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a lack of inversion symmetry12 to induce an additional torque,
development of a chiral field gradient,13 geometrical domain
wall pinning,14 creating wedged asymmetric layer,15 etc. This
usually requires the fabrication of engineered multilayer stacks
exhibiting a source of symmetry breaking. Moreover, to limit
the shunting of electrical current through metallic FMs,
replacing the metallic magnetic layer with a low-conductivity
material would be interesting. On the contrary, ferrimagnetic
(FIM) insulating garnets have recently entered the field of
spin−orbitronics,16 opening new questions and issues about
the nature of interfacial electronic exchange mechanisms when
using a ferromagnetic insulator in contact with a SHE metallic
material. Recently, thulium iron garnet [Tm3Fe5O12 (TmIG)]
became one of the most attractive garnets due to its compelling
properties such as perpendicular magnetic anisotropy (PMA)
at room temperature,16 magnetization switching by SOT,17,18

large domain wall velocity,19 and interfacial chiral exchange,
i.e., Dzyaloshinskii−Moriya interaction (DMI) as claimed in
ref 20. Several key features such as PMA strength and domain
velocity can be tuned through substrate-induced strain
engineering and the growth process.21−23 The role of the
DMI remains debated. For example, DMI was reported to arise
from the interface with an HM,24 the substrate−film interface,
and the bulk of the film.21,25 In addition, it is reported that
chiral domains can be stabilized by DMI and moved by current
pulses without an external field.23 A detailed analysis of the
DMI as well as its influence on the current-induced switching
in TmIG insulating garnet is still pending. Recently, nearly
zero-field magnetization switching was reported (supplemen-
tary material of ref 26) in a (1 1 1)-oriented TmIG thin film,
which requires further attention.

It is noteworthy that TmIG, grown along the [1 1 1]
direction, exhibits a robust magnetoelastic anisotropy,
specifically in the range of 10 kJ/m3 (ref 27) with easy axes
oriented along the [0 0 1], [0 1 0], and [1 0 0] directions.28

Typically, the cubic magneto-crystalline anisotropy is over-
shadowed by shape anisotropy or uniaxial out-of-plane
anisotropy, however, when the effective out-of-plane aniso-
tropy approaches reorientation, the cubic magneto-crystalline
anisotropy assumes significance. It is anticipated that the

distinct easy axes of magnetocrystalline anisotropy can yield
varied magnetic configurations, thereby serving as an addi-
tional mechanism for magnetization switching.29,30 This aspect,
despite its considerable importance in epitaxial systems with a
(1 1 1) crystalline orientation, has not been previously
discussed.

In this paper, we work with (1 1 1) epitaxial TmIG thin films
deposited by off-axis sputtering on Gd3Ga5O12 (GGG)
substrates combined with Pt as the spin current source
(Methods in the Supporting Information). We demonstrate
that the DMI emerges at the TmIG−Pt interface, and we
disentangled any measurable magnetic bulk or substrate/
surface contributions to interfacial DMI. The key result of our
study is the observation of the magnetization reversal induced
by SOTs without an applied external magnetic field. We then
discuss the possible origin of the field-free magnetization
switching considering Kerr microscopy imaging, including the
potential role of the DMI and magneto-crystalline anisotropy
supported by micromagnetic simulations. The sample
fabrication and measurement techniques are described in the
Methods and section I of the Supporting Information.

We first perform a detailed characterization of the film
structural quality, as DMI and PMA might find their origin in
growth-induced strain and strain gradients. The 2θ − ω
diffraction pattern of the TmIG (15 nm) thin film deposited
on GGG is displayed in Figure 1a. The corresponding peaks
are identified as (4 4 4) reflections from the TmIG and GGG
substrate. Due to the small lattice mismatch (−0.49%)
between the substrate and film, the (4 4 4) diffraction peaks
partly overlapped. The Laue oscillations visible around the
main peak correspond to the film’s finite thickness fringes,
indicating well-defined crystallographic ordering. The out-of-
plane lattice spacing for the (4 4 4) reflection (dTmIG

444 = 0.1775
nm) corresponds to an out-of-plane lattice constant a⊥ of
1.230 nm. To confirm the epitaxial quality, we recorded a
rocking curve along the (4 4 4) reflection with a full width at
half-maximum [Δω = 0.02° (compared to 0.01° found for the
GGG substrate)], suggesting an epitaxial growth with a
mosaicity of a few millidegrees. The RHEED pattern of
TmIG after annealing displays a single family of streaks,

