug, which is larger than that (1.6up) of a 4-ML
L1, FeNi grown on a Ni(001) film by MBE [36] and smaller
than that (2.0up) of a thick L1j FeNi film grown on a Cu(001)
film by MBE [31]. This suggests the saturation magnetization
of the trilayer is smaller than that of the thick L1,y FeNi film
[6]. We can expect a further increase of m;gfin by repeating
the N-surfactant growth of the alternate Ni and Fe layers; in
the case of a few atomic layers, the nitrogen-adsorbed surface
layer can weaken the magnetism of the inner L1 FeNi layers
with out-of-plane anisotropy as well as the paramagnetic Cu
substrate [32]. Using the XMCD sum rules, we can also
evaluate out-of-plane and in-plane orbital magnetization, m({rb

o> irom the experimental data and discuss the magnetic
L

anisotropy [37,38]. The evaluated values of m; and mgrb
are 0.31 = 0.05 and 0.16 £ 0.07up for the trilayer, and are
consistent with the out-of-plane anisotropy.

and m/

IV. CONCLUSION

We have investigated the structural and magnetic properties
of a-few-atomic-layer L1y FeNi prepared by a layer-by-layer
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N-surfactant epitaxy. The L1y FeNi epitaxial growth is re-
alized on the monolayer-Ni;N-covered Cu substrate cooled
below 150 K. The role of the N surfactant and the absence of
the intermixing among Fe, Ni, and Cu during the deposition
and post-annealing even for 10 h at 150°C are confirmed
by STM, LEED, and XPS. Using the element-specific mag-
netic properties studied by XMCD, we have demonstrated
that the out-of-plane anisotropy is large enough for over-
coming the film shape anisotropy for the trilayer film. The
N-surfactant epitaxy opens a way to fabricate well-ordered
element-strategic magnetic material such as a L1 FeNi film.
Designing of novel functional materials could be accelerated
by multilateral characterization using microscopic, macro-
scopic, and spectroscopic analyses.
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