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We report a sizable Dzyaloshinskii-Moriya interaction (DMI) originating at an epitaxial Fe;Si/Ge interface.
Using spin-wave spectroscopy, we show that the magnitude of the interfacial DMI of the Heusler-
ferromagnet/semiconductor hybrid structure is comparable to that of ferromagnet/Pt structures, despite the
absence of heavy elements. We find that the observed DMI at the Fe;Si/Ge interface is consistent with the
prediction of an antisymmetric exchange interaction induced by the interfacial Bychkov-Rashba spin-orbit
interaction. These results demonstrate that ferromagnet/semiconductor hybrid structures are a promising class

of systems for chiral spintronics.

DOI: 10.1103/PhysRevB.108.094441

I. INTRODUCTION

The generation, stabilization, and manipulation of chi-
ral spin structures, such as chiral Néel walls and magnetic
skyrmions, provide the fundamental building blocks of chi-
ral spintronics [1,2]. The formation of such nontrivial spin
structures requires chiral symmetry breaking. In magnetic
systems, the source of the chiral symmetry breaking is
the antisymmetric exchange interaction that is referred to
as the Dzyaloshinskii-Moriya interaction (DMI) [3,4]. The
DMI originates from spin-orbit coupling (SOC) in magnetic
systems with broken inversion symmetry, including noncen-
trosymmetric crystals or at interfaces of heterostructures. The
latter is of particular recent interest due to their potential ap-
plications, such as data storage, brain-inspired architectures,
and reservoir computing [5-9].

The search for material systems providing strong inter-
facial DMIs has been mainly focused on polycrystalline
ferromagnetic-metal/heavy-metal (FM/HM) structures. The
microscopic mechanism of the interfacial DMI in this system
is well described by the Fert-Levy model, where the inter-
action between two neighboring magnetic ions with spins S;
and S; is mediated by a third ion with strong SOC [10]. This
model, as well as experimental observations, predicts that the
strength of the DMI generally scales with the strength of the
SOC of the adjacent HM layer. However, recent investigations
have revealed that sizable interfacial DMIs can appear even in
the absence of heavy elements. An example is the stabilization
of chiral domain walls in a graphene/FM bilayer [11], where
the magnitude of the DMI is comparable to that at interfaces
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with heavy metals [11,12]. Another example is sizable DMIs
in conventional spintronic structures with oxide/FM inter-
faces, such as MgO/FM/Pt. In this system, a sizable DMI
exists at the MgO/FM interface, as well as the FM/Pt inter-
face [13]. The first-principles calculations have shown that,
at the FM/Pt interface, the SOC energy source for the DMI is
located within the interfacial Pt layer, consistent with the Fert-
Levy mechanism. In contrast, at the MgO/FM interface, both
the DMI and its SOC energy source are localized within the
interfacial FM layer. These findings indicate that a mechanism
different from the Fert-Levy mechanism gives rise to strong
interfacial DMISs.

The source of the interfacial DMI without using heavy
elements can be attributed to the Bychkov-Rashba SOC at the
interface [14]. In the Rashba-type DMI model, the strength
of the DMI is proportional to the Rashba parameter and
exchange stiffness [14]. This picture is supported by the agree-
ment between the experimentally obtained DMI values and
theoretical values from the first-principles calculations [11].
The discovery of the direct link between the interfacial DMI
and interfacial Rashba SOC offers promising opportunities for
exploring the physics and technology of Rashba systems in
chiral spintronics.

The recent progress in spintronics has revived interest in
FM/semiconductor hybrid structures, which have been one
of the key systems in establishing spintronic phenomena
over the past two decades. For FM/semiconductor interfaces,
the existence of robust Rashba SOC has been evidenced by
the efficient charge-spin conversion and large unidirectional
magnetoresistance [15-17]. Although these recent demon-
strations suggest that a sizable DMI could also appear in
FM/semiconductor heterostructures, experimental evidence
of its existence is scarce.

©2023 American Physical Society
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FeoSieGe

FIG. 1. Schematic illustrations of the (a) unterminated
Al/Fe;Si(r)/Ge film and (b) Fe-terminated Al/Fe;Si(t —
0.4 nm)/Fe(0.4 nm)/Ge film.

