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We study the interfacial Dzyaloshinskii—-Moriya interactions (i-DMI) of Fe/Pt bilayers grown on Si substrates with
MgO, SiO,, or Ta each as a buffer layer on the basis of wave-vector-resolved Brillouin light scattering (BLS) measurement.
The obtained i-DMI energy values for Fe/Pt on MgO, Ta, and SiO, buffer layers are 0.359, 0.321, and 0.274 mJ/m?,
respectively. The large i-DMI value observed in Fe/Pt system on the MgO buffer layer can be attributed to the good
interfacial quality and the Rshaba effect at the MgO/Fe interface. Moreover, the MgO/Fe/Pt system, benefiting from better
sample quality, exhibits a lower damping factor. Furthermore, layer-resolved first-principles calculations are carried out
to gain a more in-depth understanding of the origin of the i-DMI in the Fe/Pt system. The results indicate that in the
Fe(110)/Pt(111) system, the substantial DMI energy between Fe spins at the interface is related to a significant change in
spin—orbit coupling (SOC) energy in the neighboring Pt layer. In contrast, for the MgO(002)/Fe(002) system, both the DMI
and its related SOC energy are concentrated at the interfacial Fe layer. Our investigation will provide a valuable insight into
the spintronic community in exploring novel devices with chirality dependence.

Keywords: Fe/Pt, i-DMI, BLS, ferromagnetic resonance, magnetic relaxation

PACS: 75.40.Gb, 85.75.-d

1. Introduction

(DMD), 12!
which emerges in a system lacking spatial inversion sym-

The Dzyaloshinskii-Moriya interaction
metry, has been intensively studied in recent years. The DMI
was proposed first by Dzyaloshinskii and Moriya in 1950s
to elucidate weak ferromagnetism evidenced in antiferromag-
netic crystals,[” and now it has attracted renewed attention
because of its fundamental role in diverse novel phenom-
ena, such as spin spirals,>*! cycloids,!*! chiral Néel domain
walls (DWs),[>%1 and magnetic skyrmions.!”~'4 Especially
intriguing are the chiral Néel DWs and magnetic skyrmions
because of their great application potentials in new-generation

[15

spintronic devices, including racetrack memories!'>! and spin

5.1 The DMI can originate from bulk or interfa-

logic device:
cial properties, depending on the kind of inversion symmetry
breaking.!'3!7 Notably, the interfacial DMI (i-DMI) gener-
ated directly between ferromagnetic (FM) atoms and heavy
metal (HM) atoms is predicted to be much stronger and more
promising than the bulk one.['®!°1 In such a bilayer system,
the Hamiltonian representing the DMI between two spins S;
and S| is expressed as Hpmr = —D - (S; % S}), thus favoring
an orthogonal orientation of .S; and S; with a given chirality
depending on the orientation of the i-DMI vector. Conse-
quently, precisely determining the sign and value of D is of
utmost importance due to its crucial function in establishing a
special chiral spin configuration.

Several experimental methods, such as spin-polarized
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electron-energy-loss  spectroscopy, 202!

22]

synchrotron-based
Kerr-effect
I have been employed to determine the i-DMI

scattering, [
[23

X-ray and magneto-optical
microscopy,
energy. Among these methods, Brillouin light scattering
(BLS) stands out as the most robust and convenient technique
for studying i-DMI in various ferromagnetic/heavy-metal
(FM/HM) systems.>*28] The BLS provides a direct value
of the i-DMI energy density through examining the difference
in frequency between positive (anti-Stokes) surface spin wave
(SW) and negative (Stokes) SW.[>3! Several HM/FM systems,
such as HM/Co and HM/CoFeB, have been intensively studied
in the past few years by using this technique.?*%327-2%1 How-
ever, when it comes to the Fe/Pt system, which is theoretically

139 exper-

predicted to possess a relatively large i-DMI energy,
imental research is limited.[*!! In addition, the use of a suitable
buffer layer to enhance interface quality has proved the poten-
tial to improve various performance aspects including mag-
netic properties.'’>331 This approach has found widespread
applications in magnetism, particularly in the development of
perpendicular magnetic recording media. 33! Nevertheless, the
influence of extrinsic properties, such as crystal orientations
and interfacial qualities, on i-DMI has rarely been reported. 3?]

