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Source and origin of the interfacial Dzyaloshinskii-Moriya interaction
in a heavy-metal|magnetic-insulator bilayer
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The interfacial Dzyaloshinskii-Moriya interaction (iDMI) was observed in the bilayer consisting of a heavy
metal and a ferromagnetic insulator such as Pt|Tm3Fe5O12 (TIG), but the source and origin are still controversial.
Here, we quantitatively investigate the iDMI strength in Pt|TIG by inserting a thin Y3Fe5O12 layer and/or a thin
Cu layer between Pt and TIG. Our results suggest the iDMI contributed by both the Pt|TIG and the TIG|substrate
interfaces. At the Pt|TIG interface, we find that Pt is essential for the strong iDMI. The disentangled iDMIs for
Fe-Fe and Tm-Fe pairs are comparable, revealing that the Tm ions provide not only an additional Tm-Fe iDMI,
but also the spin-orbit coupling to enhance the iDMI. At the TIG|substrate interface, the iDMI is attributed to the
lattice-mismatch-induced deformation of the electron cloud for the ferromagnetic ions.
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I. INTRODUCTION

The Dzyaloshinskii-Moriya interaction (DMI) is one of
the key ingredients for stabilizing nontrivial spin textures
such as magnetic solitons, skyrmions, and chiral domain
walls in magnetic materials [1–3], which are the promising
elements for next-generation memory and logic spintronic
devices [4,5]. The broken inversion symmetry together with
the spin-orbit coupling (SOC) allows finite DMI to exist [6–9].
Since the inversion symmetry is broken at interfaces in mul-
tilayer films, an interfacial DMI (iDMI) is introduced [4].
This was frequently demonstrated at the interfaces between
metallic ferromagnets and heavy metals (HMs), which have
a large SOC to facilitate the large iDMI [10,11]. Unlike the
DMI in bulk magnetic materials, which has limit approaches
to be manipulated [12], the iDMI can be tuned by interfacial
engineering through the stacking orders [13], the material
combinations of interfaces [14,15], and external stimuli such
as voltage [16,17] and current [18]. In addition, the iDMI
plays an important role in the fast domain wall motion driven
by either an electric current or a magnetic field [11,19–21].

In comparison to metallic ferromagnets, ferromagnetic
insulators (FMIs) offer much lower damping [22], longer
magnon transport length [23], and faster speed of domain wall
motion [20,21]. These superior properties are attractive for
magnonic and spin-wave logic devices, with the advantages
of the absence of Joule heating. Very recently, observations
of the topological Hall effect (THE) and the homochiral Néel
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domain wall in a heterostructure of a HM layer and a FMI
garnet such as Y3Fe5O12 (YIG) and Tm3Fe5O12 (TIG) sug-
gest the presence of the iDMI [24–28]. Such an interaction
opens up a new approach to stabilize skyrmions in the FMIs
and can be used to manipulate spin waves [27].

Given the importance of the iDMI in the HM|FMI bilayer,
where “|” denotes the interface, it has been intensively stud-
ied to ascertain its source and origin [24,26–28]. The main
difficulty in analyzing the iDMI is posed by possessing two
interfaces, HM|FMI and FMI|substrate, thereby causing an ac-
tive debate on the source and origin [20,24–30]. The iDMI is
suggested to originate from the FMI|substrate interface based
on the direct observations of skyrmions and nonreciprocal
spin-wave propagation in a bare FMI-garnet film on a garnet
substrate [26,27]. On the other hand, a recent study found that
the THE is dramatically tuned by various metallic capping
layers in the metal|TIG bilayers, strongly suggesting that the
iDMI stems mainly from the metal|TIG interface [24]. In ad-
dition, as the rare-earth ion and the HM possess a strong SOC,
and a Rashba SOC could be present at the oxide interface
[14,28,31,32], it is still controversial regarding which one
provides the required SOC [25,27,28]. Moreover, the iDMI
between a pair of magnetic atoms is always accompanied
by a Heisenberg exchange interaction [7,33–35]. The multi-
ple exchange interactions between three magnetic sublattices
in the rare-earth iron garnet lead to multiple pairs of the
iDMI [36,37]. The disentangled iDMIs have not been inves-
tigated so far. In this work, we quantitatively investigate the
iDMI in Pt|TIG|substituted-Gd3Ga5O12 (SGGG) to identify
the source and origin. Our results reveal that both the Pt|TIG
and the TIG|SGGG interfaces have significant contributions to
the iDMI. The iDMI is found to be induced by the Pt layer at
the Pt|TIG interface. The disentangled iDMIs between Fe-Fe
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pairs and Tm-Fe pairs are comparable, suggesting that the Tm
ions provide not only an additional Tm-Fe iDMI, but also
the SOC to Tm-Fe pairs to enhance the iDMI strength sig-
nificantly. We further found that the iDMI at the TIG|SGGG
interface is much larger than that at the YIG|TIG interface,
revealing that the large lattice mismatch leads to the iDMI at
the garnet interface.

