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We investigated the perpendicular magnetic anisotropy (PMA) and related properties of epitaxial Fe (0.7 nm)/MgAl2O4(001) heterostructures
prepared by electron beam evaporation. Using an optimized structure, we obtained a large PMA energy of >1MJ/m3 at room temperature, which
is comparable to that in ultrathin-Fe/MgO(001) heterostructures. Both the PMA energy and saturation magnetization showed a weak temperature
dependence, ensuring a wide working temperature range in applications. The effective magnetic damping constant of the 0.7 nm Fe layer was
found to be >0.02 using the time-resolved magneto-optical Kerr effect. This study demonstrated the suitability of the Fe/MgAl2O4 heterostructure
for use in perpendicular magnetic tunnel junctions, as well as good agreement with theoretical predictions.

© 2018 The Japan Society of Applied Physics

M
gAl2O4 is considered a promising alternative to
MgO for use as a barrier material in magnetic tunnel
junctions (MTJs) owing to its tunable lattice con-

stant1,2) and preferential Δ1 band transport due to the coherent
tunneling effect.3–6) In particular, a large tunnel magneto-
resistance (TMR) ratio2,7) and improved bias dependence of
the TMR ratio1,8) have been reported in MgAl2O4-based
MTJs. In addition to these TMR properties, interface-induced
perpendicular magnetic anisotropy (PMA) at a MgAl2O4

interface is a crucial property for applications of perpendic-
ularly magnetized MTJs (p-MTJs). The utilization of perpen-
dicularly magnetized films with a large PMA energy can sub-
stantially improve the thermal stability of p-MTJs to ensure
long data retention for next-generation high-density non-
volatile magnetic memories such as spin-transfer-torque mag-
netoresistive random access memory (MRAM) and magneto-
electric RAM.9–19) To date, the largest interface PMA energy
density of approximately 1.4MJ=m3 has been reported in
an epitaxial ultrathin-Fe=MgO(001) heterostructure.20) For
MgAl2O4-based epitaxial structures, a smaller PMA energy
density of ∼0.4MJ=m3 has been experimentally reported in
Fe=MgAl2O4(001)21) and Co2FeAl=MgAl2O4(001) hetero-
structures,22) where the MgAl2O4 layers were prepared by
post-oxidization of a Mg–Al metallic layer. On the other hand,
according to a recent theoretical calculation,23) an areal PMA
energy density of ∼1.3mJ=m2 was predicted at an Fe=
MgAl2O4(001) interface, which is nearly comparable to that at
an Fe=MgO(001) interface (∼1.5–1.7mJ=m2). Interestingly,
even the small difference in PMA density between Fe=
MgAl2O4 and Fe=MgO was clearly interpreted using the
second perturbation theory with the orbital-resolved densities
of states. Therefore, further improvement in the PMA energy
of ultrathin-Fe=MgAl2O4(001) interfaces, that is, observation
of an intrinsically large PMA, is expected if a clean interface is
obtained by suppressing atomic intermixing and overoxidation
by process optimization. In addition, related magnetic prop-
erties of the PMA heterostructures such as magnetic damp-
ing and the temperature dependence of the PMA properties
should be evaluated. The former determines the switching
speed and current density in MRAM operation, and the latter
determines the operating temperature range of p-MTJs.24,25)

In this study, we investigated the magnetic properties of
ultrathin-Fe=MgAl2O4 structures that were fabricated using an

electron beam (EB) evaporation technique to obtain a large
interface PMA. Careful tuning of the film thickness and post-
annealing temperature yielded an optimized Fe (0.7 nm)=
MgAl2O4 interface that showed a large PMA energy of up to
∼1.0MJ=m3, which is comparable to the reported value for an
Fe (0.7 nm)=MgO interface (∼1.4MJ=m3).20) We also found
that the PMA energy and saturation magnetization (Ms) were
not very sensitive to the measurement temperature. The
effective damping constant was also evaluated to be ∼0.02
by measuring the time-resolved magneto-optical Kerr effect
(TR-MOKE) under high magnetic fields.

