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Influence of epitaxial strain on the perpendicular magnetic anisotropy of Fe/MgO systems
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Perpendicular magnetic anisotropy (PMA) in ferromagnet/oxide systems has attracted considerable attention
owing to its significant potential in spintronic applications; however, an understanding of the causes of PMA
enhancement in such systems remains inadequate. This study investigates the influence of epitaxial strain on
PMA in the Fe/MgO system. The PMA energy increases monotonically as the in-plane lattice constant of Fe
decreases, and increases further after annealing. We find that the interface component of the PMA energy is
largely unaffected by the epitaxial strain and annealing process, and that changes in its bulk component play
an important role. This study leads to a comprehensive understanding of PMA and voltage-controlled magnetic
anisotropy effects in ultrathin magnetic films.
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Atoms in magnetic interfaces or surfaces may possess per-
pendicular magnetic anisotropy (PMA) owing to their lowered
crystal symmetry [1–3]. In particular, the PMA that emerges
at ferromagnet/oxide interfaces has been intensively investi-
gated [4–11] as these relatively simple systems can be used in
magnetic random access memory applications [12]. Among
various ferromagnet/oxide systems, Fe/MgO-based systems
are particularly important in applications [4,7–9] because they
exhibit a significant tunneling magnetoresistance [13,14]. The
microscopic origin of PMA in Fe/MgO-based systems is at-
tributed to an enhanced orbital angular momentum due to the
hybridization of O-pz and Fe-dz2 orbitals [7].

In several previous studies, thermal annealing was em-
ployed to enhance PMA energy [6,9,10,15,16]; however, it is
not evident how this process modulates the interfacial struc-
ture or how the changes in PMA energy arise. Moreover,
the effect of thermal annealing on the electric field induced
change in PMA energy, termed the voltage-controlled mag-
netic anisotropy (VCMA) effect, is not significant [17,18].
It has also been reported that underlayer [16,19] and MgO
overlayer [15] have significantly modulated PMA and VCMA
in CoFeB films. Because these under- and overlayers are not
in direct contact with the CoFeB/MgO interface, the stress
in the CoFeB layer and/or CoFeB/MgO interface could be
correlated to the PMA energy [20]. Although the influence
of stress on the bulk contribution to the PMA energy was
studied previously (cf. (Fe/V)n superlattices [21–23]), studies
on the interface contribution remain elusive. As mentioned
above, the origins of PMA and its enhancement after anneal-
ing remain less understood, limiting the scope of designing
alternative systems with large PMA for practical applications.
To this end, the present study aims to clarify the influence of
thermal annealing and stress on PMA. We focused on the role

*miwa@issp.u-tokyo.ac.jp

of internal stress on PMA in ultrathin ferromagnetic films, and
studied a fully epitaxial MgO/V/Fe multilayer with varying
epitaxial strain in the V layer. As compared to the Fe layer
grown directly on MgO [24,25], the V underlayer makes it
possible to characterize the influence of epitaxial strain on
the magnetic properties of an ultrathin Fe film (<1 nm). We
found that epitaxial strain mainly modulates the bulk PMA
but negligibly affects the interface contribution to the PMA
energy. The present findings are useful to understand PMA in
order to design ferromagnet/oxide systems.

A fully epitaxial multilayer comprising MgO (5 nm)/V
(tv = 6−100 nm)/Fe (tFe = 0.6−1.0 nm)/MgO (2 nm)/cap
was grown on single-crystal MgO(001) substrates by molec-
ular beam epitaxy under ultrahigh vacuum. A vanadium
underlayer was used to induce epitaxial strain in the ultra-
thin Fe layer and to achieve a large PMA without thermal
annealing [8]. Moreover, in comparison to other transition
metal underlayers (cf. Ag, Au, and Pd [26,27]), V segregation
into Fe is believed to be negligible. The cap layer comprised
either V (3 nm)/Au (3 nm), or SiO2 (5 nm). A schematic of the
sample structure is illustrated in Fig. 1(a). The MgO substrate
was annealed at 800 ◦C for 10 min before deposition and a
5 nm thick MgO layer was grown on the substrate (at a rate
of 0.1 Å/s) to avoid the diffusion of carbon atoms from the
substrate into the metal films [28]. A V layer was grown at
a rate of 0.2 Å/s, and the sample was annealed at 500 ◦C for
20 min to ensure the formation of a flat surface. Subsequently,
a wedged Fe layer was deposited at a rate of 0.05 Å/s, and
a 2 nm thick top MgO layer was grown at a rate of 0.1 Å/s.
All the layers were deposited at room temperature. To release
the epitaxial strain of the ultrathin Fe, thermal annealing was
performed at 350 ◦C for 30 min under ultrahigh vacuum.