II. EXPERIMENT

The TIG and YIG films were epitaxially grown on SGGG
(111) substrates by pulsed laser deposition by applying a KrF
excimer laser, monitored by in situ reflective high-energy elec-
tron diffraction (RHEED). The target laser area was ∼ 5 mm2,
and the target-substrate distance was 5 cm. The background
pressure was 1 × 10–6 Torr. The pressure was tuned to be a
dynamic pressure of 0.07 Torr by injecting pure O2 into the
chamber before heating the sample. The sample was heated
by a laser with a sweeping rate of ∼20 K/min. After the
substrates had been kept at 850 °C for 20 min, the TIG films
were deposited with the laser pulses at a frequency of 2 Hz
and an energy density of ∼ 5.2 J/cm2 on the target. The film
thickness was measured by X-ray reflectivity [38], from which
the growth rate was calculated to be 0.72 Å/s. The YIG films
were deposited with a laser frequency of 1 Hz and an energy
density of ∼ 4.5 J/cm2 on the target. Before the film growth
on TIG|SGGG, the growth rate of YIG was measured to be
0.29 Å/s by the oscillation of the RHEED intensity [38]. Note
that the TIG films of the YIG|TIG bilayers experienced an
additional annealing during YIG film growth. To minimize
specimen discrepancies, the single-layer TIG specimens were
treated with the same thermal process as the YIG film growth.
It took 30 min to turn the laser heating power gradually to zero
after the film growth. Before transferring the garnet films into
a magnetron sputtering chamber, the samples were ultrasoni-
cally cleaned in acetone. The metallic films were deposited by
dc magnetron sputtering at room temperature. The power for
both Pt and Cu is 5 W. The target-film distances for Pt and Cu
are 4.1 cm and 4.3 cm, respectively. The base pressure is 8 ×
10–9 Torr and the Ar pressure for sputtering is 3.8 × 10–3 Torr.
The growth rates of Pt and Cu are 0.37 Å/s and 0.38 Å/s,
respectively. Then the metallic films were patterned into Hall
cross bars for transport measurements by optical lithography
and then Ar-ion milling [38]. Transport measurements were
performed in a physical property measurement system with a
field sweeping rate of 1.0 mT/s [40].

Two types of the FMI-garnet films were used in this study:
TIG (6.5 nm) and YIG (0.9 nm)|TIG (6.5 nm). Figure 1(a)
shows the representative high-resolution X-ray diffraction
(XRD) patterns of these two samples and a control YIG
(9.0-nm) film. Only (444) peaks are observed for all samples,
confirming the single crystalline structure and the coherent
growth on the substrates [38]. The large spacing between the
SGGG peak and the TIG and YIG peaks is direct evidence
of the films under strong tensile strain. Owing to the small
lattice difference between TIG (1.2324 nm) and YIG (1.2376
nm), the TIG peak is close to the YIG peak, resulting in a wide
peak for the YIG|TIG bilayer. A flat surface with a roughness
of 0.23 nm is obtained with high growth temperature and low

FIG. 1. (a) High-resolution XRD patterns for TIG
(6.5 nm)|SGGG, YIG (0.9 nm)|TIG (6.5 nm)|SGGG, and YIG
(9.0 nm)|SGGG. (b) Representative two-dimensional topography of
the TIG surface characterized by AFM. The out-of-plane hysteresis
loops at 300 K for (c) TIG(6.5 nm)|SGGG and (d) YIG(0.9
nm)|TIG(6.5 nm)|SGGG.

growth rate, as shown the atomic force microscopy (AFM)
image in Fig. 1(b).