In this work, we fabricate a series of Fe(3 nm)/Pt(3 nm)
bilayers on Si substrates with MgO, SiO», or Ta as buffer lay-
ers. We conduct BLS and ferromagnetic resonance (FMR)
measurements to study the i-DMI and magnetic relaxation in
these samples. We find that the i-DMI energy values are 0.274,
0.321, and 0.359 mJ/m? for Fe/Pt on SiO,, Ta, and MgO, re-
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spectively. Furthermore, we confirm that the MgO/Fe inter-
face plays a substantial role in enhancing the i-DMI in the
Fe/Pt system fabricated on the MgO buffer layer. Additionally,
we thoroughly discuss the influence of crystalline quality and
interfacial roughness on the i-DMI strength and Gilbert damp-
ing constant. Finally, we use layer-resolved first-principles
calculations to further elucidate the origin of the i-DMI energy
in the MgO/Fe/Pt system.

2. Experiment details and calculation methods

We used magnetron sputtering at room temperature to
fabricate thin films of Fe(3)/Pt(3) (with all thickness values
in nanometers). These films were deposited on thermally ox-
idized silicon substrates with various buffer layers, includ-
ing MgO, Ta, and SiO,. Every sample exhibited an in-plane
easy axis with negligible perpendicular magnetic anisotropy
(PMA). The chamber was maintained at a base pressure lower
than 8x 10 ° Pa, while a working pressure was 0.5 Pa in the
deposition process. The crystalline structure was examined
by using Rigaku SmartLab XRD equipment. We utilized a
MicroMag 2900 alternating gradient magnetometer (AGM) to
measure hysteresis curves, from which the saturation magneti-
zations (M) are determined. The strength of i-DMI was mea-
sured by using a wave-vector-resolved Brillouin light scatter-
ing system as illustrated in Fig. 1(a). In the BLS arrangement,
we adopted the setup corresponding to the Damon—Eshbach
surface spin wave (SW) mode,**! which includes applying a
magnetic field H aligned with the surface plane (x axis) and
sweeping the in-plane wave vector k in the vertical orientation
(v axis). As a consequence of the conservation law of mo-
mentum between photons and magnons, the strength of the k&
is related to the incidence angle (0) of the laser according to
k= (4m/1)sin 6. Thus, the wave-vector-resolved BLS spec-
trum can be obtained by varying the incidence angle of the
laser. For investigating the magnetic relaxation, we measured
the microwave resonant absorption by using a broad-frequency
FMR system. We located the samples directly above the signal
line of a GSG co-planar waveguide (CPW) and then applied a
sweeping H parallel to the in-plane direction. By varying the
microwave frequency, we obtained a series of resonant fields
and line widths.

We conducted layer-resolved first-principles calculations
by using a I'-centered Monkhorst—Pack k-point mesh of 4 x
16 x 1, which has been validated to ensure reliable conver-
gence of the DMI results.’3! To achieve accurate outcomes,
the energy convergence criteria were less than 1.0 x 1077 eV,
and the structures underwent complete relaxation until the
forces acting on the atoms were below 0.001 eV/A. Then, the
Kohn—Sham equations were solved in the absence of the spin—
orbit coupling (SOC). Finally, incorporating the SOC into the
calculations, we obtained the DMI as the difference in total
energy when the orientation of the magnetic moments is con-
strained with opposite chirality spin configurations.

3. Results and discussion

First, we measure BLS to quantify the strength and chiral-
ity of i-DMI for each of the three samples on different buffer
layers. Figure 1(b) displays the representative BLS spectra for
the MgO(3)/Fe(3)/Pt(3) sample with a magnetic field of about
4 kOe (1 Oe=79.5775 A-m~"). The incident light angle 6 is
50°, corresponding to the wave vector k = 1.809 x 107 rad/m.
The spectra indicate the presence of both Stokes and anti-
Stokes lines. After Lorentzian fitting the curves and applying
mirroring operation, the significant difference (Af) between
the anti-Stokes (fas) and Stokes (fs) peaks can be obtained
directly from the BLS spectra. As is well known, the size of
Af can quantitatively represent the strength of DMI and Af is
given by!>!

