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ABSTRACT
Perpendicular magnetic anisotropy (PMA) induced at the interface of the metallic magnetic layer/oxide layer plays a major role in scaling of
state-of-the-art spin-transfer-torque magnetoresistive random access memory. The realization of PMA requires the development of mature
interface manipulation techniques as well as materials constituting the interface. Herein, we report large PMA using stacks developed with an
ultrathin (∼0.7 nm) Fe/rock-salt CrO(001) interface via an oxygen-driven diffusion process. The stacks were prepared by sputter-deposition
and post-annealing of the Cr buffer/ultrathin Fe/MgO structure. Significant oxidation of the Fe layer and Cr diffusion into the MgO layer
occurred during the deposition. After post-annealing, the oxidized Fe layer was reduced to form an Fe/rock-salt-type Cr-monoxide structure
due to chemical layer exchange. The lattice-matched Fe/CrO interface with a large interfacial PMA energy of 1.55 mJ/m2 was confirmed after
annealing at 500 ○C. X-ray absorption spectroscopy measurements revealed that the post-annealing promoted the redox reaction from the Fe
oxide to the metallic Fe and the formation of the CrO. The observed PMA indicates that the oxygen-driven diffusion process by annealing
resulted in the well-controlled Fe/CrO interface. The demonstrated diffusion process provides a new chemical route to fabricate artificial,
well-controlled PMA interfaces, even containing metastable materials, beyond the conventional sequential layer stacking for the development
of spintronic devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0233103

I. INTRODUCTION

Magnetic properties of ultrathin (typically 1 nm or less) ferro-
magnetic metal (FM)/oxide interfaces have been intensively studied
in the field of spintronics, especially with respect to magnetic tunnel
junctions (MTJs) with perpendicular magnetic anisotropy (PMA) at
the interface. The ultrathin Fe-based FM/oxide systems, for example,
CoFeB/MgO1–3 and Fe/MgO, realize substantial interfacial PMA,4,5

which is required for ultra-high density magnetoresistive random
access memory (MRAM) applications, in addition to a large tunnel

magnetoresistance (TMR) ratio6–9 and a low-power magnetization
switching by spin-transfer torque.2,3,10 In particular, much effort
has been devoted to the formation of polycrystalline perpendic-
ularly magnetized MTJs (p-MTJs) using a CoFeB/MgO interface
because of its practical advantage of being obtained on various
types of underlayers and its good PMA properties.1–3,11–15 A single-
crystalline Fe/MgO(001) interface is also a promising structure for
obtaining large interfacial PMA for p-MTJs. The interfacial PMA
energy density K i of ∼2 mJ/m2 has been demonstrated at the
interface,4,16 which exceeds the values at the CoFeB/MgO interface
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(1.6–1.8 mJ/m2).17,18 At these interfaces, the chemical bonding
plays an essential role for PMA through the interfacial symmetry
breaking.19–23 First-principles calculations indicate that the inter-
facial hybridization between Fe-3dz

2 and O-2pz states is the main
origin of the large interfacial PMA.21

In addition to MgO, the search for suitable oxide layers to
obtain large interfacial PMA with the FM layer could expand the
variety of spintronic heterostructures for future applications; for
example, a lattice-matched Fe/MgAl2O4(001) interface was reported
to show a large K i of ∼1.7 mJ/m2 (experiment)24 and ∼1.2 mJ/m2

(theoretical calculation).25 A Co2FeAl/MgAl2O4 interface also
showed a large K i of 1.6 mJ/m2. Interestingly, significant interfacial
Al diffusion was observed at the Co2FeAl/MgAl2O4 interface, and
this modification enhanced the PMA due to the promoted interfa-
cial hybridization of Fe and O orbitals.26,27 Therefore, the atomic
scale control of the FM/oxide interfaces is critical for improving
the interfacial PMA properties. Recently, an Fe/NiO(001) interface
shows PMA with K i of 0.93 mJ/m2.28 Therefore, even 3d-transition
metal-oxides could be a promising material family for achieving
large interfacial PMA. Thus, the realization of PMA requires devel-
oping both mature interface manipulation techniques and materials
constituting the interface.