Figures 1(c) and 1(d) displays the out-of-plane magnetic
hysteresis loops of both garnet films measured at 300 K
by a superconducting quantum interference device vibrating-
sample magnetometer. The loops are squared after removing
the signals from the substrates, indicating strong perpendic-
ular magnetic anisotropy (PMA). Then the 3-nm-thick Pt
films were deposited on the garnet films to perform the Hall
measurements. Figures 2(a) and 2(b) shows the Hall resis-
tance (RH ), which is attributed to the spin-Hall anomalous
Hall effect (SH-AHE) [41], at 300 K with the magnetic field
μ0H perpendicular to the sample plane. The RH (μ0H) curves
follow very closely the magnetic hysteresis loops, implying
that the RH curves reflect the magnetic domain nucleation and
magnetization switching process.

III. RESULTS AND DISCUSSION

The out-of-plane nucleation field μ0Hn of reversing do-
mains in a ferromagnetic film with PMA decreases in general
with increasing the in-plane field μ0Hin. However, μ0Hn

remains almost unchanged with the present iDMI below a
critical μ0Hin, which is closely related to the effective iDMI
field μ0HiDMI. This behavior is well described by an extended
magnetic droplet nucleation model and was successfully used
to determine μ0HDMI quantitatively from the dependence of
μ0Hn on μ0Hin in various systems [12,42,43]. In our study,
this relation is obtained by measuring RH under an inclined
field applied in the xz plane, as schematically shown in
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FIG. 2. The SH-AHE curves at 300 K for (a) Pt (3 nm)|TIG
(6.5 nm)|SGGG and (b) Pt (3 nm)|YIG (0.9nm)|TIG (6.5 nm)|SGGG
with H along the z-axis. (c) The geometry for electrical transport
measurements. Normalized μ0Hn as a function of μ0Hin for Pt (3
nm)|TIG (6.5 nm)|SGGG and Pt (3 nm)|YIG (0.9 nm)|TIG (6.5
nm)|SGGG measured at (d) 300 K and (e) 200 K. The black curves
are the fitting results based on the extended droplet model. (f) Tem-
perature dependence of Ds for Pt|TIG|SGGG and Pt|YIG|TIG|SGGG.

Fig. 2(c), where a dc current flows along the x-axis and θ

denotes the angle between the z-axis and μ0H . μ0Hn and
μ0Hin are calculated by μ0Hn = μ0Hswcosθ and μ0Hin =
μ0Hswsinθ , respectively, where μ0Hsw is the switching field.

Figure 2(d) presents μ0Hn as a function of μ0Hin for
Pt|TIG|SGGG at 300 K. To determine μ0Hn precisely, in ad-
dition to the sharp magnetization switching, the RH (μ0H)
curves are averaged over substantial field scans [38]. The
μ0Hn(μ0Hin) curve exhibits a distinct characteristic of a
transition from a constant value to depending on μ0Hin, in
accordance with the previously described behavior, suggest-
ing the existence of the iDMI. We further measure μ0Hn as
a function of μ0Hin at a lower temperature, as shown in the
results at 200 K in Fig. 2(e). The transition obviously occurs
at higher μ0Hin, indicating the iDMI enhancement. In order
to ascertain the μ0HiDMI values quantitatively, the saturation
magnetization MS, the exchange stiffness A, and the effective
magnetic anisotropy Keff were measured [38]. We then fit
the μ0Hn(μ0Hin) curves using the extended magnetic droplet
model with a step-by-step fitting procedure [38]. The fittings
[solid black lines in Figs. 2(d) and 2(e)] are in excellent
agreement with the data and yield μ0HiDMI. The iDMI energy

density D is calculated by the relation D = μ0δMSHiDMI,

where δ = √
A/Keff is the domain wall width. To compare

the iDMI between different samples, D is scaled as Ds = Dt
by the film thickness t . For the YIG|TIG bilayer, t is the
total thickness of the bilayer. Ds monotonously increases with
decreasing temperature, as shown in Fig. 2(f). Ds is smaller
than our previously reported value [44], mainly because the
obtained MS and A are smaller in this study for thinner
TIG film.

