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We demonstrate that both the magnitude and sign of the Dzyaloshinskii-Moriya interaction can be
tuned by modifying the type and thickness of an oxide layer adjacent to a ferromagnet. We focus on
Ti/Cu/CogoFe g/ Ta(dr,)/Oxide/Ta structures, where the Ta interlayer thickness dr, ranged from 0 nm to
3 nm, followed by an exposure to oxygen and “Oxide” can mean CoFeOy and/or TaOy. We used Brillouin
light scattering spectroscopy to directly determine the volume-averaged Dzyaloshinskii-Moriya interaction
from the nonreciprocity of the spin-wave frequency. The magnitude of the interfacial Dzyaloshinskii-Moriya
interaction, Dpyy, ranges from —0.17 to +0.09(£0.02) mJ/m?, clearly showing a change in both sign and
magnitude, with an increase of Ta interlayer thickness. The modification of the oxide interface allows us to
systematically change the hybridization of the 3d-CoFe orbitals from 3d-5d to 3d-2p and analyze the influence
on the Dzyaloshinskii-Moriya interaction. Importantly, we can vary the Dzyaloshinskii-Moriya interaction while
maintaining a relatively small value of the damping parameter.

DOL: 10.1103/PhysRevB.101.054421

I. INTRODUCTION

It has been recognized that the Dzyaloshinskii-Moriya
interaction (DMI) can promote chiral spin texture phases
such as magnetic skyrmion lattices, chiral spin chain, and
domain walls in ferromagnetic materials [1-3]. Spin textures
with a fixed chirality are both fundamentally interesting and
technologically promising due to their potential applications
in ultra-high-density data and memory technologies [1].

Fundamentally, DMI is an antisymmetric exchange inter-
action, which favors noncollinear alignment of neighboring
spins S; and §;, in contrast to the Heisenberg or symmetric
exchange interaction, which stabilizes a collinear magnetiza-
tion. There are two types of DMI: bulk and interfacial DMIs.
The bulk DMI arises as a result of lack of inversion symmetry
in the crystal structures typically observed in oxides such as
Fe, 03 (Hematite) and B20 compounds such as MnSi [2-4].
However, the interfacial DMI generally originates from the
interface between a ferromagnet (FM) and a heavy metal
(HM) [2,3]. In such systems, interfacial DMI is mediated
by an atom in the high spin-orbit material, which ultimately
favors canting of neighboring spins that can lead to chiral
spin textures [2,3,5]. Spin spirals and magnetic skyrmions in
ultrathin films were observed in Mn/W(110) [6] and then later
in Mn/W(100), Cr/W, Fe/lr and PdFe/Ir systems [7-11]. It is
found that the total free energy and magnetic order in the Mn
films strongly depends on the crystallographic planes of the
W(110) and W(100) substrates [6,7].

Recent experiments have demonstrated that thin FM lay-
ers with perpendicular magnetic anisotropy (PMA) and suf-
ficiently large DMI favor Néel over Bloch walls with a

2469-9950/2020/101(5)/054421(7)

054421-1

fixed chirality. The combination of such chiral domain wall
structures with spin-orbit torque enables fast current induced
domain wall motion [12], where the chirality and speed of
the domain wall depend on the sign and magnitude of spin-
orbit torque and the magnitude of DMI [2,13]. Therefore,
understanding how to control the sign and magnitude of DMI
is needed to design the next generation magnetic memory
based on chiral magnetic domain walls and skyrmions.

To date, most of the experimental work on interfacial DMI
[14] has been confined to heavy metals/ferromagnet inter-
faces, where heavy metals such as Pt, Ir, and W are used to
induce DMI. The use of these metals is also known to enhance
the damping parameter « due to spin memory loss and spin
pumping [15,16]. It has been shown that the domain wall
mobility, which varies as 1 /az, can be drastically increased
for small damping values [17]. Also, large damping results in
low energy efficiency. Therefore, maintaining low damping is
crucial for the operating speed of devices based on domain
wall motion driven by spin-orbit torque. Oxide interfaces
show significantly reduced spin pumping contribution to the
damping and are therefore a potential alternative to heavy
metals.