In this study, we demonstrate the formation of an epi-
taxial ultrathin (∼0.7 nm) Fe(001)/metastable rock-salt-type
CrO(001)/MgO(001) structure using sputter deposition and
post-annealing of an initially designed Cr-buffered/Fe/MgO
multilayer. The nanostructural, magnetic, and chemical evolution
with post-annealing temperature were carefully monitored. We
employed the Cr buffer layer because it is widely used to obtain
a flat surface of an ultrathin Fe(001) layer due to its small lattice
mismatch with Fe.4,9,24 However, we found that the oxygen-induced
diffusion process occurs during the post-annealing, resulting in
chemical layer exchange and redox reaction within the stack. This
process eventually led to the formation of a chemically sharp
Fe/CrO(001) interface with a relatively small lattice mismatch.
The formed Fe/CrO interface exhibited a large K i of 1.55 mJ/m2

after post-annealing at 500 ○C, indicating that CrO is a promising
oxide for PMA heterostructures. Our findings on the formation of
a sharp interface with a 3d transition metal-oxide layer provide a
way to fabricate stable PMA interfaces toward the development of
spintronic devices.

II. EXPERIMENTS
The sputtered samples with a structure of MgO buffer

(5 nm)/Cr buffer (30 nm)/Fe (0.7 nm)/MgO barrier (2 nm)/Ru
cap were deposited on a MgO(001) substrate by ultra-high vacuum
rf magnetron sputtering (base pressure: ∼10−6 Pa). The sputtering
pressure of Ar gas (99.999%), the sputtering power for 76.2 mm dia-
meter targets, and the deposition rate are as follows: 0.5 Pa, 50 W,
0.025 nm/s for Fe, 0.5 Pa, 50 W, 0.033 nm/s for Cr, and 0.5 Pa,
100 W, 0.013 nm/s for MgO. The substrate–target distance was fixed
at 100 mm. The substrate temperature during the sputter-deposition
for each layer was room temperature. Prior to deposition, the MgO
substrate was pre-heated to 500 ○C for surface cleaning. After the
Cr buffer deposition, the samples were annealed in situ at 500 ○C
to obtain a flat surface and (001) orientation. Some of the samples
were post-annealed ex-situ at the annealing temperature (Ta) of 300,

400, or 500 ○C for 1 h in the sputtering chamber. We also prepared
electron-beam (EB)-grown samples (EB sample) with the same stack
structure for comparison. For the EB sample, the MgO substrates
and Cr buffer were annealed in situ at 800 ○C, and the Fe and MgO
barrier were annealed in situ at 250 and 400 ○C, respectively. The
base pressure of the EB evaporation chamber was below 1 × 10−7 Pa.
Evaporation for each layer was performed at a substrate temperature
of 150 ○C.

Nano-structural analysis of the sputtered samples was per-
formed by cross-sectional scanning transmission electron micro-
scopy (STEM) with observation of nano-beam-electron diffraction
(NBED) patterns and energy dispersive x-ray spectroscopy (EDS)
(Thermo Fisher Scientific Titan G2 80-200 TEM). Magnetic prop-
erties were characterized using a vibrating sample magnetome-
ter (VSM) and a superconducting quantum interference device
VSM (SQUID-VSM). To elucidate the interface chemical states, the
x-ray absorption spectroscopy (XAS) and x-ray magnetic circular
dichroism (XMCD) measurements were performed by the total-
electron-yield (TEY) mode at BL-7A in High-energy accelerator
research organization (KEK), Photon Factory, using circularly polar-
ized soft x-rays. The XAS spectra were obtained by changing the
magnetic field with fixed beam helicity, which are defined as μ+ and
μ−. The magnetic fields of ±1.0 T were applied parallel to the inci-
dent x-rays. The XAS and XMCD measurements were performed in
the oblique incident setup at room temperature.