_2yD

Af =
ans’

ey

where 7y denotes the gyromagnetic ratio, M, represents the sat-
uration magnetization, D is a parameter that effectively signi-
fies the intensity of the i-DMI energy. It is essential to empha-
size that the chirality of the i-DMI can be identified by exam-
ining the sign of Af = |fas| — |fs|- By experimental conven-
tions, a positive value of DMI corresponds to a right-handed
chirality.?®! It is clear that the absolute |Af| in Fig. 1(b) is
definitely proportional to the strength of the i-DMI, while the
chirality of the i-DMI in MgO/Fe/Pt is obviously right-handed.
By varying the intensity of the applied magnetic field, we can
derive the field-related behavior of the frequency associated
with the anti-Stokes peaks as illustrated in Fig. 1(c). The solid
lines depicted in the figure represent the fittings of the disper-
sion relation for Damon—Eshbach spin waves, as expressed by

the following equation: 6]

=&

Ofissw = On (O + om) + —4 (1 — e ), @)
where Wyvssw = 27T fas, oy = YH, oyv = 4nyM;, and ¢ rep-
resents the thickness of the Fe layer. From the informa-
tion presented in Fig. 1(c), the values of y can be obtained
to be 1.917x107, 1.915x107, and 1.797x107 rad/(sOe) for
the SiO,/Fe/Pt, Ta/Fe/Pt, and MgO/Fe/Pt samples, respec-
tively. Then by varying the incident angle between 0° and
80°, i.e. varying k from O to 2.32x 107 rad/m, the dependence
of frequency difference on the wave vector can be obtained as
shown in Fig. 1(d). By linear fitting using Eq. (1), the i-DMI
energy (D) is determined to be 0.274 mJ/m?, 0.321 mJ/m?,
and 0.359 mJ/m? for Si0O,/Fe/Pt, Ta/Fe/Pt, and MgO/Fe/Pt, re-
spectively, and these values are summarized in Table 1. They
are slightly smaller than those of the Co/Pt system but much
larger than those of the W/CoFeB system or IrMn/CoFeB
system.!?7-371 Tt is essential to emphasize here that the energy
of i-DMI for the MgO/Fe/Pt system is much stronger than that
for the SiO,/Fe/Pt system and Ta/Fe/Pt system.

048501-2
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Fig. 1. (a) Schematic diagram of sample structure and geometry for BLS measurement. (b) BLS spectra (solid circles) of MgO/Fe/Pt sample,
with experimental conditions involving a wave vector (k) of 1.809 x 107 rad/m and a magnetic field (H) of 4000 Oe (1 Oe=79.5775 A-m™ ),
Red curves representing Lorentzian fittings, and blue dashed lines denoting mirrored curves. (c) Relationships between frequency of DE mode
and H for the three samples, with solid lines representing fits according to Eq. (2). (d) Relationships between k and Af for three samples, with

solid lines representing linear fits by using Eq. (1).