Recent density functional theory (DFT) calculations per-
formed by Belabbes er al. [18] predict that the magnitude
and sign of DMI can be controlled by changing the oxygen
coverage of the FM layer. The calculations show a correlation
between DMI and an electric dipole moment at the FM/oxide
interface, where the electric dipole moment is a result of the
hybridization of the 3d orbitals of the ferromagnet and the p
orbitals of oxygen together with the associated charge transfer.
A similar study demonstrates more generally that the DMI can
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FIG. 1. Schematic representation of the full film structure,
Ti(5)/Cu(3)/CogoFeo(1.5)/Ta(dr,)/Ta(3) where the thickness of
Ta(dr,) is varied from O to 3 nm (thicknesses in nanometers) fol-
lowed by an exposure to oxygen. The Ti and Cu layers are seed layers
and the top Ta layer is a capping layer.

be tuned by an electric field, which results in a charge transfer
at the interface [19,20]. Recently, the existence of DMI at the
CoFe/Oxide interface has been demonstrated [21].

In this work, we show that both the magnitude and
sign of DMI can be tuned by varying the type and/or
thickness of an oxide layer adjacent to a ferromagnetic film,
which changes the electronic structure at the interface. We
fabricated a series of sputtered multilayer stacks consisting of
substrate/Ti(3)/Cu(5)/CogoFe o(1.5)/Ta(dr,)/Oxide/Ta(3)
structures (thicknesses in nanometers), where “Oxide” can
mean CoFeOy and/or TaOy. The thickness of Ta(dr,) is
systematically varied to change the nature of the oxide
in contact with the CoggFe;y (hereafter referred to as
CoFe). Since it is not straightforward to separate the DMI
contributions originating from the top and bottom FM
interfaces, the Cu seed layer structure is kept constant for all
samples, so that variation in the DMI can be ascribed to the
top interface between the CoFe and the oxide layer. We show
that the type and thickness of the oxide layer also affects
the magnetic anisotropy, magnetic moment, and magnetic
damping. Understanding how oxides affect DMI at interfaces
will provide an efficient way to control the DMI.

II. EXPERIMENTAL DETAILS

A series of samples (as shown in Fig. 1) was deposited
by magnetron sputtering on thermally oxidized Si (100). The
Ti layer serves as an adhesion layer as well as promoting
a (111) texture in Cu, and ultimately, in CoFe. Following
deposition of the Ta(dr,) layer, samples were transferred to
the load-lock chamber where they were exposed to oxygen at
a pressure of 1.3 x 10?Pa (1 Torr) for 10 minutes, to form
an oxide layer. By varying the thickness dt, of the Ta layer
deposited prior to the oxidation, we systematically vary the
type/thickness of the oxide at the interface of CoFe. Following
the oxidation step, the load-lock was pumped down before
the samples were transferred back to the main deposition
chamber. After the main chamber pressure reached approxi-
mately 3 x 1077 Pa (2 x 10~° Torr), a final capping layer of
3 nm Ta was deposited on top of the oxide layer to prevent
any further oxidation. In addition to the samples described
above, we prepared a control sample substrate/Ti(5)/ Cu(3)/
CoFe(1.5)/Ta(3), without any oxidation layer. During the

growth process, the substrate temperature was kept constant at
room temperature. All deposition rates were calibrated using
x-ray reflectivity measurements.

The magnetic moment was measured with a commercial
superconducting quantum interference device (SQUID) mag-
netometer. Measurements were performed in magnetic fields
of up to uoH = 2T, with the field applied parallel to the
sample surface. We measured hysteresis curves of 6 x 6 mm
chip to obtain the saturation magnetization M(300K). The
thickness of the dead layer is calculated by using the equation
Mg = m/Ad, where m is the measured magnetic moment, A
and d are, respectively, the area and magnetic thickness of the
film. We used a 14-nm-thick film of CoFe to calculate the Mj.
The dead layer is calculated from the difference between
the physical thickness (determined from x-ray reflectome-
try calibration of deposition rates) and magnetic thickness
(determined from SQUID magnetometry). We determined
the symmetric exchange A by fitting the low temperature
magnetic moment-temperature (m-T) curve to Bloch’s 73/2
law as described in Refs. [22,23].