In this paper, we report sizable DMIs at epitaxial Fe;Si/Ge
interfaces, where Fe;Si is a ferromagnetic Heusler alloy
[18]. Among semiconductors, Ge has attracted broad in-
terest because of its high mobility, long spin lifetime, and
compatibility with the Si platform [19]. Although the bulk
SOC of Ge is weak enough to result in a long spin diffusion
length, the large Rashba energy splitting of the subsurface
states has been shown to give rise to sizable unidirectional
Rashba magnetoresistance [17]. Furthermore, the Rashba
SOC can be greatly enhanced at the metal/Ge interfaces
[20-22]. In this work, by measuring propagating spin-wave
spectroscopy, we find that the magnitude of the DMI at the
FesSi/Ge interface is comparable to that in FM/HM systems,
despite the absence of heavy elements. We show that the
observed DMI can be attributed to the Rashba-type DMI. Our
results indicate that epitaxial FM/semiconductor interfaces
can be a promising platform for chiral spintronics.

II. EXPERIMENTAL METHODS

To investigate the DMI at the Fe;Si/Ge interface, we
fabricated two series of samples on Si(111) substrates
by molecular beam epitaxy (MBE): (i) Al(3nm)/Fes
Si(¢)/Ge(240 nm) [unterminated Al/Fe; Si/Ge, Fig. 1(a)]
and (i) AlI(3 nm)/Fe;Si(t — 0.4 nm)/Fe(0.4 nm)/Ge
(240 nm) [Fe-terminated Al/Fe;Si/Ge, Fig. 1(b)] films,
where the numbers in parentheses represent the thickness.
First, the undoped Ge-on-Si(111) was fabricated using the
two-step growth method, where a low-temperature-grown
Ge (LT-Ge) film with a thickness of 40 nm and a
high-temperature-grown Ge (HT-Ge) film (~0.1 Q2 cm) with
a thickness of 200 nm were subsequently grown on a Si(111)
substrate (~1000 €2 cm) at 350 and 700 °C, respectively. The
Ge epilayer grown on the Si(111) substrate shows p-type
conduction and (111) crystal orientation [23]. Then, using
low-temperature MBE techniques, the Heusler alloy, Fe;Si
with a thickness of ¢, was formed on the Ge film at a growth

unterminated

Fe-terminated

FIG. 2. RHEED patterns from the surface of the (a) untermi-
nated Fe;Si(16.2 nm) and (b) Fe-terminated Fe;Si(16.4 nm) on
Ge-on-Si(111). (c) An optical image of the device with electrical
connections, labeled as “Port 1 and “Port 2.” The spin wave excited
by the antenna “Port 1” is represented by the wave vector +k.

temperature below 80 °C. The detailed growth conditions are
described in our previous report [19]. Here, although the ideal
FesSi layer has a periodical structure consisting of three Fe
layers and one Si layer, the Fe;Si layer near the Fe;Si/Ge
interface includes a disordered structure in the unterminated
Al/Fe;Si/Ge film [24]. Since the interfacial DMI can be
sensitive to the atomic arrangements at the interface, we
controlled the Fe;Si/Ge interface by introducing the Fe
termination layer in the Fe-terminated Al/Fe;Si/Fe/Ge [see
Figs. 1(a) and 1(b)]. Finally, a 3-nm-thick Al capping layer
was deposited on the Fe;Si layer below 50 °C to avoid natural
oxidation of the film and interdiffusion between the capping
layer and Fe;Si layer.

We show representative reflection high-energy electron
diffraction (RHEED) patterns for the surface of the Fe;Si
layer of the unterminated Fes;Si/Ge and the Fe-terminated
Fe;Si/Ge in Figs. 2(a) and 2(b), respectively. The results
clearly exhibit a symmetrical streak, indicating good epitaxial
growth of the Fe;Si layer on the Ge-on-Si(111). For all films
used in this study, we measured magnetic hysteresis loops,
which show that the variation of the saturation magnetization
M; of the Fe;Si layers with different thicknesses ¢ is within
5% of the average value. This result confirms that M of the
FesSi layer is independent of the thickness ¢, indicating the
epitaxial growth of the Fe;Si/Ge interfaces without reaction
layers, as shown in Ref. [19]; if reaction layers are formed at
the interfaces of Fe;Si/Ge and Al/Fe;Si, the value of M de-
creases because the diffused Ge atoms substitute for magnetic
Fe sites.