III. RESULTS
Figure 1 shows the cross-sectional annular dark-field (ADF)-

STEM images of the sputtered samples for (a) the as-deposited
sample and (b) the annealed sample at Ta = 500 ○C. The material
labels on the right side of the images were confirmed by the follow-
ing EDS results. The ADF-STEM images show the epitaxial growth
with the (001) orientation of the bcc Cr buffer (lower sides) and
the fcc-like oxide layer (around the middle positions) for both the
samples. Note that the Ru cap layers are polycrystalline with an
hcp structure. Some misfit dislocations (“T” marks) were confirmed
near the bcc/fcc interface, that is, Cr/Fe–Cr–O in the labels, within
the observed region of the as-deposited sample in Fig. 1(a). The
formation of the misfit dislocations is due to the in-plane lattice mis-
match for bulk between (Cr, Fe) and MgO, that is, MgO has a ∼4%
larger lattice spacing. After annealing at Ta = 500 ○C, the interface
becomes much sharper and the lattice distortions within the oxide
layer are suppressed, as shown in Fig. 1(b). The lattice matching at
the interface of the annealed sample is also better than that of the
as-deposited sample.

Figure 2 shows the EDS analysis results for (a) the as-deposited
sample and (b) the annealed sample (Ta = 500 ○C). Elemental maps
with ADF-STEM images for Cr, Fe, O, Mg, and Ru are shown on
the left, and the corresponding compositional profiles are shown on
the right. As shown in Fig. 2(a), the Fe distribution overlaps with
the O distribution, indicating significant diffusion and oxidation of
Fe atoms during the film deposition. Unlike EB or molecular-beam
epitaxy deposition, sputter deposition of MgO on Fe often promotes
the surface oxidation of Fe; therefore, our sputtering condition of the
MgO layer may have formed the Fe-oxide-based layer. The Cr inter-
diffusion may also originate from the MgO sputtering because of the
high kinetic energies of the sputtered atoms. As a result, the fcc oxide
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FIG. 1. Cross-sectional ADF-STEM
images along MgO[100] direction of the
sputtered samples with a Cr/Fe/MgO
designed stack for (a) as-deposited and
(b) Ta = 500 ○C. “T” marks indicate
misfit edge dislocations.

zone consisting of Fe–Cr–O and Mg–Fe–O with a gradual compo-
sition change was formed in the region between the Cr buffer and
the Ru cap. After the annealing, as shown in Figs. 1(b) and 2(b), the
Fe–Cr–O layer is partially reduced to form an ultrathin (∼0.7 nm)
Fe layer. With the formation of the Fe layer, the upper Mg–Fe–O

layer also shows to the formation of MgO. It is also clearly confirmed
that the Cr atoms remaining between the formed Fe and MgO layers
segregate as a Cr oxide layer.

Figure 3 shows the NBED patterns of the as-deposited sam-
ple (upper) and the annealed sample (lower). Each pattern is taken

FIG. 2. EDS elemental maps with ADF-
STEM images for Cr, Fe, O, Mg, and
Ru (left images) and corresponding com-
position profiles (right plots) for (a) as-
deposited and (b) Ta = 500 ○C.
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FIG. 3. NBED patterns of the sput-
tered samples taken from the respective
positions of the ADF-STEM images on
the left: (a) Cr, (b) Fe–Cr–O, and (c)
Mg–Fe–O for the as-deposited sample;
(d) Cr, (e) Fe, (f) Cr–O, and (g) MgO for
the Ta = 500 ○C annealed sample.

from the corresponding position of the HAADF-STEM images on
the left side [labels (a)–(f)]. In both samples, the Cr buffers (a), (d)
and the upper oxide layers (c), (g) have bcc(001) and fcc-based rock-
salt(001) structures, respectively. The epitaxial relationship between
the Cr and oxide layers is Cr(001)[110] and oxide(001)[100], as
reported in previous studies.4,16 As shown in Fig. 3(b), the overlap-
ping patterns of bcc and fcc regions are observed in the Fe–Cr–O
zone. The pattern of the Cr oxide layer of the annealed sample
[Fig. 3(f)] is the same as that of the MgO layer, indicating that
the layer has a rock-salt-type structure. Although Cr2O3 with an
hcp-based corundum structure is the most stable among the Cr-
based oxides, a metastable rock-salt CrO phase may be stabilized

by the existence of the Fe(001) and MgO(001) interfaces in our
samples. Note that the epitaxial relationship was determined to be
Fe(001)[110]/CrO(001)[100]/MgO(001)[100]. A rock-salt CrO0.87
phase with a lattice constant of 0.404 nm is reported in the liter-
ature,29 which is nearly equal to the in-plane lattice spacing of Fe
(0.404 nm, 45○ in-plane rotation of bcc Fe) and smaller than that
of MgO (0.421 nm). Therefore, the better lattice-matching in the
annealed sample can be observed in Fig. 1(b).