Since our Fe/Pt system is fabricated on different buffer
layers, both interfaces (NM/Fe, Fe/Pt) should have con-
siderable contributions to i-DMI in our nonmagnetic mate-
rial/ferromagnet/Pt (NM/FM/Pt) trilayer structure.*%! Hence,
we should measure the wave-vector-resolved BLS spectra of
Al/Fe/Si0,, Al/Fe/Pt, Al/Fe/Ta, and Al/Fe/MgO structures.
Usually, the i-DMI of the Fe/Al interface can be disregarded
due to the inherently weak spin—orbit coupling in Al, and the
i-DMI should be mainly generated by the other interface. As
shown in Figs. 2(a)-2(d), the sign of Af = | fas| — | fs| of Fe/Pt
is different from the other three samples, suggesting that the
chirality of i-DMI in Fe/Pt is opposite to others. Clearly, the
i-DMI of Fe/Pt shows right-handed chirality, while the others
exhibit left-handed chirality. Moreover, for the Fe/Pt system,
the frequency difference Af demonstrates a maximum, while
for the Fe/SiO, system, it shows a minimum, suggesting a rel-
atively large energy of i-DMI in the Fe/Pt system. In order to
gain more details about the DMI, we conduct a thorough anal-
ysis of the Af with respect to the wave vector k, as displayed
in Fig. 2(e). The experimental data evidently exhibit a reason-
ably linear relationship. By using Eq. (1) and performing a
linear fit on Fig. 2(e), we extract the i-DMI energy D, which
is summarized in Fig. 2(f) and Table 1. Once again, the i-
DMI of Fe/Pt exhibits a right-handed chirality with a relatively
large value. The values of i-DMI energy (D) are 0.045 mJ/m?,
0.092 mJ/m?, 0.108 mJ/m?, and 0.258 mJ/m? for Fe/SiO,,
Fe/Ta, Fe/MgO, and Fe/Pt, respectively. We should empha-
size that the i-DMI in FM/oxide system can be enhanced ow-
ing to the presence of Rashba spin—orbit coupling.?8 As is
well known, the i-DMI can be notably enhanced when the fer-
romagnetic (FM) layer is located between two separate NM;

(NM3) layers, where the i-DMI exhibits a different chirality
for NM|/FM and NM,/FM, respectively. Certainly, the mea-
sured strength of the i-DMI in an NM/Fe/Pt trilayer is almost
equal to the summation of the i-DMI energy observed at the
two individual interfaces, namely NM/Fe and Fe/Pt as shown
in Figs. 1(d) and 2(e). The i-DMI of the Fe/MgO interface
is greater than that of Fe/SiO, and Fe/Ta, which preliminarily
explains the large i-DMI in the MgO/Fe/Pt trilayer, compared
with that in SiO,/Fe/Pt system and Ta/Fe/Pt system.

It is well known that the i-DMI is strongly dependent on
the structure, crystalline quality, and interface roughness. In
order to explore the influence of crystalline structure on the
observed i-DMI in the Fe/Pt system, we perform XRD mea-
surements on MgO(5)/Fe(10) sample and Ta(5)/Fe(10) sam-
ple. In Fig. 3(a), XRD 6-26 scans for these two samples re-
veal that Fe exhibits (110) orientation on Ta buffer layer and
(002) orientation on MgO buffer layer. The (110) orientation
of Fe on the Ta buffer layer is expected because the 5-nm-
thick Ta buffer layer is almost amorphous or nano-crystalline
when deposited on an amorphous surface, and Fe deposited by
sputtering has a (110) preferred orientation on an amorphous
surface. It is worth mentioning here that the XRD pattern for
Fe/Pt on SiO; exhibits a very similar behavior to that on the
Ta buffer layer. However, for MgO/Fe, MgO deposited by
sputtering has a (002) preferred orientation on an amorphous
surface, and then the Fe layer can quasi-epitaxially grow on
the MgO buffer layer with (002) orientation. Eventually, the
Fe (002) orientation may further enhance the quasi-epitaxial
growth of Pt,?%! resulting in good crystalline quality, a smooth
interface, and a larger i-DMI of Fe/Pt on MgO.

048501-3
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Al(3)/Fe(3)/MgO(3), and Al(3)/Fe(3)/Pt(3) at wave vector (k) of 2.046x107 rad/m and a magnetic field (H) of 4000 Oe, with solid line
showing data fitting Lorentzian curve, Af representing frequency difference A calculated by subtracting frequency of Stokes peak (fs) from
anti-Stokes peak (fs), and inset in panel (a) illustrating experimental setup. (e) Relationships between the k and the |Af| observed in samples
with chiralities, with solid lines representing linear fits by using Eq. (1). (f) Values of i-DMI obtained from Eq. (1) for bilayer structures.
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Fig. 3. (a) XRD patterns for Ta/Fe (black line), MgO/Fe (red line), (b) FMR spectra for the three samples were measured at 10 GHz. (c) Variations of the
FMR linewidth with frequency for three samples, with solid lines showing linear fits by Eq. (3).