For the propagating spin-wave spectroscopy, the films
were patterned into 30-um-wide strips, and the surface were
covered by a 50-nm-thick SiO; insulator film. We fab-
ricated a pair of meander-shaped microwave antennas of
Au(200 nm)/Ti(3 nm) on top of the strip using electron beam
lithography, as shown in Fig. 2(c). The antennas are designed
to excite spin waves with a wave number of k = 1.7 um™!
effectively; the center-to-center distance between the antennas
is [ = 7.4 um, and the widths of a signal line and two ground
lines are 1.4 and 0.7 um, respectively [25]. For the devices, we
measured the scattering parameters S;;, where i and j (=1, 2)
correspond to the receiving and emitting antenna, using a vec-
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FIG. 3. Propagating spin-wave spectra dS,; and dSj, for the unterminated Al/Fe;Si(t)/Ge with (a) t = 4.0 nm at uoH = 80 mT and
(b)t = 16.2 nm at uoH = 100 mT. The orange and blue dotted lines represent the MSSW resonance frequencies at k = +1.7 and —1.7 um ™",
respectively. dS,; and dS), for the Fe-terminated Al/Fe;Si(r — 0.4)/Fe(0.4)/Ge with (¢) t =4.3 nm at uoH =85 mT and (d) r = 16.4
nm at woH = 95 mT. Magnetic field H dependence of the frequency difference § fyg for the (e) unterminated Al/Fe;Si(z)/Ge and (f) Fe-
terminated Al/Fe;Si(r — 0.4)/Fe(0.4)/Ge films with different . The plots of each color represent experimental data. The solid lines represent
the average value for each thickness data. Fe;Si-thickness ¢ dependence of § fygr for the (g) unterminated Al/Fe;Si(¢)/Ge and (h) Fe-terminated
Al/Fe;Si(r — 0.4)/Fe(0.4)/Ge. The diamond-shaped symbols are the experimental data. Light green, yellow, and blue lines are the frequency
nonreciprocity induced by the iDMI, interfacial PMA (surface), and bulk PMA (volume), respectively. We used y = 1.94 x 10'! s=! T~! for

the fitting. The standard error of the determined values of § fyg is represented by the error bars, which were derived from § fyg measured at

various H.

tor network analyzer (VNA) by applying an external magnetic
field H at room temperature. To excite magnetostatic surface
waves (MSSWs) with the wave vector perpendicular to the
magnetic field, H was applied along the y axis [see Fig. 2(c)].

III. RESULTS AND DISCUSSION

Figures 3(a)-3(d) show the transmission spectra for the
unterminated and Fe-terminated Al/Fe;Si/Ge films. Here, the
frequency response of the transmission at the magnetic field H
is defined as dS;; = S;;(H) — S;j(Hyer), where S;;(Hr) is the
scattering parameter at a reference magnetic field pwoHper =
250 mT in which the resonance peaks are located out of the
measured frequency range. In Figs. 3(a)-3(d), dS»; and dSi,
correspond to the waves with k < 0 and k > 0, respectively.
Since [ x k ~ 4m, the orange and blue dotted lines repre-
sent the MSSW resonance frequencies at k = +1.7 um~' and
k= —1.7 um~!, respectively [26]. We define the frequency
shift § fxg as the difference between the MSSW resonance
frequencies of the counterpropagating spin waves. The res-
onance frequencies were determined by fitting the measured
signals around their peaks using a Lorentz function.

In Figs. 3(e) and 3(f), we show § fng measured at different
magnetic fields H for the unterminated Al/Fe;Si/Ge and Fe-
terminated Al/Fe;Si/Ge devices, respectively. Figures 3(e)
and 3(f) show that the magnitude of §fyr is independent

of the field strength, while the sign of §fyr is reversed by
reversing the field direction, consistent with the prediction of
the frequency shift of the MSSWs induced by the DMI. This
result also shows that the magnitude and sign of § fyg depend
on the thickness ¢ of the Fe;Si layer.