Figures 4(a) and 4(b) show the magnetization (M)-magnetic
field (H) curves for the samples with Ta = 300 and 500 ○C, respec-
tively. The red dashed line and blue solid line indicate the direction
of the applied magnetic field along the in-plane and out-of-plane,

FIG. 4. M–H curves for the sputtered
samples at (a) annealing temperature Ta

= 300 ○C and (b) 500 ○C. Ta depen-
dences of (c) Ms, and (d) Keff and Ks.
The inset of Fig. 4(b) shows the close-up
near zero field.
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FIG. 5. tFe dependences of (a) products
of Ms and tFe and (b) products of Keff and
tFe for Ta = 500 ○C.

respectively. The effective magnetic anisotropy energy density (Keff)
was estimated by the area enclosed by the in-plane and out-of-plane
M–H curves. When Ta is above 400 ○C, large effective PMA ener-
gies Keff were observed, where a positive Keff indicates perpendicular
magnetization. Since the Fe and MgO layers are separated by the
CrO layer, the PMA appears at the Fe and CrO interface. The satu-
ration magnetization (Ms) assuming the 0.7 nm Fe thickness clearly
increases with Ta, as shown in Fig. 4(c). This result is reasonable

considering the reduction of the fraction of the Fe oxide by post-
annealing. Keff for Ta = 400 and 500 ○C is determined to be 0.82
and 0.77 MJ/m3, respectively. Here, considering the shape magnetic
anisotropy energy Ks = Ms

2/2μ0 (μ0: permeability), these values are
calculated to be 0.92 and 1.26 MJ/m3 for the samples for Ta = 400
and 500 ○C, respectively, as shown in Fig. 4(d). Note that the ref-
erence EB sample exhibits Keff of 1.2 MJ/m3, which is larger than
the Keff values of the sputtered samples. Since the Ks in thin films

FIG. 6. (a) XAS and (b) XMCD of Fe
L2,3-edges taken at normal-incidence set
up for the sputtered samples with differ-
ent post-annealing temperatures and the
reference EB sample.
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stabilizes along the in-plane direction, the interfacial PMA energy
(K i) for Ta = 500 ○C is larger than that for Ta = 400 ○C. Therefore,
we investigate the Fe thickness tFe dependences of magnetic proper-
ties. Figure 5 shows the tFe dependence of the products of Ms and
tFe (Ms ⋅ tFe) and the products of Keff and tFe (Keff ⋅ tFe) of the sput-
tered samples for Ta = 500 ○C. As shown in Fig. 5(a), the magnetic
dead layer thickness (tdead) of 0.14 nm was confirmed from the linear
fit. The relationship between K i and Keff is expressed as K i = (Keff
− Kv) ⋅ (tFe − tdead), where Kv is the volume magnetic anisotropy.
K i is estimated to be 1.55 mJ/m2 from the linear fit shown
in Fig. 5(b) (black dot). These results indicate that the unex-
pectedly formed Fe/CrO interface has relatively large PMA
energies.

Figure 6 shows (a) XAS and (b) XMCD for Fe L2,3-edges taken
at normal-incidence set up in the sputtered samples with different Ta
and the EB sample. The XAS and XMCD are defined as (μ+ + μ−)/2
and the difference of XAS, μ+ − μ−, respectively. In the Fe L2,3-edges,
the peaks at 706 and 719 eV originate from metallic Fe, and the peaks
shifted to the higher energy side (707.5 and 721.5 eV) are due to the
components of oxidized states. The XMCD peaks of the sputtered