As depicted in Fig. 1(b), clear streak patterns were
observed by reflection high-energy electron diffraction
(RHEED), confirming the formation of epitaxial layers with
flat interfaces. The distance between the streaks in the V

2469-9950/2021/104(14)/L140406(6) L140406-1 ©2021 American Physical Society

https://orcid.org/0000-0003-1174-119X
https://orcid.org/0000-0002-2405-1465
https://orcid.org/0000-0003-2415-6686
https://orcid.org/0000-0001-9131-6753
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.L140406&domain=pdf&date_stamp=2021-11-02
https://doi.org/10.1103/PhysRevB.104.L140406


MASANOBU SHIGA et al. PHYSICAL REVIEW B 104, L140406 (2021)

FIG. 1. (a) Schematic of the sample structure. (b) In situ reflec-
tion high-energy electron diffraction (RHEED) images of the V, Fe,
and top MgO layers. (c) 1/d as a function of V layer thickness. The
variable d corresponds to the distance between the streaks in the V
layer RHEED image, as shown in (b). The dashed line was fitted
using an exponential function. The relaxation length of the epitaxial
strain was estimated as 39 nm. Inset: Root mean square surface
roughness of V layer as a function of its thickness. (d) Schematic
of the lattice structure of the Fe, V, and MgO layers.

RHEED image [denoted as d in Fig. 1(b)] varies with V
layer thickness. Figure 1(c) depicts the V layer thickness
dependence of 1/d , with 1/d increasing with layer thickness.
As 1/d corresponds to an in-plane lattice constant, this result
indicates that the lattice constant of the V underlayer increases
with its thickness. The observed thickness dependence of the
in-plane lattice constant of the V underlayer can be understood
by considering the epitaxial strain from the MgO substrate. As
illustrated in Fig. 1(d), the lattice constant of V is 1.7% larger
than that of MgO, which is consistent with the change in the
in-plane lattice constant of the V underlayer [Fig. 1(c)]. We
evaluated the surface roughness of the V layer using atomic
force microscopy and found that the roughness is nearly con-
stant beyond a thickness of 10 nm, as shown in the inset of
Fig. 1(c). The results indicate that the in-plane lattice constant
is successfully modulated while maintaining the film surface
flat.

We estimated the magnetic dead layer in the V (30 nm)/Fe
(tFe)/MgO (2 nm)/SiO2 (5 nm) sample. The inset of Fig. 2(a)
illustrates the typical magnetization curve of the sample with
tFe = 0.42 nm measured using the polar magneto-optical Kerr
effect (MOKE). Square-shaped magnetic hysteresis loops
were observed under a perpendicular magnetic field (H), in-
dicating the existence of PMA in the film. The saturation
Kerr rotation angle was defined as the angle at H = 0 Oe. The
dependence of the saturation Kerr rotation angle on the thick-
ness of Fe is shown in Fig. 2(a). In the MOKE experiment,
a 660 nm wavelength light source was deployed. Since the

FIG. 2. (a) Saturation Kerr rotation angle as a function of Fe film
thickness. The solid lines are fits using linear functions. Inset: Typical
MOKE signal of the as-deposited sample with V and Fe layer thick-
nesses of 30 nm and 0.42 nm, respectively. An external magnetic
field was applied normal to the sample surface. (b) Magnetic moment
of Fe shown as a function of V layer thickness. The dashed line
is the average value of the experimental data. Inset: Typical XAS
and XMCD spectra of the as-deposited sample with V and Fe layer
thicknesses of 6 and 0.5 nm, respectively. External magnetic fields of
±0.1 T were applied normal to the sample surface.

penetration length of its light is considerably larger than the
ultrathin Fe layer thickness, the saturation Kerr rotation angle
is expected to increase linearly with the layer thickness. The
linear fit crosses zero near 0.01 nm for both as-deposited and
annealed samples, suggesting that the magnetic dead layer is
extremely thin (∼0.01 nm). A significant magnetic dead layer
(∼0.3 nm) was previously reported in a similar V/Fe/MgO
system [8]. The thickness of the magnetic dead layer increased
significantly when the annealing temperature was greater than
450 ◦C. Hence we have used an annealing temperature of
350 ◦C in this study.