We performed broadband ferromagnetic resonance (FMR)
spectroscopy with a room-temperature bore superconducting
magnet capable of applying magnetic fields up to uoH = 3 T.
Samples were first coated with poly (methyl methacrylate)
to provide both mechanical protection and to prevent direct
electrical contact to the coplaner waveguide (CPW). Sam-
ples were then placed face-down on a CPW with a nominal
impedance of 50 2. The CPW was connected to a vector
network analyzer with a 70-GHz bandwidth and the complex
S, transmission parameter (ratio of the voltage applied at one
end of the CPW to the voltage measured at the other end) was
measured over a wide range of frequencies as the external
magnetic field was swept through the FMR resonance as
described in Refs. [24-26]. The perpendicular anisotropy field
Hy and the spectroscopic splitting factor g for the out-of-plane
geometry were determined from the fits to the Kittel equation:

Ho UBE
h

f= (H — Mes), 1
where M. = My — Hy is the effective magnetization, H is
the applied magnetic field, / is the Planck constant, pg is
the vacuum permeability, and pp is the Bohr magneton.
The damping parameter o was determined from a fit to the
equation:

2ha
8o 1B

where AH is FMR linewidth, « is the total damping, which
includes contributions from spin-pumping and spin-memory
loss in addition to the intrinsic damping. AH, is the inhomo-
geneous linewidth.

We used a Brillouin light scattering spectrometer (BLS)
with a six-pass, tandem Fabry-Perot interferometer to measure
the frequency of thermal spin waves at a fixed angle of
incidence 6 = 45°. A 532-nm laser beam was focused onto a
sample, and thus the wave vector of the measured spin waves
was k = 16.7 um~'. The measurements were performed in
the Damon-Eshbach (DE) geometry, where the magnetic field
is applied perpendicular to the plane of incidence and the DE
spin wave modes propagate perpendicular to the direction of

AH =

f+ AH,, @
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FIG. 2. Measured magnetic moment of CoFe as a function of Ta
interlayer thickness dr, measured at 300 K (dashed line is a guide
to the eye). The inset is a plot of the calculated dead layer of CoFe.
(The magnetic dead layer thickness is determined from comparison
of the magnetic moment of each sample to the magnetic moment
of a 14-nm- thick CoFe sample measured at 10 K. The horizontal
dotted line indicates the ideal value of magnetic moment assuming
M, = (1.882 £ 0.009) T at 10 K.

the magnetic field. Interfacial DMI will induce an asymmetric
spin-wave dispersion (i.e., spin waves propagating in opposite
directions will have different frequencies). The frequency of
the spin waves is given by

k) = fo + Afom(k), 3

where fj is the frequency of the spin waves in the absence of
DMI and A fpp is the shift of the spin wave frequency due to
the presence of the DMI.

We determined the frequency for the Stokes and anti-
Stokes peak for both field polarities, which in turn allowed us
to determine the magnitude and sign of the volume averaged
DMI, DDMI llSiI’lg

l 2Dpmr

Sgl’l(MZ)Tk, (4’)

N

MUB

8
A fomr = ’

where, g!! is the in-plane spectroscopic splitting factor.
The interfacial DMI, Dg‘fvu, can be calculated as

Dg{m = Dpmri t, (5)

where ¢ is the magnetic thickness of the CoFe layer.

III. RESULTS AND DISCUSSION

Figure 2 shows the measured magnetic moment at 300 K
of the relevant samples as a function of Ta interlayer thickness
dt,. The magnetic moment initially decreases for dr, up to
approximately 1 nm. Above 1 nm, the magnetic moment stays
approximately constant within the scatter of the data. The
trend in the magnetic moment can be explained by taking
into account the formation of an “Oxide” layer at the CoFe/Ta
interface, in combination with intermixing/diffusion of Ta into
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FIG. 3. Plot of the perpendicular anisotropy field poHyx =
HoMegr — poMs as a function of Ta interlayer thickness dr,, where M
is calculated from the measured magnetic moment at 300 K by taking
into account the thickness of dead layer of each sample (shown
earlier as the inset of Fig. 2). The inset shows a plot of effective
magnetization M.g. determined from FMR data.