Figure 1(a) shows a schematic design of the multilayer
structure used to examine the PMA properties at an Fe=
MgAl2O4 interface. A fully epitaxial stack of MgO (5 nm)=
Cr (30 nm)=Fe (tFe = 0.7 nm)=MgAl2O4 (tMAO = 2 and 3 nm)
was deposited on a MgO(001) substrate by EB evaporation
(base pressure ∼1 × 10−8 Pa). Before deposition, the substrate
was annealed at 800 °C to clean its surface, and then the 5 nm
MgO seed layer was deposited at 450 °C. The Cr buffer layer
was deposited at 150 °C and then post-annealed at 800 °C to
obtain a flat Cr(001) surface. This post-annealing temperature
is critical to obtaining a large PMA for an ultrathin Fe layer
deposited on a Cr buffer.20) Temperatures of 150 and 250 °C
were used for growth and post-annealing, respectively, of
the ultrathin Fe to improve the surface flatness. Then, the
MgAl2O4 barrier layer was deposited at 150 °C at a ∼0.01
nm=s deposition rate from a high-density (98.6% of the
theoretical density) sintered MgAl2O4 chip (Ube Material
Industries), instead of from a MgAl2O4 substrate as in a
previous report.26) Although the barrier composition may
have deviated slightly from MgAl2O4 during deposition,26) in
this study the notation “MgAl2O4” is used for simplicity. The
deposited MgAl2O4 barrier was post-annealed at different
temperatures (350, 400, 450, and 500 °C) to modify the
Fe=MgAl2O4 interface conditions. Finally, a 2-nm-thick Ru
capping layer was sputter-deposited at room temperature
(RT). Throughout the growth process, the surface structures
and epitaxial growth were monitored in situ by reflection
high-energy electron diffraction (RHEED). The magnetic
hysteresis (M–H ) loops of the samples were measured using
a vibrating sample magnetometer (VSM) at RT and a VSM
incorporated into a superconducting quantum interference
device at temperatures between 100 and 300K. The ultrafast

Applied Physics Express 11, 063008 (2018)

https://doi.org/10.7567/APEX.11.063008

063008-1 © 2018 The Japan Society of Applied Physics

https://doi.org/10.7567/APEX.11.063008
http://crossmark.crossref.org/dialog/?doi=10.7567/APEX.11.063008&domain=pdf&date_stamp=2018-06-01


magnetization dynamics was measured by an all-optical
TR-MOKE microscope to evaluate the magnetic damping.
A femtosecond laser pulse at the fundamental wavelength of
1028 nm was used to excite the sample, whereas the second
harmonic (wavelength, λ = 515 nm) of the fundamental beam
was used to probe the magnetization dynamics by measuring
the change in the Kerr rotation as a function of the time delay
between the pump and probe beams. A variable magnetic
field was applied at an angle of 70° with respect to the
direction perpendicular to the sample surface.

The RHEED patterns of the Fe (0.7 nm)=MgAl2O4 (3 nm)
sample are shown in Figs. 1(b)–1(g). As seen in Figs. 1(d)
and 1(f), additional substreaks, indicated by red arrows,
represent the formation of the c(2 × 2) reconstructed surface
of Cr and Fe, which is believed to improve the surface
flatness and consequently the magnitude of the PMA of the
ultrathin Fe layer when it is capped with MgO.20) Note that
the absence of the c(2 × 2) structure for Fe was reported in

Ref. 18, which differs from the present study. Further, as
shown in Figs. 1(b) and 1(c), the RHEED patterns of the
MgAl2O4 surface after post-annealing at 400 °C are similar to
those of sputter-deposited MgAl2O4 on a thick Fe layer.8)

Therefore, the growth of a fully epitaxial structure with (001)
orientation was confirmed. The patterns of the MgAl2O4

surface also indicate that the EB-evaporated MgAl2O4 in this
study has a cation-disordered spinel structure, which ensures
the occurrence of the giant TMR effect, similar to that at a
MgO barrier.2,6)

The largest PMA energy density is obtained for
Fe (0.7 nm)=MgAl2O4 (3 nm) at an annealing temperature of
400 °C. TheM–H loops of this sample are shown in Fig. 2(a),
where the effective PMA energy density, that is, Keff, was
determined from the area enclosed by the in-plane and out-of-
plane M–H loops and the y axis (shaded area). The maximum
Keff is ∼1.0MJ=m3, which is comparable to the value
(∼1.4MJ=m3) in the previous report for an Fe (0.7 nm)=
MgO interface. First, it should be noted that the Keff observed
in this study is more than twice as large as that reported at
an Fe (0.7 nm)=MgAl2O4 interface (∼0.4MJ=m3),21) where
the MgAl2O4 was prepared by post-plasma-oxidation of a
Mg33Al67 metallic layer. Second, the large PMA, which is
close to but slightly smaller than that of Fe=MgO, is in good
agreement with theoretical predictions.23) This fact strongly
suggests that the first-principles approach describes the
mechanism of the interface PMA of an Fe=oxide interface
correctly. Theoretical calculations also revealed that the over-