Figure 1. Structural characterization of TmIG. (a) XRD pattern of TmIG(15 nm) grown on GGG. The left and right insets show the rocking
curves of GGG and TmIG, respectively, of the (4 4 4) peak. (b) RHEED pattern of TmIG along the [1−1 0] direction. (c) AFM topography of
TmIG. (d) Reciprocal lattice mapping of TmIG along the (6 4 2) plane, which allows in-plane lattice measurement. Film and substrate reflections
are marked. (e) Cross-sectional STEM imaging of TmIG/GGG along with the chemical assessment through energy dispersive X-ray analysis
(EDX). The inset shows a magnification of the atom columns in TmIG. The dotted line is drawn for the TmIG−GGG interface. The scale bar is 10
nm.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c04413
Nano Lett. 2024, 24, 2743−2750

2744

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04413/suppl_file/nl3c04413_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04413/suppl_file/nl3c04413_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04413?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04413?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04413?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04413?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


indicating epitaxy and in-plane crystal coherence (Figure 1b).
We measured the topography of the film surfaces using atomic
force microscopy (AFM) (Figure 1c) and found a surface
roughness of <3 Å. Furthermore, the reciprocal space mapping
(RSM) was performed near the (6 4 2) asymmetric reflection,
showing pseudomorphic growth (Figure 1d). The film and
substrate peaks at the same in-plane reciprocal lattice unit
(dTmIG

220 = Qx
−1 = 0.4379 nm) indicate a fully strained state with

an in-plane lattice constant of 1.238 nm. Due to the elastic
deformation of the TmIG under strain, the out-of-plane lattice
spacing in the TmIG film corresponding to the (4 4 4) facet in
the RSM is dTmIG

444 = Qz
−1 = 0.1770 nm, consistent with the

lattice spacing evaluated from the 2θ − ω scan. Using the in-
and out-of-plane lattice parameters, the angle (Θ) between the
facets of the TmIG unit cell31 is found to be 90.74°. This tilt
(in the top edge of the distorted cubic crystal lattice) appears
due to tensile strain from the GGG substrate. Because the 15
nm thick film is fully strained, we assume that all of the thinner
films also are strained (section II of the Supporting
Information). The film stoichiometry was verified by using
X-ray photoelectron spectroscopy (XPS) (section III of the
Supporting Information). In addition, in the cross-sectional
STEM image (Figure 1e), the substrate film interface is not
distinguishable due to the epitaxial alignment of the lattices
and the two materials show a similar Z-contrast. However, the
interface can be resolved through chemical analysis as marked
by the dotted line. The atomically resolved STEM image
shown in the inset reveals a highly ordered TmIG grown on
GGG.

We now focus on the DMI measurements using Brillouin
light scattering (BLS) (Methods and sections I and IX of the
Supporting Information). The difference in the anti-Stokes and
Stokes frequencies (Δf = fAS − f S), originating from the spin

waves with opposite (+q and −q) wave vectors (Figure 2a,b),
is considered. The plot of Δf versus q (Figure 2d) is fitted with
eq S17, and the value of the DMI is found to be 3.3 ± 0.8 μJ/
m2. Here the sign of D is defined as positive for the bottom
TmIG−top Pt interface, taking into consideration the fact that
the laser is incident on the backside of the substrate. If we
assume a purely interfacial origin of the DMI, the value of Ds =
D·t (t = 15 nm is the TmIG film thickness) is found to be
0.054 pJ/m. We calculated the associated DMI field,

=H D
MDMI

0 s
, where = A K/ex u is the domain wall

width. Using the experimental parameters (D = 3.3 μJ/m2,
Aex = 2.1 pJ/m (from Figure 2c using eq S15), Ku = 5.87
kJm−3, and μ0Ms = 0.119 T), the value of μ0HDMI is found to
be ∼1.8 mT. In addition, to identify the origin of DMI, Δf is
measured in a single layer of TmIG grown on GGG (Figure
2e). The difference in the frequency values lies at zero within
the standard deviation of the data, indicating that the origin of
the DMI is located at the interface between TmIG and Pt. We
further estimated the DMI for ultrathin TmIG (Figure S9).
The linear change in D with the inverse of the thickness reveals
that the nonreciprocity appears right at the TmIG−Pt
interface. We also found a finite intercept (Figure S9d),
which suggests possible contributions of DMI from bulk TmIG
or substrate/TmIG interface that are not measurable within
the existing experimental sensitivity (Figure 2e).