CoFe (The modification of CoFe interfaces due to oxidation is
discussed later. See sample stacks in Fig. 4). The decrease of
the magnetic moment due to the formation of a dead layer at
a FM/Ta interface due to intermixing of the FM with Ta is
commonly observed [27-29].

The dead layer thickness can be determined by calculating
the deviation of the measured magnetic moment for each sam-
ple from the expected value based on the bulk M, and the nom-
inal thickness. We used M (T = 10K) = (1.882 + 0.009)T
of a 14-nm thick CoFe film measured as a bulk value and
the respective magnetic moment measured at 7 = 10K to
determine the dead layer thickness of each sample (shown as
an inset of Fig. 2). Even though we assume a fixed value for
M at 10 K for all samples, the room temperature values for
M can be different for each sample due to their respective
exchange interaction.

It is interesting to note that exposing the bare CoFe to
oxygen only consumes about 1.5 monolayers (~0.3 nm) of
CoFe, but as more Ta is deposited, the dead layer continues
to increase until at about Ta(dt,) = 1 nm where it saturates
at approximately 0.7 nm. This value is consistent with the
previously reported values [27-29] of estimated dead layer
thicknesses ranging from 0.25 to 0.6 nm at the FM/Ta inter-
faces.

Figure 3 shows the variation of interfacial perpendicular
anisotropy poHy = poMesr — oM as a function of the Ta
interlayer thickness dr,, where M. is the effective magneti-
zation determined from FMR data using Eq. (1) and M is de-
termined from the measured magnetic moment at 300 K under
consideration of the dead layer. The anisotropy poHy shows a
gradual increase with increase in Ta interlayer thickness, until
it saturates at above 1 nm. Our results agree with those found
in the literature [30-32], where a similar trend of increase
in perpendicular anisotropy with the increase in degree of
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FIG. 4. Dependence of damping « of Ti(5)/Cu(3)/CoFe(1.5)/
Ta(dr,)/Oxide/Ta(3) as a function of Ta interlayer thickness, where
dr, ranges from 0 to 3 nm. FMR measurements were performed at
room temperature. The sample stack shown in the plot illustrate the
change of the interfaces with increasing Ta interlayer thickness, dr,.

oxidation has been reported for Co(Fe)/M Oy interfaces (M =
Ta, Mg, Al, Ru, etc.). It is demonstrated that despite the weak
spin orbit interaction (SOI) at the Co(Fe)/M Oy interfaces, the
hybridization between the Co (Fe)-3d and O-2p orbitals can
give rise to PMA even stronger than that of Co/Pt interfaces
(high SOI) [33]. Furthermore, the largest PMA is observed
for interfaces with the optimum oxygen coverage, while it is
reduced for over or under oxidized interfaces [30,33,34].

From the frequency dependence of the linewidth [Eq. (2)],
we determine the damping constants of our samples, which
is plotted in Fig. 4. It is foremost to mention here that
the damping values are relatively small in comparison to
the heterostructures with comparable FM/HM interfaces with
a damping value of 0.02 or greater [16,35]. The damping
constant & remains unchanged, albeit scattered, for samples
with dp, < 0.7nm. Above 0.7 nm, a significant increase in
o is observed until a thickness of approximately 1.0 nm,
after which the damping values saturate. This data provides
strong evidence about the nature of the interface that is
exposed to oxygen. For the case of a CoFe/oxide interface,
spin pumping at the CoFe/oxide interface is expected to be
strongly suppressed [36-39]. However, at a CoFe/Ta inter-
face, an enhancement of the damping is expected from spin
pumping losses into the metallic Ta layer or spin memory
losses at the interface [15]. In addition, Ta is known to have an
exceptionally small spin diffusion length (<1 nm) [40]. As a
result, the data in Fig. 4 suggests that a CoFe/oxide interface is
present from O nm < dp, < 0.7 nm and metallic Ta begins to
form at the interface of the ferromagnet above dr, = 0.7 nm,
indicated by the dramatic increase in the damping parameter.
Since the spin diffusion length of Ta is less than 1 nm, it would
be expected that the enhanced damping due to spin-pumping
would saturate within 1 nm of Ta. Indeed, this is consistent
with our experimental observation.