We show the ¢ dependence of §fnxr for the untermi-
nated Al/Fe;Si/Ge and Fe-terminated Al/Fe;Si/Ge devices
in Figs. 3(g) and 3(h), respectively. The #-dependent change
in § fyr arises from three contributions: (i) the interfacial DMI
(iDMI), (ii) the asymmetry in the surface magnetic anisotropy,
and (iii) the nonuniformity of the bulk magnetic anisotropy
[27]. First, the frequency shift due to the iDMI is proportional
to 1/¢. The reason for this is that due to the interfacial origin of
the DMI, the volumetric DMI constant Dpyy is proportional
to 1/t, Dpvy = Ds/t, where Dy is the thickness-independent
DMI constant [28]. Second, the spin-wave nonreciprocity also
arises from the difference between the interfacial perpendicu-
lar magnetic anisotropy (PMA) energy density at the bottom
K" and the top K. interfaces, 8K, = K™ — K.*® [29,30].
Third, a recent study has shown that the nonuniformity of
the bulk magnetic anisotropy across the film can also result
in spin-wave nonreciprocity [27]. The frequency shift taking
into account the three contributions is expressed as [27]

2yDs v oM
Sf\r = k+
INR M

Qo — 2
2Q8 0,z 1.z

, 1
27 2@ )

094441-3



SHUTO KIMURA et al.

PHYSICAL REVIEW B 108, 094441 (2023)

TABLE I. Summary of the magnitude of the thickness-
independent DMI parameter |Dg| for the unterminated Al/Fe;Si/Ge
and Fe-terminated Al/Fe;Si/Ge, as well as conventional FM/Pt
systems with Fe-based ferromagnetic layers.

Structure |Ds| (pJ/m) Ref.
Unterminated Al/Fe;Si/Ge 0.08 £ 0.05 This work
Fe-terminated Al/Fe;Si/Ge 0.21 +0.06 This work
Ti/Py/Pt 0.25 [30]
SiN/NiggFe, /Pt 0.15-0.33 [28]
MgO/COZOFGGOBgo/Pt 0.97 [32]

where y is the gyromagnetic ratio. The parameters Q, §,
Qo.z, Q1,;, Q0, and 2 are defined in the literature [27]. In
Eq. (1), the contribution (iii) is modeled as a difference in
the bulk magnetic anisotropy between the below and above
critical thickness ., in the FM layer, where the out-of-plane
magnetic anisotropy K is assumed to be K = K/t + K, o
for t <ty and K = K/t + Ky o + Ky 1(t — 1)/t for t > t,
where K, = K™ + K" is the total interfacial anisotropy, Ko
is the bulk magnetic anisotropy of the FM layer below f,
and Ky is the difference in the bulk magnetic anisotropy
between above and below 7., [27]. We fit the ¢ dependence
of §fxr by using Eq. (1), as shown in Figs. 3(g) and 3(h).
From the fitting, we obtained 6K; = —1.1 mJ /m2 for both
the unterminated and Fe-terminated Al/Fe;Si/Ge. This re-
sult suggests that §K; is insensitive to the Fe termination,
implying that the interfacial PMA can be primarily attributed
to the Al/Fe;Si interface, where the natural oxidation of
the Al layer can enhance the interfacial PMA [31], rather
than the lattice-matched Fe;Si/Ge interface. We also obtained
Ky1=-03mJ /m3, and ., = 8.6 nm for the unterminated
Al/FesSi/Ge and K, | = —0.3 mJ/m?, and 7, = 8.1 nm for
the Fe-terminated Al/Fe;Si/Ge.

In Table I, we show the thickness-independent DMI con-
stant Dy, extracted from the ¢ dependence of §fyg using
Eq. (1). Table I shows that the Ds of the Fe-terminated
Al/Fes;Si/Ge is more than twice that of the unterminated
Al/Fe;Si/Ge. This result demonstrates that the DMI at
the Fe;Si/Ge interface is quite sensitive to the atomic
arrangements at the interface, revealing the crucial role
of atomic-level engineering in controlling the iDMI at
FM/semiconductor interfaces. To compare the magnitude of
the DMI at the epitaxial Fe;Si/Ge interfaces with that of the
conventional FM/HM systems, we also list the DMI constant
for systems with Fe-based ferromagnetic layers in Table I.
This result shows that the strength of the DMI at the Fe;Si/Ge
interfaces can be comparable to that at the FM /Pt interfaces,
despite the fact that the atomic SOC of Ge is much weaker
than that of Pt [33]. This finding suggests that the physical
mechanism governing the DMI at the Fe;Si/Ge interfaces is
different from that at the FM/Pt interfaces, captured by the
Fert-Levy model.