Because the bulk DMI cannot be present in the centrosym-
metric structure of the TIG film, the observed DMI must
arise from either one or both of the interfaces, Pt|TIG and
TIG|SGGG, at which the inversion symmetry is broken. First,
to study the Pt|TIG interface, the Tm ions are substituted with
the nonmagnetic Y ions at the interface, i.e., an ultrathin YIG
(0.9-nm) spacer is inserted at the Pt|TIG interface, to perform
the same measurements. The measured μ0Hn as a function of
μ0Hin at 300 K and 200 K is plotted in Figs. 2(d) and (e),
respectively. The critical μ0Hin is obviously reduced in com-
parison with that for the Pt|TIG|SGGG sample. The reduction
of the critical μ0Hin is more remarkable at low temperature.
The iDMI for Pt|YIG|TIG|substrate DPt|YIG|TIG|sub

s is obtained
from the fitting [solid lines in Figs. 2(d) and (e)]. Figure 2(f)
plots DPt|YIG|TIG|sub

s at different temperatures. The iDMI de-
creases after removing the Tm ions at the interface, strongly
suggesting that the Pt|TIG interface has contributed to the
iDMI and the Tm ions play an important role. Owing to the
crystalline anisotropy of the YIG and YIG|TIG films, μ0Hn

could vary for the current flowing along different directions.
However, we find that this variation is negligible [38].

Pt is generally responsible for the strong iDMI in metal-
lic magnetic systems. To identify the role of Pt, next we
insert a 1.2-nm-thick Cu layer at the interfaces to measure
the iDMI. Figures 3(a) and 3(b) shows μ0Hn versus μ0Hin

measured as in Figs. 2(d) and 2(e) for Pt|Cu|TIG|SGGG and
Pt|Cu|YIG|TIG|SGGG at 300 K and 200 K, respectively. The
critical μ0Hin is apparently smaller than that of the corre-
sponding samples without the Cu spacer. Two normalized
μ0Hn (μ0Hin) curves almost overlap each other, suggesting
that Ds is almost equal for Cu in contact with YIG and TIG.
The fittings [solid line in Figs. 3(a) and 3(b)] reproduce the
data very well. The fitted iDMI values for Pt|Cu|TIG|SGGG
DCu|TIG|YIG|sub

s and Pt|Cu|YIG|TIG|SGGG DCu|YIG|TIG|sub
s as a

function of temperature are plotted in Fig. 3(c). In comparison
to the iDMI of the samples without the Cu spacer, the iDMI
is significantly reduced, unambiguously indicating that the Pt
layer enhances the iDMI. Moreover, the fact that the Cu spacer
causes the larger reduction of the iDMI for TIG|SGGG than
that for YIG|TIG|SGGG manifests again the critical role of
the Tm ions on the iDMI.

We note that the temperature where Ds is extrapolated to
be zero is far below the Curie temperature TC of the mag-
netic layer [Figs. 2(f) and 3(c)] [38], similar to other systems
[43,45,46]. The exchange interaction or magnetization is a
bulk property, whereas the iDMI is a two-dimensional effect.
The low dimensional effect could be more sensitive to tem-
perature than bulk property. Therefore, it is reasonable that Ds

is more sensitive to temperature than magnetization.
The iDMI is known to originate from the SOC-induced

perturbations on the exchange interactions [47], but there is
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FIG. 3. Normalized μ0Hn as a function of μ0Hin for Pt (3 nm)|Cu
(1.2 nm)|TIG (6.5 nm)|SGGG and Pt (3 nm)|Cu (1.2 nm)|YIG
(0.9 nm)|TIG (6.5 nm)|SGGG measured at (a) 300 K and (b) 200 K.
The black curves are the fitting results based on the extended droplet
model. (c) Temperature dependence of Ds for Pt|Cu|TIG|SGGG and
Pt|Cu|YIG|TIG|SGGG and �DCu|T−Y

s .