Based on these arguments, we identify four regions in
Fig. 4 as a guide to the structure formation at the top interface
of CoFe as a function of Ta interlayer thickness dr,. Region (a)
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FIG. 5. Plot of interfacial DiD"I‘VII in Ti(3)/Cu(5)/CoFe(1.5)/
Ta(dr,)/Ta(3) as a function of Ta interlayer thickness. Brillouin light
scattering is used to measure the DMI induced frequency shift in the
samples that is subsequently used to calculate DI, with Egs. (4) and

5.

refers to CoFeOy/Ta interface as there is no Ta present during
the oxidation (dt, = 0 nm). With the addition of Ta interlayer,
we expect a mix of CoFeOy and TaOy at the interface adjacent
to CoFe. A further increase of dr, increases the fraction of
TaOy until it starts to form metallic Ta (schematic represen-
tation of the interface structure is shown in Fig. 4). Since
the damping stays nearly constant for a Ta thickness below
0.7 nm, we identify region (b) ([0.1 < dr, < 0.7 nm) as struc-
tures with CoFe/Oxide interfaces. Region (c) is assigned to
Ta interlayer thicknesses for which we see an abrupt increase
in damping parameter until it saturates at above 1 nm, clearly
indicating the CoFe/Ta nature of the interface. In addition, a
saturation of the perpendicular anisotropy and a leveling off of
the dead layer thickness (although not as sharp and dramatic)
in the same approximate range of dr, is probably due to
having metallic Ta adjacent to CoFe. Region (d) highlights
the structure of the control sample with CoFe/Ta interface. We
observed that the magnetic data (Figs. 2—4) for Ta interlayer
thicknesses above 1 nm [region (c)] have a proximity to the
data of the control sample [region (d)], presenting a strong
evidence of a CoFe/Ta interface in region (c).

Figure 5 shows a plot of interfacial DMI Dg‘fm that was
determined from the frequency shift measured by BLS using
Egs. (4) and (5). The error bars are determined from the
experimental uncertainties of A fpmr, M, and gl Here, we are
using g due to the large error bars in g/, which was obtained
from in-plane FMR measurements Note that, we are using a
sign convention for the DMI, where a negative (positive) sign
corresponds to left-handed (right-handed) chirality. DI, is
very small and positive for the control sample [region (d)].
The small value of DI .. is in accordance with the fact the
interfacial DMI is usually small for early 5d elements like
Hf and Ta due to their small spin orbit coupling (SOC) [41].
D™ ., increases, accompanied by a sign reversal after oxidiz-
ing the CoFe surface [region (a) and (b)]. We, furthermore,
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observed a minimum in DI, at the transition from region
(b) to (c) until it stabilizes at above dp, = 1 nm.

According to the DFT calculations performed by Belabbes
et al. [18,42], the magnitude and sign of DMI are related
to (i) the oxygen coverage of the magnetic film [18], and
(i1) the 3d orbital occupation and spin flip/mixing processes
with the spin-orbit active 5d states [42]. In addition, the mag-
netic chirality depends on the interplay between SOC, Hund’s
first rule, and the crystal field splitting of the d orbitals.