Fig. 1. (a) Schematic illustration of an epitaxial heterostructure.
(b)–(g) RHEED patterns taken from Fe (0.7 nm)=MgAl2O4 (3 nm) sample
annealed at 400 °C; incident electron beams are along the (b), (d), and
(f) [100] azimuth and (c), (e), and (g) [110] azimuth of the MgO(001)
substrate. Substreaks, indicated by red arrows, correspond to c(2 × 2) surface
structure.

(a)

(b)

Fig. 2. (a) M–H loops at RT for Fe (0.7 nm)=MgAl2O4 (3 nm) sample
annealed at 400 °C. Shaded area indicates the effective PMA energy density
(Keff). Positive Keff indicates PMA. (b) Annealing temperature dependence of
Keff for Fe (0.7 nm)=MgAl2O4 (2 or 3 nm).
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or underoxidation at the interface of a ferromagnetic layer and
an oxide layer significantly reduces the magnitude of the PMA
energy density.14) Thus, EB-evaporated MgAl2O4 grown from
high-density MgAl2O4 chips may have better interface oxi-
dation conditions than the post-oxidized MgAl2O4. It was
suggested in Ref. 22 that uniform oxidation of a metal layer is
not easy, and consequently overoxidation or underoxidation
tends to occur at the bottom-side barrier interface depending
on the oxidation condition.

By varying the MgAl2O4 thickness and post-annealing
temperature, the interface conditions, such as the degree
of oxidation, can be tuned.19) Figure 2(b) shows Keff as a
function of the post-annealing temperature for tMAO = 2 and
3 nm. The samples with tMAO = 3 nm show a larger PMA
energy density than those with tMAO = 2 nm at all post-
annealing temperatures, which may be related to possible
variation of the amount of oxygen near the Fe=MgAl2O4

interface with increasing MgAl2O4 thickness. Moreover, the
PMA is retained even at 500 °C for tMAO = 3 nm, suggesting
that the PMA of ultrathin-Fe=MgAl2O4 is robust enough to
tolerate high-temperature heat treatments during industrial
manufacturing.27)

In addition to the magnitude of Keff, the weak temperature
dependence of Keff is also favorable for practical use of PMA
heterostructures. To evaluate the temperature dependence
of Keff, the M–H loops of Fe (0.7 nm)=MgAl2O4 (3 nm) were
investigated at different measurement temperatures between
300K (RT) and 100K, as shown in Fig. 3(a). It is found
that the shape of the in-plane (hard-axis) loops is significantly
temperature-dependent. The anisotropy field of the in-plane
loops (Hk) increases with decreasing temperature, indicating
enhancement of Keff at low temperatures. To analyze the tem-
perature dependence of the magnetic properties, we first fitted
the saturation magnetization Ms by Bloch’s law:28)

MsðTÞ ¼ Msð0Þ 1 � T

TC

� �1:5
" #

; ð1Þ

where Ms(0) is the Ms value at 0K, T is the absolute
temperature, and TC is the Curie temperature. The temperature
dependence of Ms is plotted in Fig. 3(b) with the fitting curve
obtained using Eq. (1). The fitted values of TC and Ms(0) are
1227 ± 188K and 2.32 ± 0.05 T, respectively. They are close
to the values in bulk Fe, that is, 1043K and 2.19 T, respec-
tively. Although Bloch’s law is not applicable in the tem-
perature range close to TC, the result indicates that the TC
value of Fe in ultrathin-Fe=MgAl2O4 is not significantly
reduced. This contradicts previous reports of ultrathin Fe on
Ag29) or thin Ni and Co on Cu.30,31) For Keff, we assumed the
following simple equation:32)