We also perform FMR measurements for these samples to
investigate their magnetic relaxation, which might be closely
related to the crystalline quality. Figure 3(b) illustrates the
typical FMR spectra for these samples, with the signals for
Fe/Pt on SiO, and Ta magnified by 5 and 3 times, respectively.
Obviously, the FMR absorption of Fe/Pt on MgO is much
stronger than that on SiO; and Ta. Moreover, the linewidth for
MgO/Fe/Pt is considerably narrower than those for the other

two samples, which further indicates the good crystalline qual-
ity of Fe grown on MgO. Figure 3(c) shows the variations of
linewidth (AH) with frequency for these samples, and all of
them exhibit the following linear relation*"!
4raf
V3y’

where o is Gilbert damping constant, Y is the gyromagnetic

AH = AH,, + 3)

ratio, AHjyy, is the inhomogeneous broadening and is related to

048501-4



Chin. Phys. B 33, 048501 (2024)

film quality. The significant variation in AHj,, indicates a sub-
stantial difference in film quality among these samples. There
is no doubt that the epitaxial Fe on the MgO buffer layer has
the best quality, while Fe on the SiO; buffer layer may exhibit
an island growth model. From Fig. 3(c), through fitting with
Eq. (3), the Gilbert damping constant o, which characterizes
magnetic relaxtion, is extracted. The values of « are 0.044,
0.040, and 0.012 for Fe/Pt samples deposited on SiO,, Ta, and
MgO buffer layers, respectively, and summarized in Table 1.
It is important to mention that the o value of MgO/Fe/Pt is
extremely lower than those of the other two samples, which
may be attributed to the good film quality. The Ta/Fe/Pt and
SiO,/Fe/Pt have very similar o values, although Fe on the Ta
buffer layer has better film quality than that on the SiO, buffer
layer since the AHj,;, is much smaller for Ta/Fe/Pt. However,
the presence of an additional spin pumping effect at the Ta/Fe
interface may increase the value of a.

In order to further clarify the origin of the i-DMI, we con-
duct layer-resolved first-principles calculations to determine
the theoretical energy of DMI within these structures. Fig-
ure 4(a) shows the crystalline structure of Fe(002)/Pt(002),
comprising three Fe monolayers, three Pt monolayers, and a
15-A-thick vacuum layer. By evaluating spin configurations,
as illustrated in Figs. 4(a) and 4(b), wherein a single layer ex-
hibits spins with opposite chiralities, while spins in all remain-
ing layers are limited to be aligned along the y axis, we calcu-
lated the layer-resolved amplitude of the DMI vector, which is
denoted as d*.131 The magnitude of d* is determined from the

formula d* = (Ery — ELn)/12, where Ery and Ep g denote the

0.5
MgO/Fe(002) (a)

—~ 0-
>
Q
& —0.51
%
—1.0-
—1.51

Total Fe1 Fe2 Fe3

MgO/Fe(OOZ)/Pt(OOQ) (c)
0_
>
[}
&)
2 —11
=
_2-
Total Fe1 62 63 Pty

energy associated with right-handed chirality and left-handed
chirality, respectively. It is worth noting that the sign conven-
tion for DMI in experiment is different from that in calcula-
tion. Specifically, in the calculation, a positive DMI represents
the left-handed chirality, while in experiment, a negative DMI
refers to the left-handed chirality.