In our case, we assume that both effects play an important
role in determining the DI as a function of Ta interlayer
thickness. For regions (a) and (b), the variation in both the
magnitude and sign of the DI, value can be attributed to
the varying thickness and composition of the “Oxide” adja-
cent to CoFe. Due to the oxidation process, CoFe-3d and
O-2p orbitals hybridize, which is associated with a charge
transfer from the FM layer to the oxygen atoms [43,44].
Indeed, the variation in thickness of Ta interlayer from 0.1 to
0.7 nm modifies the degree of oxygen at the CoFe interface,
thereby affecting the hybridization between 3d-2p orbitals
and consequently the DML

In regions (c) and (d), variation of DMI can be ascribed
to the change in thickness of metallic Ta interlayer. The
symmetry breaking at the CoFe/Ta interface and SOC gives
rise to DMI. The increase in thickness of metallic Ta presum-
ably influences the spin flip/mixing processes of 3d orbitals
with the 5d states, resulting in a change of DMI. The DMI
increases with the Ta layer thickness below its spin diffusion
length (~1 nm) and saturates above its spin diffusion length.
The trend of increase in DMI at above 0.7 nm of dr, agrees
with the findings by Tacchi er al. [45] and Avinash et al.
[46] in their respective studies of Pt/CoFeB and Ta/CoFeB
films.

The data clearly shows that both the magnitude and sign
of interfacial DMI can be controlled by an oxide interlayer,
which further depends on the thickness/type of oxidation. It is,
therefore, important to mention here that a Ta or oxide layer
such as MgO and AlOy, which are commonly used as an inert
capping layer to protect the heterostructures, can contribute
to the total DMI. Thus, the occurrence of DMI due to such
oxide cap layer should not be ignored. Another important
finding of the study is that we were able to vary the DMI while
maintaining a low damping parameter.

In order to examine the potential correlation of Heisenberg
symmetric exchange A¢x and antisymmetric exchange DMI,
we determined A by fitting the low temperature magnetom-
etry data of each sample to the Bloch T3/% law [22,23]. In
Fig. 6, we plot the Dgllvn (left axis) and A.x (right axis) as
a function of Ta interlayer thickness. Although we do not
observe a significant variation in the value of A relative to the
variation in Dg‘fvﬂ, both the symmetric A.x and antisymmetric
exchange DI | show some similar features with the variation
of Ta interlayer thickness. For example, the values of both A,
and DIt - show a decrease after 0.5 nm, obtain a minimum,
and continue to increase until 1-nm thickness of Ta interlayer.
Although the Aex and DIt do not exhibit a strict resemblance
over the entire dataset, the presence of many similar features
in both A and Dgllvu is consistent with the theory origi-
nally proposed by Moriya, whereby the DMI and Heisenberg
exchange share the same underlying physics [47]. In some
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FIG. 6. Plot of Dg‘}m (left axis) and exchange constant A (right
axis) as a function of Ta interlayer thickness. The D%, and A data

is presented by black squares and red triangles, respectively.

systems, this can manifest into a direct, linear relationship
between the symmetric and antisymmetric exchange in NiFe
films as was reported by Nembach et al. [22].

IV. CONCLUSION

In summary, we demonstrate that both the magnitude and
sign of DMI can be controlled by changing the hybridization
at the interface through modification of the oxygen exposure
at the top interface of a ferromagnet. Our study is based on
two different DFT calculations performed by Belabbes et al.
[18,42]. According to their first calculations, the magnitude
and sign of DMI can be entirely controlled by tuning the
degree of oxidation of the magnetic film and the associated
3d-2p hybridization [42]. The second calculation focusses on
DMI at metallic 3d-5d interfaces [18], where the DMI is
directly correlated to the 3d orbital occupation and the spin
flip/mixing processes with the spin-orbit active 5d states. In
our experiment we systematically increased the thickness of
the Ta layer adjacent to the ferromagnet prior to the in-situ
oxidation until a metallic interface forms.

For a Ta thickness ranging from 0 to 0.7 nm, the DMI
originates from the CoFe/Oxide interface, where Oxide can
mean CoFeOy or TaOy. The increase in thickness of Ta, which
implies thicker TaOy, varies the degree of oxidation at CoFe
interface that affects the hybridization of 3d-CoFe and 2p-O
orbitals together with the charge transfer and consequently
DMI. However, for Ta thickness above 0.7 nm, the DMI arises
due to the symmetry breaking and mixing of the 3d- and
5d- wave functions at the 3d-CoFe and the 5d-Ta interface
together with the spin-orbit coupling of the Ta.
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