Keff ¼ Ki

tFe
� 2�M2

s þ Kv; ð2Þ

where Ki,�2�M2
s , and Kv are the interface, shape, and volume

anisotropy energy densities, respectively. Here, we assumed
Kv = 0 for simplicity, and Ki ¼ tFeðKeff þ 2�M2

s Þ is plotted
as a function of T in Fig. 3(c). The difference in Ki between
100 and 300K (∼2.0mJ=m2 at 100K, ∼1.7mJ=m2 at 300K)
appears to be small compared to that of CoFeB=MgO (∼1.9
mJ=m2 at 100K, ∼1.45mJ=m2 at 300K),33) which may be
attributed to the high TC of the Fe layer. Moreover, we fit Ki by
a power law of Ms(T ):33)

KiðTÞ ¼ Kið0Þ MsðTÞ
Msð0Þ

� ��
; ð3Þ

where Ki(0) is the Ki value at 0K. The exponent γ = 1.91 ±
0.24 obtained by fitting is close to the values reported for
CoFeB=MgO (∼2.18 and ∼2.16).33,34) Note that according to
the Callen–Callen law for uniaxial anisotropy, the exponent

(a) (b)

(c)

Fig. 3. (a) M–H loops under different measurement temperatures. Measurement temperature dependence of (b) Ms and (c) Ki. The dashed lines are results of
fitting by Eqs. (1) and (3), respectively.
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γ = 3 is expected; that is, K(T )=K(0) = [Ms(T )=Ms(0)]3, where
K is the anisotropy energy.35) A reduced exponent was
theoretically predicted in the presence of large spin–orbit
coupling (SOC) materials that contribute to the PMA36–39) and
is consistent with experimental results for FePt.40) However,
further systematic investigation taking into consideration
Kv and the higher-order anisotropy is necessary for better
understanding.

We also evaluated the damping constant (αeff) of the
ultrathin Fe layer using the TR-MOKE method, because the
damping constants are likely to have positive correlations
with the magnitude of the PMA.41) Such a correlation can
be interpreted in light of the fact that both the PMA and
magnetic damping originate from spin–orbit interaction.
Furthermore, the PMA and magnetic damping can be
discussed roughly on the basis of the density of states;
small damping constants are expected to be obtained for
a system with a small density of states around the Fermi
level,42) whereas a large PMA due to the so-called Bruno
mechanism rarely appears.43) Figure 4(a) shows the oscil-
latory magnetization precessional signals of the Fe (0.7 nm)=
MgAl2O4 (3 nm) sample with varying μ0H. αeff is determined
by fitting the TR-MOKE signal with a phenomenological
fitting function:44)

GðtÞ ¼ Ae�tt1 þ B sinð2�ft � ’Þe�ðt=�Þ þ C; ð4Þ
where f is the precessional resonance frequency, τ =
1=(2π fαeff) is the relaxation time, and φ is the initial phase
of oscillation. A and B denote the amplitudes of the oscilla-
tions. C and t1 are the offset and decay rate of demagnet-
ization, respectively. We obtained αeff = 0.0233, 0.0207, and
0.0238 at μ0H = 1.77, 1.55, and 1.27 T, respectively, as

shown in Fig. 4(b), where the lowest αeff obtained was
∼0.0207. Here, αeff is not an intrinsic quantity and indicates
only the upper limit of the true α value.45) It is theoretically
predicted that the α value of very thin Fe films, to which the
interface effect of Fe contributes most, can be much larger
than that of the bulk, although it is unclear at present whether
the theoretical prediction is applicable to our experiment.46)

A similar enhancement has also been observed in ultrathin
Fe deposited on Ag, where the damping constant for a 0.4 nm
Fe film is ∼9 times larger than that for thick Fe films.47)

In summary, we prepared epitaxial ultrathin-Fe=MgAl2O4

heterostructures by EB evaporation. A large PMA energy
density of up to 1.0MJ=m3 was obtained for an Fe (0.7 nm)=
MgAl2O4 (3 nm) heterostructure annealed at 400 °C, which
is in good agreement with theoretical predictions. The PMA
was retained even after post-annealing at 500 °C, and the
changes in Ms and the PMA energy between 100 and 300K
were relatively small. In addition, the areal PMA energy
density Ki was found to be proportional to nearly the square
of Ms, suggesting that the induced PMA at the Fe=MgAl2O4

interfaces arises from the strong interface SOC. The lowest
effective damping constant was estimated to be 0.0207. This
study demonstrated robust interface PMA in ultrathin-Fe=
MgAl2O4, which is useful for p-MTJ applications.
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