The impact of the V thickness on the magnetic moment
of Fe was investigated. The Fe magnetic moment in our
samples was estimated by performing x-ray magnetic circular
dichroism (XMCD) spectroscopy at room temperature. The
measurements were conducted at the BL-7A beamline of the
Photon Factory, High Energy Accelerator Research Organi-
zation (KEK) [29]. A magnetic field of 0.1 T was applied
normal to the sample surface to saturate the magnetization.
The XMCD measurements were performed on the V (tV)/Fe
(0.5 nm)/MgO (2 nm) samples. The x-ray absorption and
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FIG. 3. (a), (b) Magnetization curves of as-deposited and an-
nealed samples with varying V layer thickness. Inset of panel (b):
Magnetization curve of the annealed sample with a thick V under-
layer (tv = 100 nm). The PMA energy, Keff , was estimated from the
shaded area. (c) The PMA energy as a function of V layer thickness.
(d) The PMA energy multiplied by Fe layer thickness as a function
of Fe layer thickness. The solid lines represent the fits using Eq. (1).

XMCD spectra of the sample with tV = 6 nm are depicted
in the inset of Fig. 2(b). By applying the sum rules [30,31],
we evaluated the magnetic moments of Fe, as shown in
Fig. 2(b). In both as-deposited and annealed samples, the
magnetic moment of Fe was not significantly correlated to
the V layer thickness. Thus we conclude that the influence
of epitaxial strain on the Fe magnetic moment is negligible.
As indicated by the dashed line in Fig. 2(b) representing
the average experimental value, we estimated the magnetic
moment of Fe in as-deposited and annealed samples to be 2.17
and 2.13 μB/atom, respectively. These values are close to the
literature value of the bulk Fe moment (2.2 μB/atom) [32],
implying that interdiffusion across the V/Fe interface can be
neglected in both as-deposited and annealed samples.

Figure 3(a) shows the typical magnetization loops of the
as-deposited samples with varying V layer thickness under
out of plane magnetic fields. All the samples have an in-
plane magnetized Fe film of tFe = 0.72 nm. For Figs. 3 and
4, a multilayer comprising V(tV)/Fe(tFe)/MgO (2 nm)/V (3
nm)/Au (3 nm) was used. The magnetic field strength re-
quired to saturate the magnetization decreases with decreasing
V layer thickness, as shown in Fig. 3(a). This suggests an
enhancement of the PMA energy. A similar correlation was
also obtained in the annealed samples, as shown in Fig. 3(b).
The PMA energy Keff was calculated from the magnetization
curve [shaded area in inset of Fig. 3(b)] and the saturated
magnetization estimated by XMCD experiments. Figure 3(c)
shows the V layer thickness dependence of Keff . A positive
Keff value represents an out of plane magnetic easy axis, and
conversely a negative Keff signifies an in-plane magnetic easy
axis. As the V layer thickness decreases, Keff monotonically

FIG. 4. (a) Interfacial anisotropy energy Ki and (b) volume
anisotropy energy Kv as a function of V layer thickness.

increases. This behavior was observed in both as-deposited
and annealed samples. Furthermore, thermal annealing results
in an increase in Keff regardless of the V layer thickness.

To separately characterize the interface (Ki) and bulk (Kv)
contributions to the PMA energy, the impact of Fe layer
thickness on Keff was investigated. In general, these phys-
ical quantities possess the following relation, Keff = Kv +
Ki/teff − 1/2μ0M2

S , where teff and μ0 represent the effective
Fe film thickness and the vacuum permeability, respectively.
The effective thickness is defined as the nominal thickness of
Fe (tFe) minus the thickness of the magnetic dead layer. In this
study, because the magnetic dead layer is considerably small
(<0.01 nm), the effective thickness of Fe is nearly identical to
the nominal thickness (teff ≈ tFe).

KefftFe = (
Kv − 1

2μ0M2
S

)
tFe + Ki. (1)

From Eq. (1), Kv and Ki can be extracted as the slope and
vertical intercept of the linear fit, respectively. Figure 3(d)
shows the typical results of plotting KefftFe as a function of
Fe thickness.

