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We report on the study of both perpendicular magnetic anisotropy (PMA) and Dzyaloshinskii-Moriya
interaction (DMI) at an oxide/ferromagnetic metal (FM) interface, i.e., BaTiO3 ðBTOÞ=CoFeB. Thanks to
the functional properties of the BTO film and the capability to precisely control its growth, we are able to
distinguish the dominant role of the oxide termination (TiO2 vs BaO) from the moderate effect of
ferroelectric polarization in the BTO film, on the PMA and DMI at an oxide/FM interface. We find that the
interfacial magnetic anisotropy energy of the BaO-BTO=CoFeB structure is 2 times larger than that of the
TiO2-BTO=CoFeB, while the DMI of the TiO2-BTO=CoFeB interface is larger. We explain the observed
phenomena by first principles calculations, which ascribe them to the different electronic states around the
Fermi level at oxide/ferromagnetic metal interfaces and the different spin-flip process. This study paves the
way for further investigation of the PMA and DMI at various oxide/FM structures and thus their
applications in the promising field of energy-efficient devices.
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Perpendicular magnetic anisotropy (PMA) and
Dzyaloshinskii-Moriya interaction (DMI) in conventional
ferromagnetic metals (FM) are attracting great interest as
they are proposed as key components to design and realize
energy-efficient spintronic devices, especially in the
recently developed spin-orbit-based devices [1,2]. One
strategy to enhance the PMA of a conventional FM is to
introduce a heavy-metal neighbor layer with large spin-
orbit coupling (SOC) strength at the beginning [3,4], and
later evolve to bring in an oxide layer next to it [5,6], which
can result in similar strength of PMA. For example, the
MgO=CoFeB used in perpendicular magnetic tunnel junc-
tions is promising for realizing the next-generation high-
density nonvolatile memory and logic chip [5]. On the other
hand, the DMI described by the Dzyaloshinskii-Moriya
vector D is the antisymmetric exchange interaction that
promotes canted spin configuration, instead of the parallel
or antiparallel spin alignments obtained by usual
Heisenberg exchange interaction [7–9]. Though the con-
cept was introduced several decades ago, only recently has
it been recognized that DMI can play an important role in

the electrical manipulation of the magnetization in various
materials to achieve potential energy-efficient devices
[2,10–12], such as fast domain wall motion [12] and
skyrmion lattice formation [13,14]. Similar to PMA,
DMI requires the presence of a sizeable SOC, as well as
broken inversion symmetry that is naturally present at
interfaces. Therefore, heavy metals, such as Pt and Ir, are
usually introduced to engineer the interfacial DMI [13,15]
even if it has been shown more recently that an oxide layer
can be also exploited to the same aim. This possibility has
been analyzed from the theoretical point of view in
different studies [16,17] even if experimental data are still
lacking in the literature. In this respect, a large variation in
the interfacial DMI under the application of an electric field
has been observed very recently in the Ta=CoFeB=TaOx
system [18]. Oxide materials are versatile, featuring pecu-
liar degrees of freedom, such as the terminations in a
complex oxide and the polarization in a ferroelectric oxide,
which can be exploited to manipulate the DMI strength.
However, a detailed analysis of these effects has been not
performed so far.
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In this work, we make use of the ferroelectric BaTiO3

(BTO) as an oxide layer to investigate both PMA and
DMI at an oxide/FM interface. The precise control of the
termination and the polarization of the BTO film helps us to
distinguish the role of the termination and polarization in
influencing the strength of the PMA and DMI at an oxide/
FM interface. With the help of first principles calculations,
we ascribe the modulation of the PMA and DMI at an
interface to the dominant role of the oxide termination and
thus to the different electronic states and spin-flip possibil-
ities around the Fermi level.
The studied structures were synthesized in a pulsed laser