Table 1. Magnetic characteristics: asymptotic values of the gyromagnetic
ratio (), saturation magnetization (M), and Gilbert damping constant (c),
determined through broadband FMR measurements and using supercon-
ducting quantum-interference device.

y M, D (mJ/m?) o
SiO,/Fe/Pt 1.917 1136 0.274 0.044
Ta/Fe/Pt 1915 1334 0.321 0.040
MgO/Fe/Pt 1.797 1418 0.359 0.012
Al/Fe/Pt 1.792 1133 0.258 0.022
Al/Fe/MgO 1.804 1187 0.108 0.015
Al/Fe/Ta 1.802 1112 0.092 0.019

Al/Fe/SiO, 1.823 1012 0.045 /

(a) Right-handed Left-handed
O 0 O O O O O O
O O O o
O O 0 O O O O O
© 06'0 O © 0'0 O
© 0 o © 0 ©°

Fig. 4. Examples of (a) right-handed and (b) left-handed spin configu-
ration used for calculating DMI of Fe(002)/Pt(002) bilayers, with blue
and silver referring to Fe and Pt, respectively.
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Fig. 5. Layer-resolved DMI coefficient d9°' and d* as a function of layer k for (a) MgO/Fe(002), (b) Fe(002)/Pt(002), (c) MgO/Fe(002)/Pt(002),

and (d) Fe(110)/Pt(111) systems.
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Spatial distributions of relevant source of SOC energy in atomic sites of different layers k' for (a) MgO/Fe(002) system,

(b) Fe(002)/Pt(002) system, (c) MgO/Fe(002)/Pt(002) system, and (d) Fe(110)/Pt(111) system.

Figures 5(a)-5(c) show the outcomes of the layer-
resolved DMI vector amplitude d'° and d* versus
layer k for the MgO(002)/Fe(002), Fe(002)/Pt(002), and
MgO(002)/Fe(002)/Pt(002) structures, respectively. It is clear
that the contribution of the interfacial Fe layer to d* is con-
siderable. Meanwhile, the resulting total i-DMI strength '
of MgO/Fe/Pt trilayer is nearly equivalent to the combined
contributions of the two separate interfaces (MgO/Fe and
Fe/MgO) in this trilayer system. Interestingly, the total i-
DMI strength d™* of the MgO/Fe interface is greater than that
of the Fe/Pt interface as shown in Figs. 5(a) and 5(b), which
further indicates that the i-DMI energy mainly comes from
the interface of MgO/Fe in the MgO(002)/Fe(002)/Pt(002)
trilayer structure.We also calculate the d' and d* of the
Fe(110)/Pt(111) structure as shown in Fig. 5(d). It is obvious
that the contributions of Fe/Pt interfaces with different crys-
talline orientations to d* are quite different. Unfortunately, we
cannot calculate the MgO/Fe(110)/Pt(111) system because of
the lattice mismatching.

To investigate the spatial origin of each d¥, we calculated
AEGsc. 1
generated by spin setups with different chiralities in layer k.
Figures 6(a)-6(d) illustrate the distributions of SOC energy
relating to d'° and d* for all structures. It is the most notable

which is the difference in SOC energy in layer &’,!

that the distribution of SOC energy is mainly concentrated at
the interfacial Pt layer for Fe/Pt structure. For instance, as in-
dicated in Fig. 6(d), the significant DMI energy between the
Fe spins at the interface (k = Fe3) relates to a substantial SOC
energy change AEggC’Pt‘ in the neighboring Pt; layer. Con-

versely, at the MgO/Fe interface, both the DMI and its related

SOC energy are concentrated at the interfacial Fe layer, reveal-

ing a distinct mechanism. [33]

4. Conclusions

In this work, we performed the wave-vector-resolved
BLS measurements on the Fe/Pt system fabricated on differ-
ent buffer layers. The i-DMI energy values are determined by
fitting the linear relationship between Af of the anti-Stokes
peak and Stokes peak and the wave vector k, resulting in val-
ues of 0.274, 0.321, and 0.359 mJ/m? for Fe/Pt on SiO,, Ta,
and MgO, respectively. The origin of the large i-DMI in the
MgO/Fe/Pt system is verified through two facts. One is that
the quasi-epitaxial growth of Fe/Pt on MgO(002) results in a
sharp interface, leading to a large i-DMI in this system, and
the other is that the strong Rashba effect at the MgO/Fe inter-
face further enhances the i-DMI in this system. In addition,
the first-principles calculations revealed that the i-DMI result-
ing from the contribution of the MgO/Fe interface was taken
into consideration in the MgO/Fe/Pt system. These results will
be beneficial for the application of chirality-based devices.
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