only one exchange interaction in the ferromagnet in most sys-
tems. The magnetic properties of TIG are determined by the
exchange interactions between three magnetic sublattices: oc-
tahedrally coordinated Fe3+ (Fea), tetrahedrally coordinated
Fe3+ (Fed ), and dodecahedrally coordinated Tm3+ (Tmc)
[48]. Although the interaction between Fea and Fed is a
strongly antiferromagnetic super-exchange (exchange con-
stant Jad ), the unequal numbers of Fea and Fed per unit cell
give rise to a nonzero magnetic moment. The Tmc moment
is weakly antiferromagnetically coupled to the Fed moment
(exchange constant Jcd ). Other exchange interactions are neg-
ligibly weak in comparison to Jad and Jcd , meaning we only
consider the iDMIs between Fea-Fed and Tmc-Fed pairs.
Given that the Y3+ ion is nonmagnetic, only the Fea-Fed

interaction is considered in YIG. Therefore, the iDMIs for our
four samples can be expressed as

DPt|TIG|sub
s = DPt|ad

s + DPt|cd
s + DTIG|sub

s , (1)

DPt|YIG|TIG|sub
s = DPt|ad

s + DYIG|TIG
s + DTIG|sub

s , (2)

DCu|TIG|sub
s = DCu|ad

s + DCu|cd
s + DTIG|sub

s , (3)

and

DCu|YIG|TIG|sub
s = DCu|ad

s + DYIG|TIG
s + DTIG|sub

s , (4)

respectively, where DPt|ad
s and DCu|ad

s are the Fea-Fed iDMI
for Pt and Cu in contact with TIG or YIG, respectively; DPt|ac

s
and DCu|ac

s are the Tmc-Fed iDMI for Pt and Cu in contact

FIG. 4. (a) Temperature dependence of Ds for DPt|TIG
s , DTIG|sub

s ,

DPt|ad
s , and DPt|cd

s in Pt|TIG|SGGG. (b) Schematic diagram of the
structural symmetry at the YIG|TIG interface for the interfacial Fed .

with TIG, respectively; DTIG|sub
s and DYIG|TIG

s are the iDMIs at
the TIG|SGGG and YIG|TIG interfaces, respectively.

We utilize Eqs. (1)–(4) to analyze different com-
ponents in the iDMI quantitatively. Because all
samples contain DTIG|sub

s , the differences �DPt|T−Y
s ≡

DPt|TIG|sub
s − DPt|YIG|TIG|sub

s = DPt|cd
s − DYIG|TIG

s , �DCu|T−Y
s ≡

DCu|TIG|sub
s − DCu|YIG|TIG|sub

s = DCu|cd
s − DYIG|TIG

s , and
�DPt−Cu|YIG

s ≡ DPt|YIG|TIG|sub
s − DCu|YIG|TIG|sub

s = DPt|ad
s −

DCu|ad
s isolate DTIG|sub

s . �DCu|T−Y
s is negligibly small within

the experimental error margin for all temperatures, as
shown in Fig. 3(c), i.e., DCu|cd

s ≈ DYIG|TIG
s . Accordingly, it

is obtained that �DPt|T−Y
s ≈ DPt|cd

s − DCu|cd
s . It is known

that the large SOC strength of the HM facilitates the iDMI
strength. In comparison with Pt, the SOC strength of Cu
is much weaker [49,50]. It is thus frequently found to
quench the iDMI by inserting Cu between the HM and the
ferromagnet [45,51]. We apply this scenario to the TIG
system. Meanwhile, X-ray absorption spectroscopy reveals
that the interfacial interaction at the Cu|YIG interface is
much weaker than that at the Pt|YIG interface [52], meaning
the influence of Cu to the local spins is much weaker than
that of Pt. Therefore, we speculate DPt|TIG

s � DCu|TIG
s or

DPt|ad
s � DCu|ad

s and DPt|cd
s � DCu|cd

s . This speculation was
adopted by several reports [20,53]. With this speculation,
it can be immediately estimated that DPt|cd

s ≈ �DPt|T−Y
s ,

DPt|ad
s ≈ �DPt−Cu|YIG

s , and DCu|cd
s ≈ DYIG|TIG

s ≈ 0. We can
then calculate DTIG|sub

s ≈ DCu|YIG|TIG|sub
s , and the iDMI at

the Pt|TIG interface DPt|TIG
s = DPt|TIG|sub

s − DTIG|sub
s . The

obtained temperature dependences of DPt|TIG
s , DTIG|sub

s ,

DPt|ad
s , and DPt|cd

s are plotted in Fig. 4(a). Clearly, both
the Pt|TIG and the TIG|SGGG interfaces have significant
contributions to the iDMI.