Having confirmed that our TmIG films are structurally good
and exhibit interfacial DMI, we now present SOT-induced
switching in several sets of samples with different thicknesses
of TmIG and Pt. All of the samples exhibit perpendicular
magnetic anisotropy. Depending on the sample, we find DMI
energy densities ranging between 3.3 and 7.4 μJ/m2

(corresponding to a DMI effective field applied to the domain

Figure 2. Dzyaloshinskii−Moriya interaction. (a) BLS measurement geometry schematic where the blue (473 nm) laser was used in the
experiment. The spin wave propagates along the x-axis (named as ±q) if the magnetization saturates along the y-direction, the so-called Damon−
Eshbach (DE) geometry. (b) Measured spectra at different wave vectors (q) at a constant in-plane magnetic field of 258 mT (larger than the
anisotropy field) for a TmIG (15 nm)/Pt (6 nm) bilayer. The peak around zero frequency due to the elastic scattering known as the Rayleigh line is
suppressed. (c) Anti-Stokes frequency fAS vs wave vector (q) for calculating the exchange stiffness coefficient. The line is fit to eq S15. (d)
Frequency difference Δf as a function of q. The line is fit to eq S16. (e) Δf vs q measured on a TmIG single-layer film grown on GGG, with a
constant offset removed.
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walls between 1.8 and 4 mT), in the same range of the
interfacial DMI reported previously23−25 for TmIG. It should
be noted that the DMI value is ∼2 orders of magnitude smaller
than with the conventional metallic Co/Pt system (typically Ds
∼ 1 pJ/m), which is expected due to the low anisotropy,
magnetization, and exchange stiffness of TmIG. In the case of
metals, A and D follow M1.8.32 Note that the Neél domain wall
wou l d be f a vo r ed abov e t h e ( c r i t i c a l ) DMI

D A K/ 100 J/ m
M

c ex u 2
20 s

2

, a value ∼20 times larger
than the measured value for demagnetization factor 1. For the
case of when tFM<domain wall width (πΔ=59.4nm for tFM=15
nm) (the data in Figure 2), the demagnetization factor
istFM•ln(2)/(πΔ) = 0.175 andthen Dc becomes ∼24 μJ/m2,
which is ∼4 times larger than the measured value. We will
discuss the DMI in further detail.

In our switching experiments, charge current pulses
(maximum pulse magnitude Jc = 3 × 1011 A/m2) were
injected along the x-direction in a 5 μm wide track of the SOC
material, here a 6 nm thick Pt. The SHE of Pt created an
accumulation of spins, where spin relaxation occurred by
excitation of magnons and generated DL and FL torques on
TmIG magnetization, involving DL and FL effective fields, HDL
∝ m×σ and HFL ∝ σ (see Figure 3). A detailed analysis of

measurements of DL and FL fields is presented in the section
VIII of the Supporting Information. To demonstrate the effect
of these torques on the magnetization, we performed fully
reversible magnetization switching in a Hall bar using current
pulses only. Magnetization was measured by the anomalous
Hall effect (AHE),33 and we obtained magnetization loops as a
function of the pulsed current (Figure 3b). The initial
magnetization state was first prepared by applying a magnetic
field of 0.35 T in the out-of-plane direction and then reducing
it to zero to obtain the initial state (state A with a negative
RAHE in Figure 3b). The magnet was removed from the sample
space to ensure zero external magnetic field. Then, still at zero
field, we performed a sequence of current pulses with
magnitudes |Jc| of ≤3.5 × 1011 A/m2. After each electrical
pulse (100 μs width), a small reading current of 100 μA
(corresponding to J = 6.7 × 109 A/m2) was used to electrically
detect the magnetization orientation from AHE.

As displayed in Figure 3b, in the pulse sequence starting
from A (RAHE < 0) with a negative pulse and exceeding a
critical value, RAHE switches abruptly from negative to positive
[from (2) to (3)] and goes to state B (RAHE > 0) at the end of
the sequence. This corresponds to switching mz from positive
to negative. As a continuation of the sequence of pulses,