deposition (PLD) sputter combined chamber. The termi-
nations of the BTO film (BaO and TiO2) are realized by
controlling the terminations of the SrTiO3 (STO) substrate
and the layer-by-layer growth of the BTO film (monitored
by the high energy electron diffraction system); i.e., TiO2-
terminated STO results in TiO2-terminated BTO, while
SrO-terminated STO results in BaO-terminated BTO. The
TiO2-terminated STO is obtained via conventional buffer-
HF solution treatment [19], while the SrO termination is
obtained via deposition of a SrRuO3 (SRO) single layer on
top of the treated STO [20]. In this study, 15 unit cells (u.c.)
of BTO are grown on STO substrates of both terminations,
as shown in Fig. S1 of the Supplemental Material [21].
Next, the film is transferred in the sputter chamber for
in situ growth of the CoFeB film with various thicknesses
and then the heavy-metal capping layer (Ta or Pt), followed

by an annealing procedure (300 °C for 1 h). As shown
in the insets of Figs. 1(a) and 1(b), terraced morphology is
preserved in the structures of both terminations. According
to our previous works [34,35], besides the different
termination of the BTO layers, the different terminated
STO substrates will lead to different as-grown polarizations
of the BTO layer, i.e., TiO2 (SrO) termination results in the
down (up) ferroelectric polarization in the BTO film. In the
following, we use BaO-BTO and TiO2-BTO to indicate
these two types of BTO structures, which also hold the up
and down ferroelectric polarizations, respectively.
Figures 1(a) and 1(b) show the normalized MH loops

measured with the in-plane (IP) and out-of-plane (OP)
applied magnetic fields for a CoFeB film, 1.54 nm thick,
grown on TiO2-BTO and BaO-BTO, respectively. Though
the growth condition and thickness of CoFeB are identical, it
is interesting to note that the CoFeB film grown on
TiO2-BTO shows an IP magnetic easy axis, whereas for
the CoFeB film grown on BaO-BTO, an OP easy axis (i.e.,
PMA) is observed. To quantify the perpendicular magnetic
anisotropy energy (MAE), we estimate the sheet effective
magnetic constant (Keffteff ) of both samples, which are 0.128
and −0.254 mJ=m2 for CoFeB grown on BaO-BTO and
TiO2-BTO films, respectively. As shown in the insets of
Figs. 1(a) and1(b), the similar topographies of both structures
exclude the extrinsic factors for the different features.
To investigate the role of the interface on the MAE of

both structures [36], we prepared two series of samples

FIG. 1. (a) and (b) MH loops measured by a superconducting quantum interference device at 300 K for CoFeBð1.54 nmÞ=Ta bilayers
grown on BaTiO3 with TiO2 and BaO terminations, respectively. The insets show AFM topography images of each structure. (c) and
(d) Magnetic moment sheet density Msheet as functions of the nominal CoFeB thickness for both types of samples. (e) Keff teff data as
functions of the effective thickness of CoFeB for both termination structures. The gray lines are linear fittings.
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with various CoFeB thickness on the TiO2-BTO and BaO-
BTO substrates. Figures 1(c) and 1(d) plot the magnetic
moments per unit area of both terminated structures as
functions of the CoFeB thickness. For both structures, the
thickness of the magnetic dead layer as well as the saturation
magnetizationsMs of the CoFeB films are obtained by linear
fittings of Msheet as a function of tCoFeB. The thicknesses of
the magnetic dead layer are 0.38 and 0.41 nm for the
TiO2-BTO and BaO-BTO structures, respectively, which
mainly result from B interdiffusion at the CoFeB=Ta inter-
face [37], while their saturationmagnetizations of theCoFeB
grown on the TiO2-BTO and BaO-BTO films are 1148 and
1247 emu=cc, respectively.
Figure 1(e) plots the sheet effective magnetic constants

(Keffteff ) as functions of the effective CoFeB thickness
(teff ), where the dead layer thickness is subtracted, for both
BaO-BTO=CoFeB and TiO2-BTO=CoFeB structures. As
observed from the figure, the effective magnetic constants
(Keffteff) for the BaO-BTO=CoFeB structures are always
larger than that of the TiO2-BTO=CoFeB structures for all
CoFeB thicknesses. To quantitatively characterize the differ-
ence of the magnetic anisotropy of both structures, we fit the
data to the equation (CGS)Keffteff ¼ Ki − ð2πM2