The iDMI strength is generally proportional to the ex-
change interaction constant [7,33,34]. If only the Pt layer
provides the SOC to the Fea-Fed and Tmc-Fed pairs at the
Pt|TIG interface, DPt|ad

s is expected to be much larger than
DPt|cd

s because Jad is one order of magnitude larger than Jcd

[54]. However, DPt|ad
s is only about twice as large as DPt|cd

s .

In addition to Pt, the SOC of the rare-earth Tm ions in the
TIG film itself could be also responsible for the iDMI. Since
the 4 f -electrons of the Tm ions are considerably localized,
the SOC of Tm has influence only on the Tmc-Fed pairs
and thereby DPt|cd

s , leading to the substantial enhancement
of DPt|cd

s . Therefore, the Tm ions introduced in TIG not only
add a pair of the exchange interaction and the corresponding
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iDMI, but also provide the SOC to the Tmc-Fed iDMI, result-
ing in the significant iDMI enhancement.

We find DTIG|sub
s � DYIG|TIG

s ≈ 0 for the YIG|TIG and
TIG|SGGG interfaces. In the HM|ferromagnet heterostruc-
tures, the iDMI emerges due to the strong SOC provided by
the HM and the broken inversion symmetry at the interface,
which induces the spatial deformation of the electron cloud
for the ferromagnetic atoms. On the other hand, the iDMI
induced by the light elements such as graphene and hydrogen
is attributed to the deformation of the electron cloud resulting
from the interfacial orbital hybridization [32,55,56], accom-
panied by the presence of the required Rashba SOC for the
iDMI. This scenario could be applied to the insulator inter-
face. At the YIG|TIG interface, the Fea and Fed sublattices are
continuous across the interface, but the Tmc sublattice is dis-
continuous. Given that the dominant interactions are between
the Yc-Fed , Tmc-Fed , and Fea–Fed pairs, only the electron
cloud of the interfacial Fed ions could be deformed due to the
asymmetric interaction from Yc and Tmc, as schematically
shown in Fig. 4(b) (see the Supplemental Material for other
magnetic ions [38]). The interaction strength between the
rare-earth ion and the neighboring ion via oxygen depends
on the radius of the ion, the bond angle, and the bond dis-
tance. There is little difference in the radius between the Y3+
(1.06 Å) and Tm3+ ions (1.04 Å) [48]. Owing to the similar
lattice constants of YIG and TIG, the YIG and TIG films
epitaxially grown on SGGG have similar distortion, indicat-
ing that the bond angle and bond distance remain almost
unchanged across the interface. As a result, the interaction
strengths of the Yc-Fed and Tmc-Fed pairs are almost identi-
cal, meaning the negligible deformation of the electron cloud
for the interfacial Fed ions and thereby the negligible Rashba
SOC and iDMI. In sharp contrast, across the TIG|SGGG

interface, not only the Tmc, Fec, and Fed sublattices are dis-
continuous, but also the bond angle and bond distance have
significant changes due to the large lattice mismatch between
TIG and SGGG [Fig. 1(a)]. As a result, the electron cloud of
the interfacial Tmc, Fea, and Fed ions is remarkably deformed,
leading to a finite Rashba SOC and iDMI.

IV. CONCLUSION

In conclusion, we measured Ds in Pt|TIG|SGGG and the
samples with inserting Cu or/and YIG between Pt and TIG
based on the magnetic extended droplet model. The obviously
reduced Ds with the Cu and the YIG spacers unambiguously
suggests the essential role of the Pt layer and the Tm ions.
Ds at two interfaces is extracted by comparing Ds of dif-
ferent samples. We find that Ds at the Pt|TIG interface is
comparable with that at the TIG|substrate interface. Although
the exchange interaction between the Tmc-Fed pair is much
weaker than that between the Fea-Fed pair, the estimated Ds

for these two pairs is comparable, revealing that the Tm ions
provide both an additional Tmc-Fed iDMI and the SOC to the
Tmc-Fed pair to enhance the iDMI significantly. The iDMI
at the TIG|substrate interface is induced by the large lattice
mismatch between the epitaxial FMI film and the substrate
[28]. These findings pave the way for fine-tuning the iDMI in
the FMIs.
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