samples appear only at the metallic Fe energies and increase with
Ta, which is consistent with the increase of Ms in VSM. The oxi-
dized components are reduced after high temperature annealing.
Note that the oxidized peaks cannot be detected in the EB sample
as shown in the bottom panel of Fig. 6(a). Therefore, the chemi-
cal bonding nature is different between the sputtered sample with
Ta = 500 ○C and the EB sample. Figures 7(a) and 7(c) show the XAS
taken at oblique-incidence set up for Fe and Cr L2,3 edges, respec-
tively, where the solid lines represent the sputtered samples with
different Ta and the dotted lines represent the EB-grown sample.
Figures 7(b) and 7(d) show the difference between the spectra of the
sputtered samples and the spectra of the EB sample for Fe and Cr
L2,3 edges, respectively. These plots clearly show the degree of oxi-
dation at the interface. The peak intensity of metallic Fe increases
with annealing temperature, indicating that the chemical states of Fe
oxide are significantly reduced by annealing. On the other hand, the
spectra of the samples for Ta = 400 and 500 ○C, which exhibit PMA,
still show the presence of Fe oxide, as confirmed by Fig. 7(b). It is
known that the over-oxidation of Fe at the oxide interface drastically
reduces the PMA energy.22,30 Therefore, the appearance of the large

FIG. 7. XAS of (a) Fe and (b) Cr L2,3-
edges taken at oblique-incidence set up
for the sputtered samples with differ-
ent Ta and the reference EB sample.
Dotted line represents XAS intensity of
EB-grown sample. (b), (d) Differences of
XAS intensity between sputtered sam-
ples and EB-grown sample.
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PMA after the high temperature annealing indicates that the oxygen
atoms may be uniformly located on the upper interface of the metal-
lic Fe layer. In the XAS of Cr L2,3-edges as shown in Fig. 7(c), the
peaks at 575.5 and 584.5 eV indicate the metallic Cr and the peaks at
576.75 and 586.5 eV indicate the oxidized Cr states. It can be seen
that the peak intensity due to the oxidation of Cr increases with
Ta, as can be clearly seen in Fig. 7(d). In the Cr L3-edge, the peak
shift is 1.25 eV due to the oxidation of pure Cr, which is smaller
than that of the Cr2O3 and CrO2.

31–33 The peak shift of Cr2+ from
metallic Cr is reported to be 1.8 eV.34 Thus, the valence states of
the Cr sites are deduced to be <2+, though the exact composition
of CrO cannot be estimated from NBED and XAS. Although CrO is
a metastable compound and the magnetic properties have not been
investigated experimentally, the CrO was predicted to have an anti-
ferromagnetic order from the band structure calculation.35 XMCD
of Cr was reported for Co/Cr2O3

36 and Fe/monolayer ordered Cr-
oxide37 by the induced moments at the interface. However, in our
Fe/CrO, the Fe layer does not induce magnetic moments at Cr2+

sites.

IV. DISCUSSION
We discuss the mechanism of the CrO segregation at the

Fe/MgO interface. From the viewpoint of the surface adsorption
energy during growth and annealing, the possibility of Cr atom seg-
regation on the Fe layer can be analyzed.38,39 Here, the adsorption
energy Had(A on B) is defined as the energy difference between
the formation energy of the substrate surface B and the gas phase
ad-atoms A. When Had(A on B) is larger than Had (B on B), the seg-
regation of substrate atoms to the film surface can be realized.38 As
calculated in Ref. 38, since the energy difference between Had(Cr on
Cr) (=303 kJ/mol) and Had(Cr on Fe) (=313 kJ/mol) is small, the
segregation hardly occurs. In contrast, if the film is oxidized and the
substrate has a higher affinity for oxygen, segregation can be pro-
moted.38 The Fe surface was oxidized during the MgO growth, and
the Cr atoms have a higher affinity for oxygen than that for Fe.39