s − KVÞteff
[36] and obtain the value of the interface anisotropy constant
Ki (Kv is bulk magnetic anisotropy). They are 0.9 and
1.93 mJ=m2 (erg=cm2) for the TiO2-BTO=CoFeB and
BaO-BTO=CoFeB structures, respectively, which are at
the same magnitude as the standard CoFeB=MgO structure
[5]. As mentioned above, besides the different terminations
of both structures, their ferroelectric polarizations are also
opposite. To distinguish the influence of termination and
ferroelectric polarization, we also prepared a controlled
structure with 2 u.c. SRO inserted between a 1.33 nm
CoFeB and polarized BTO to screen the influence of the
ferroelectric polarization [38]. The calculated Keffteff of
the controlled sample is 0.228 mJ=m2, which is close to
the value of the CoFeB grown on the BaO-BTO film,
0.222 mJ=m2. Therefore, one concludes that the dominant
factor for the substantial difference of the interfacial mag-
netic anisotropy energy is the oxide termination of the
BTO=CoFeB interface.
The interfacial DMI at an oxide/FM interface is inves-

tigated by Brillouin light scattering (BLS) [39–42]. In
ultrathin films, the presence of interfacial DMI causes a
frequency asymmetry betweenDamon-Eshbach (DE)modes
propagating in opposite in-plane directions, perpendicular to
the sample magnetization, following the relation

Δf ¼ 2γD
πMs

k; ð1Þ

where D is the effective DMI constant, k is the spin waves
(SW) wave vector, and γ is the gyromagnetic ratio. The SW
asymmetry Δf is determined by measuring the frequency
asymmetry between the Stokes and anti-Stokes peaks in the
BLS spectra. To avoid the influence of an interdiffusion layer

at the FM/heavy-metal (HM) interface, BLS measurements
have been performed for two different CoFeB films, 2 nm
thick, grown on a TiO2-BTO or BaO-BTO substrate, respec-
tively, and capped with a 4 nm thick Pt layer. Figure 2(a)
shows the schematic configuration of the BLS experiments
from thermally excited SW that are carried out by
focusing about 200 mW of a monochromatic laser beam
(λ ¼ 532 nm) on the sample surface using a camera objective
of focal length 50 mm and analyzing the backscattered light
by a Sandercock-type (3þ 3) pass tandem Fabry-Perot
interferometer.
An in-plane magnetic field H ¼ 3.5 kOe, sufficiently

large to saturate the magnetization in the film plane, was
applied along the z axis. Meanwhile, the in-plane k is swept
along the perpendicular direction (x axis) corresponding to
the DE geometry. Because of the conservation ofmomentum
in the light scattering process, the magnitude of k is
connected to the incidence angle of light θ by the relation
k ¼ 4π sin θ=λ. In order to estimate the effective DMI
constantD, the SW dispersion (frequency vs wave vector k)
is measured, changing k from 0 to 2.07 × 107 rad=m.
Figure 2(b) shows typical BLS spectra measured for the

TiO2-BTO=CoFeB and BaO-BTO=CoFeB structures at
k ¼ 1.67 × 107 rad=m. The Stokes and anti-Stokes peaks
of both samples are characterized by a frequency shift that
is more pronounced for the BaO-BTO=CoFeB system.
In addition, the frequency of the Stokes and anti-Stokes
peaks interchanges on reversing the direction of the applied
magnetic field (see Fig. S2 of the Supplemental Material
[21]), that is equivalent, in the interaction geometry
sketched in Fig. 2(a), to the reversal of the propagation
direction of the DE mode.
Figures 2(c) and 2(d) report the measured (points)

frequency asymmetry Δf as a function of the wave vector
k, for the CoFeB=Pt layers grown on TiO2- and BaO-
terminated BTO, respectively. Δf is obtained as the sum
between the measured frequency shift (positive) of the anti-
Stokes peak and that (negative) of the Stokes peak. In
agreement with Eq. (1), Δf exhibits a linear dependence on
the wave vector k. The effective DMI constant D has been
determined with a linear fit to the experimental data based
on Eq. (1). They are 0.45� 0.02 and 0.56� 0.02 mJ=m2