The sizable DMI at the Fe3;Si/Ge interface can be at-
tributed to the Rashba-type DMI [14,34]. In the model of
the Rashba-type DMI, the DMI strength for two-dimensional
(2D) Rashba ferromagnets is expressed as Dop = 2krA,
where kr = 2armie/ K2 [14]. Here, g is the Rashba parameter,
me. is the effective electron mass, and 7 is the reduced Planck

constant. Although first-principles calculations are necessary
to fully understand the microscopic mechanism of the inter-
facial DMI, we roughly estimate the Rashba parameter at the
Fe;Si/Ge interface from the extracted value of Dy based on
this simple model. Under the assumption that only the first
FesSi layer at the Ge interface contributes to the DMI, the
DMI strength at the interface layer Dj,, can be estimated as
Dine = Ds/tins, Where tiy is the thickness of the interface layer
[28]. At the Fe;Si/Ge(111) interface, the nearest interatomic
distance between Ge and Fe is 0.15 nm, indicating that the
interlayer distance between Ge and Fe is about 0.1 nm [24].
Using Diy = 2krA and assuming that f;,, corresponds to the
distance between the Ge and Fe layers at the Fe;Si/Ge in-
terface, £ ~ 0.1 nm, we obtain kg = 1.3 x 108 m~! for the
measured value of |Ds| = 0.21 pJ/m (see Table I). The cor-
responding Rashba parameter when m, is assumed to be the
free-electron mass is g = 50 meV A. This value is consistent
with the strength of the Rashba SOC at a Fe/Ge(111) interface
obtained from first-principles electronic band structure calcu-
lations based on the density functional theory [35], supporting
that the DMI at the Fe;Si/Ge interface is dominated by the
interfacial Rashba SOC. The existence of the Rashba-type
DMI has recently been suggested by experiments and calcula-
tions for oxide/oxide interfaces [36-39], FM/oxide interfaces
[13,40], and FM/2D-material interfaces [11,12]. The observa-
tion of a sizable Rashba-type DMI at the Fe;Si/Ge interface
puts FM/semiconductor hybrid structures into the family of
systems for chiral spintronics based on the Rashba SOC.

The observation of a sizable DMI at the Fe;Si/Ge interface
suggests that epitaxial FM/semiconductor heterostructures
are a promising platform for a variety of interfacial SOC-
induced phenomena. We note that the estimated value of og =
50 meV A at the Fe;Si/Ge interface in the Fe-terminated
samples is comparable to ag = 82.6 meV A at a graphene/Co
interface, which shows a significant DMI [11]. The Rashba
parameter is also comparable to that of the archetypal sys-
tems which have been central in establishing the physics of
transport phenomena induced by the Rashba SOC, such as
ar = 67 meV A in an InGaAs/InAlAs heterostructure [41]
and ag = 30 meV A ata LaAlO3/SrTiOj5 interface [42].

IV. CONCLUSIONS

We have investigated the DMI in the epitaxial Fe;Si/Ge
structures. Using the propagating spin-wave spectroscopy, we
found that a sizable DMI exists at the Fe;Si/Ge interface,
despite the absence of heavy elements. While first-principles
calculations are necessary for a comprehensive understanding
of the DMI, we have shown that the observed interfacial DMI
is consistent with the prediction of a chiral magnetic exchange
interaction originating from the interfacial Rashba SOC.

The DMI was first described by a phenomenological ther-
modynamic theory [3]. The recent progress in spintronics has
shed new light on this interaction, and it is now fundamental to
understand the microscopic origin of the interfacial DMI. This
clearly requires the experimental determination of intrinsic
DMI parameters, free from extrinsic effects at the interface.
However, experimental studies on the interfacial DMI have
mainly focused on polycrystalline oxide/FM/HM structures
without well-defined interfaces, despite the fact that interface
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intermixing, interface roughness, dead layers, and proxim-
ity effects are all known to affect the interfacial DMI. The
present work, based on the epitaxial Fe;Si/Ge structures with
controlled interfaces, has revealed that the DMI is highly
sensitive to the atomic disorders at the interface. This finding
demonstrates the crucial role of atomic-scale engineering of
interfaces for controlling, enhancing, and understanding the
interfacial DMI, which will be essential for the development
of chiral spintronics.
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