Therefore, the oxygen atoms on the Fe surface act as a catalytic
driving force, and the segregation of Cr atoms on the Fe surface
occurs, resulting in the redox reaction of oxidized Fe to metallic
Fe, which stabilizes the interface PMA, like the Fe/MgO interface.
Similar phenomena of layer exchange growth can be observed in
Si–Al, Si–Ag, and Ge–Al cases, which are annealed at temperatures
below the eutectic point without forming an alloy.40–42 Since Fe and
Cr atoms do not form an alloy at 400–500 ○C,43 it is assumed that
the Cr atoms diffuse to maintain the solid phase, and higher tem-
perature annealing leads to alloy formation. Our experiment reveals
that the interface obtained by a layer exchange process contributes
to the PMA. Even for the combination of elements that are difficult
to grow layer-by-layer in conventional sequential deposition meth-
ods, such a diffusion process can provide an alternative technique
for preparing a well-controlled interface. For example, although it is
difficult to grow an ultrathin Fe layer on MgO due to its poor wet-
tability, the layer exchange process could provide an alternative. In
addition, this method can produce metastable compounds such as
CrO by diffusion into an interface.

Next, we discuss the PMA at the Fe/rock-salt-type CrO inter-
face. Large interfacial PMA energies K i of ∼2 mJ/m2 have been
reported at Fe/MgO and Fe/MgAl2O4 interfaces.4,24 The PMA

energy of the Fe/MgAl2O4 interface is affected by the oxidation
state; theoretical calculations show that both oxygen-poor and
oxygen-rich interfaces result in reduced K i compared to a per-
fect Fe/MgAl2O4 interface due to the reduced anisotropy of the
orbital moment of Fe atoms.44 It is also reported that the oxida-
tion state significantly affects the PMA energies at CoFeB/Ta-oxide
and CoFeB/(FeO, CoO) interfaces.45,46 Theoretical calculations of
Fe/MgO with monolayer FeO predicted that the PMA energy at
the interface changes with the composition of FeO;20 Fe/FeO/MgO
shows in-plane magnetic anisotropy, while Fe/FeO0.5/MgO shows
PMA.20 Therefore, in an analogy to these facts, we expect that PMA
appears at a well-defined Fe/CrO interface (depending on the oxy-
gen composition) and can be explained by the formation of Fe–O
chemical bonding exclusively in the normal direction to the interface
through the orbital anisotropy.47

The interfacial PMA can be tuned by applying an external elec-
tric field, known as the voltage control magnetic anisotropy (VCMA)
effect.16,20,48–50 The degree of the VCMA effect (VCMA coefficient)
of the Fe/MgO, also using EB evaporation, led to an improved PMA
energy and VCMA coefficient.51 The sample without Cr doping even
showed a slight Cr segregation from the Cr buffer to the Fe/MgO
interface region after the post-annealing. Although the state of segre-
gated or doped Cr at the Fe/MgO interface is not clear, enhancement
of both PMA and VCMA from pure Fe/MgO was reported at the
Fe/Cr-doping/MgO interfaces. As predicted in Fe/FeO0.5/MgO,20

the enhancement could also be expected at the Fe/CrO interface
depending on the oxygen composition.

The 3d transition-metal monoxides, including CrO1−δ and
FeO1−δ, are non-stoichiometric compounds with rock-salt-type
structures, which have different magnetic ordering and conductiv-
ity,41 and their lattice constants depend on the composition.52–55

Since these lattice constants are almost the same as the in-plane
lattice spacings of Fe, they can be incorporated into Fe-based
MTJs. This suggests that it may be possible to realize interfacial
PMA between Fe and transition-metal monoxide layers, which is a
promising way to develop p-MTJs with additional functionality.46

V. CONCLUSION
We demonstrated interfacial PMA at the epitaxial Fe/rock-salt

type Cr-oxide (CrO) (001) interface, which was formed by sputtering
of a Cr/ultrathin Fe/MgO stacked sample. The Fe/CrO interface was
formed via the atomic diffusion and redox reaction process of oxi-
dized Fe and Cr with the aid of post-annealing, as revealed by STEM
analysis and XAS measurements. A relatively large interfacial PMA
energy of up to 1.55 mJ/m2 was observed in the sample with anneal-
ing at Ta = 500 ○C. This result indicates that the diffusion/redox
process can provide high quality and well-controlled interfacial
structures consisting of Fe-based FM and transition-metal-oxide.
Our demonstration of the oxygen-driven diffusion process offers a
new route to synthesize metastable materials in solid-state chemistry
as well as an alternative technique for MTJ development.
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