for the TiO2-BTO=CoFeB=Pt and BaO-BTO=CoFeB=Pt
structures, respectively. The positive value of D indicates
that right-handed chirality is favored for both systems.
Since the CoFeB=Pt interface gives the same contribution
to the DMI strength of both systems, the different D values
can be attributed to the difference on the BTO terminations.
In order to clarify the underlying mechanism of the

different PMA and DMI for the two terminated BTO=
CoFeB heterostructures, we performed first principles cal-
culations using the Vienna ab initio simulation package [21–
25]. The atomic structures of TiO2 termination, with down
polarization, and BaO termination, with up polarization,
used in the calculations are shown in Figs. 3(a) and 3(b),
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respectively. Since the experimentally synthesized CoFeB is
amorphous, which is beyond the scope of first principles
calculations, and formation energy calculations show that the
interfacial Fe-O bonded is energetically more favorable than
that of the Co-O one [21], we therefore use bcc Fe instead of
CoFeB in the calculations. The thickness of the Fe films
are four monolayers (MLs) and two MLs in the calculations
of the magnetic anisotropy and DMI, respectively.
The calculated MAE for Fe on a BaO-terminated BTO

surface is 1.00 mJ=m2, while it is only 0.38 mJ=m2 for Fe
on TiO2-terminated BTO as shown in Table I. This result is
in agreement with the experiment where Ki of the CoFeB
film grown on BaO-terminated BTO is nearly twice as
large as that of the CoFeB grown on TiO2-terminated BTO.
By analyzing the layer-resolved MAE, we find that this
difference between the two terminated structures mainly
originates from the interfacial Fe layer. Figures 3(c)
and 3(d) show the density of states of the interfacial Fe
atoms for the two terminated structures. For the Fe on BaO-
terminated BTO case, the occupied majority states of Fe
move downward from the Fermi level compared to the Fe
on TiO2-terminated BTO case, leading to an appreciably
larger spin splitting for Fe in the former case. This also

explains the stronger saturation magnetization for the
CoFeB grown on the BaO-terminated surface compared
to the CoFeB grown on the TiO2-terminated one observed
in our experiment. On the other hand, in the vicinity of
the Fermi level, the occupied minority dxy state gets much
larger in the case of Fe on the BaO-terminated BTO
surface. Figures 3(e) and 3(f) plot the orbital-resolved
MAE of Fe atoms in the two terminated interfaces
calculated by the second perturbation theory [21,26].
The largest MAE change comes from the ðdxy; dx2−y2Þ
matrix element, where the negative value in TiO2 termi-
nation reverses to positive value in BaO termination, and
thus resulting in a larger PMA in BaO-terminated BTO=Fe,
which is ascribed to the different orbital hybridizations at
the interfaces of the two terminated structures [21,27].
Because the DMI mainly comes from the interfaces at

FM/HM and FM/oxide [17,26], we separated the trilayer
structure into two parts, BTO=Fe and Fe=Pt, for the
calculation of the DMI, whose schematics are shown in
Fig. 4. From the obtained values reported in Table I, one
can see that the DMI of the Fe=Pt interface dominates the
total DMI and shows opposite chirality compared to that of
the BTO=Fe interface. Summing up the DMI values of the

FIG. 2. (a) Schematic of the BLS experiment. (b) The BLS spectra recorded at k ¼ 1.67 × 107 rad=m under an external magnetic field
H ¼ þ3.5 kOe for CoFeBð2 nmÞ=Ptð4 nmÞ grown on TiO2- (left panel) and BaO- (right panel) terminated BTO. In order to identify the
frequency asymmetry between the Stokes (red) and anti-Stokes (blue) peaks, mirror data of the Stokes peak are drawn. Symbols refer to
the experimental data and solid lines are the Lorentzian fits. (c) and (d) The measured frequency asymmetry Δf as functions of k for
CoFeB=Pt grown on TiO2- and BaO-terminated BTO, respectively.
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two interfaces [17], we obtain values of the DMI energy of