Figures 4(a) and 4(b) show the interface (Ki) and bulk
(Kv) contributions to the PMA energy (Keff ) as a function
of V layer thickness. For the as-deposited samples, Ki is
less affected by the V layer thickness and is estimated to
be ∼1.7 mJ/m2. This is larger than the reported value of
∼1.0 mJ/m2 in V/Fe/MgO [8]. Similarly, annealing was not
found to significantly change Ki. However, this is not the
case for Kv, as shown in Fig. 4(b). The negative (in-plane)
Kv can be attributed to the shape magnetic anisotropy and
magnetocrystalline anisotropy originating from an epitaxial
strain in the V underlayer. Interestingly, the in-plane magnetic
anisotropy energy (negative values of Kv) strongly depends
on the V layer thickness and decreases with decreasing V
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layer thickness, which is consistent with the previously ob-
served decreasing in-plane lattice constant with decreasing V
layer thickness [Fig. 1(c)]. Here, decreasing the in-plan lattice
constant decreases (increases) the tensile (compressive) strain
of Fe (V). Using the in-plane lattice expansion of V [1.2%
from Fig. 1(c)], the magnetoelastic coupling constant of Fe
is estimated to be −17 MJ/m3, which is five times larger
than that of bulk Fe (−3.4 MJ/m3). Similar enhancement was
also reported in ultrathin Co films [33]. After annealing, the
in-plane magnetic anisotropy from Kv is reduced and the V
layer thickness dependence is suppressed. This can be ratio-
nalized by considering the relaxation of the epitaxial strain
during the thermal annealing process. The relaxation of the
epitaxial tensile strain results in the in-plane lattice constant
of the ultrathin Fe layer being comparable to that of bulk Fe.
These observations indicate that the in-plane lattice constant
for Fe decreases during thermal annealing, thus reducing the
in-plane magnetic anisotropy from Fe bulk. As a result, the in-
fluence of the V underlayer on the PMA energy is suppressed.
In Figs. 4(a) and 4(b), the changes in Ki and Kv for tV < 10 nm
cannot be rationalized by the release of epitaxial strain. This
could be due to the imperfectness of the sample. In fact,
surface roughness increases in the same region (tV < 10 nm)
as shown in the inset of Fig. 1(c).

It is evident from Figs. 4(a) and 4(b) that the V layer
thickness and annealing dependencies of the PMA energy
[Fig. 3(c)] were found to originate primarily from the volume
magnetic anisotropy induced by epitaxial strain. The inter-
face contribution to the PMA energy from Fe/MgO is less
affected by both epitaxial strain and annealing. This might be
because the contribution is determined locally by a hybridized
Fe-O bond [7] and is less affected by the in-plane Fe-Fe
bond. However, the results presented herein seem inconsis-
tent with previous studies, wherein annealing often enhances
the interfacial PMA energy in Fe(CoB)/MgO-based systems
[6,9,10,15,16].

For instance, in the case of the CoFeB/MgO system
[6,15,16], the interfacial PMA energy was enhanced by an-
nealing, presumably due to diffusion of B atoms [34,35].
The diffusion promotes crystallization near the CoFe(B)/MgO
interface and consequently modulates the interfacial PMA
energy. The enhancement of the interfacial PMA energy was
also reported in the Cr/Fe/MgO system [9]. In this case, the
enhancement is associated with an increase in the orbital
magnetic moment anisotropy of Fe [36]. However, it has been
reported that a large PMA energy at the Cr/Fe/MgO interface

is related to the dispersion of Cr atoms in the Fe layer [37,38].
Thus, the reported enhancement of the interfacial PMA energy
by thermal annealing is not likely to be an intrinsic property
of Fe/MgO but is caused by Fe-Cr intermixing, which results
in hole doping in Fe from Cr atoms [39] and/or the formation
of a Cr/MgO interface. On the possibility of enhancement of
the PMA energy due to Fe-V intermixing, we have conducted
similar experiments as Ref. [38] using V and confirmed that
the Fe-V intermixing does not enhance the PMA energy.
Therefore, while many reports on the enhancement of the
PMA energy through annealing exist, we conclude that this
energy is intrinsically insensitive to annealing in the Fe/MgO
system. From the viewpoint of designing large PMA systems,
relaxing epitaxial strain by thermal annealing is an effective
strategy.

It has also been previously reported that the VCMA ef-
fect is insensitive to annealing [16–18]. Based on the earlier
discussion on the PMA energy, the enhancement of the PMA
energy by thermal annealing is not relevant to the modulation
of the interfacial electronic states at the Fe/MgO interface, but
can permit the relaxation of internal stress in the magnetic
layer. Consequently, the VCMA effect, which is an electric
field induced modulation of the interfacial PMA, is also insen-
sitive to thermal annealing. Therefore, to obtain a system with
a significant PMA and VCMA effects, the design of materials
in which the local Fe-O hybridized orbitals at the Fe/MgO
interface can be controlled is indispensable.

In conclusion, we studied the influence of epitaxial strain
on the PMA energy in the Fe/MgO system. The modulation of
the PMA energy mainly originates from the volume magnetic
anisotropy due to the epitaxial strain. The interfacial PMA
at the Fe/MgO interface is robust and largely unaffected by
epitaxial strain and the annealing process. Our results provide
a comprehensive understanding of PMA in ultrathin magnetic
films and may lead to further developments in high PMA
systems.
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