5.09 and 8.39 mJ=m2 for the TiO2- and BaO-terminated
BTO=Fe=Pt heterostructures, respectively. These results
are in qualitative agreement with the experiments, indicat-
ing that the total DMI results from the competition between
the Fe=Pt and the BTO=Fe interfaces. The larger calculated
DMI values may come from the different thickness of the
FM layer in experiments and calculations, since the micro-
magnetic DMI is inversely proportional to the thickness of
magnetic films [28]. Concerning the difference of DMI in
the two terminated interfaces, one should consider that,
besides the spin-orbital coupling in the inversion symmetry
broken system, the band filling of the 3d atom plays
an important role in determining the DMI strength in

conventional 3d=5d interfaces [43]. Though without heavy
metals in these two terminated interfaces, the band filling of
the Fe layer may still dominate the differences of their DMI
strengths [44]. As seen in Fig. 3(d), the interfacial Fe atom
in BaO termination shows large spin splitting; i.e., there are
fewer electrons with spin-up around the Fermi level, so that

TABLE I. Calculated perpendicular MAE and DMI for bilayers
of TiO2-terminated BTO=Fe, BaO-terminated BTO=Fe, and
Fe=Pt as well as trilayers of BTO=Fe=Pt. Positive and negative
DMI signs correspond to right-handed and left-handed chirality,
respectively.

Structures MAE (mJ=m2) DMI (mJ=m2)

TiO2-BTOdn=Fe 0.38 −3.85
BaO-BTO up=Fe 1.00 −0.55
Fe=Pt NA 8.94
TiO2-BTO dn=Fe=Pt NA 5.09
BaO-BTO up=Fe=Pt NA 8.39

FIG. 3. Schematic diagram of BTO=Fe with (a) TiO2 termination and (b) BaO termination showing down and up ferroelectric
polarization, respectively. The density of states of the interfacial Fe atom in (c) TiO2- and (d) BaO-termination structures. Orbital-
resolved MAE of the interfacial Fe atom at the (e) TiO2- and (f) BaO-termination structures, respectively. The balls represent Fe
(yellow), Ba (Green), Ti (blue), and O (red).

FIG. 4. Schematic for calculation of the DMI of the trilayers,
which is separated into two parts from the upper and bottom
interfaces. The DMI at each interface is calculated as the energy
difference of the structure right-handed and left-handed chirality
(inside boxes). (Only the BaO-terminated structure is shown
here).
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the electronic states around the Fermi level show the same
spins, and hence, the spin-flip processes are less favored
than that in the TiO2-terminated structure, which has more
occupied spin-up states and vacant spin-down states around
the Fermi level simultaneously. As a result, the DMI of
BaO-terminated BTO=Fe is smaller than that of the TiO2-
terminated one.
Finally, in order to gain deeper insight into the role of

ferroelectric polarizations on the observed differences of
the PMA and DMI, we have performed first principles
calculations for the TiO2-BTO=Fe structure with up polari-
zation. The calculated MAE increases by 6% with respect
to the down polarization, but remains far smaller than that
of the BaO-terminated structure. Moreover, the calculated
DMI of TiO2-BTO=Fe with up polarization turns out to
reduce its magnitude by about one-third, but it is still of
the same order of magnitude of TiO2-BTO=Fe with
down polarization and is much larger than that of the
BaO-BTO=Fe structure. The potential atomic relaxation
effect on the PMA and DMI has been considered [21],
which is moderate compared to the effect from the
terminations. Therefore, one concludes that the termination
of the BTO layer, rather than the ferroelectric polarization,
plays a dominant role in the modulation of the PMA and
DMI in the investigated BTO=CoFeB structures.
In summary, the effects of changing oxide termination

and ferroelectric polarization on PMA and DMI at the
BTO=CoFeB interface have been investigated. We have
found that the choice of the termination strongly affects
both PMA and DMI strength. In particular, a larger PMA
has been observed for the CoFeB films grown on a BaO-
BTO substrate, while a higher value of the DMI constant
has been found for a TiO2-BTO substrate. First principles
calculations have shown that this behavior can be ascribed
to the different electronic states around the Fermi level at
oxide/FM interfaces. This provides another degree of
freedom to manipulate the PMA and DMI in a FM layer.
These results may inspire further studies of the interface
characteristics in various oxide/FM systems, paving the
way to the design of layered structures with tailored DMI to
be exploited in forthcoming energy-efficient devices.
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