Figure 3. Field-free switching in TmIG/Pt. (a) Schematic of the current-induced SOT fields on TmIG. (b−e) A sequence of current pulses
shown in the top (bottom) part of panel d induces the type of CW (CCW) switching loops shown in panel b (c). In panel b, starting from initial
state A, a negative current pulse can switch TmIG from negative AHE (A) to positive AHE (B) and only a positive pulse (third in the sequence)
can switch it back to A, with successive clockwise (CW) loops generated by alternating negative and positive pulses. In panel c, a succession of
CCW loops is obtained from the same initial state A but with an initial positive current pulse. The decider between CW (b) and CCW (c) is the
sign of the first pulse. (e) Kerr imaging of the reversal by positive (negative) initial current pulses in the top (bottom) panel at zero field, with
approximated features of reversal starting on the left (right) and propagating to the right (left) with more complex behavior at the crossing of the
Hall contacts. The dark and bright colors represent magnetization up and down, respectively. Images were recorded by initializing the state with 20
mT before each higher-current pulse. The width of the Hall bar is 10 μm for Kerr microscopy.
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switching back to state A electrically can occur only by
applying positive pulses, as in the succession of the
experiments appears the clockwise (CW) loops in Figure 3a.
After switching, the transverse resistance takes the value RSOT

pulse.
It is slightly smaller than RAHE, but the switching ratio (RSOT

pulse/
RAHE = 0.52/0.55) is found to be more than ∼95%, which
means almost complete switching (sections VI and VIII of the
Supporting Information), indicating that no contributions of
any canted moment in magnetization switching are expected.34

The results (Figure 3c) are quite different with the second type
of pulse sequence starting from the same initial state (A) as the
first positive pulse. An abrupt switch from A to B (from
positive to negative mz) is now obtained with the first positive
pulse, from (2) to (3), and the system comes back to A with
negative pulses, from (5) to (1) in the counterclockwise
(CCW) loop in Figure 3c. With the first sweep of positive
current pulses, CCW loops replace the CW loops obtained
with a negative first pulse, as shown in Figure 3b. Thus, after
the same magnetic initialization, the system behaves differently
depending on its first current-induced switching pulse. We
recall the usual situation in which the addition of an applied in-
plane field along the x-direction is needed to break the in-plane
symmetry (or help in the domain nucleation event) and switch
a perpendicular magnetization by SOT (through domain wall
propagation).9 In such a well-known experimental protocol,

the direction of this field along the x-direction determines
whether the switching loop is CW or CCW.9 In our switching
results without any external field, what determines the choice
between CW and CCW is the direction of the initial current
pulses. It is essential to initialize the state of magnetization
using a magnetic field before each recording of the CW/CCW
hysteresis. Such a behavior has already been described in ref
13.

To gain more insight into the origin of the zero-field
switching, we performed Kerr microscopy on Hall bars (track
width of 10 μm), where current pulses can be injected in situ.
An intricate mechanism occurs, depending on the devices,
where magnetic domain nucleation appears randomly in the
Hall bar. We report in Figure 3e, a particular case in which, for
a positive current pulse with up magnetization, a reversal starts
on the left of the device (Figure 3e, top panel) and propagates
to the right. The opposite current polarity is, however, more
complex (bottom panel) particularly when the domain wall
arrives in the wider region of the Hall cross, where the current
lines diverge, and the local current density decreases. Kerr
microscopy images with different device geometry (six contact
Hall bars) have also been recorded and exhibit more
pronounced random nucleation and propagation (Figure
S14). Nevertheless, in all cases, zero-field switching is
persistent. These images are recorded in a zero in-plane

Figure 4. Role of magnetocrystalline anisotropy. (a) Schematic of the (1 1 1) orientation of the TmIG unit cell with three cubic anisotropy
vectors along the [1 0 0] (m1) [0 1 0] (m2), and [0 0 1] (m3) directions. The [1 1 −2] and [1 −1 0] vectors are two in-plane direction vectors (as
also depicted for the substrate plane). Θ is the angle of the TmIG cubic crystal under strain from the substrate. (b) Plot of the critical current
densities (Jc) for various devices patterned at different azimuthal angles for a positive mz initialization (insets show patterned devices with different
azimuthal angles). (c) Field-free switching in TmIG/Cu/Pt. The signal amplitude has been multiplied by a factor of 10 to imitate the AHE
response from the TmIG/Pt bilayer. (d) Micromagnetic simulated magnetization state in a disc with different parameter combinations. The
magnetization state in the simulations is the relaxed state after 5 ns. These simulations were performed in the absence of a magnetic field. The
magnetization state is recorded with the different parameters in the ON or OFF state.
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applied magnetic field. Figure S10 shows how we ruled out any
effect of spurious magnetic fields present in the measurement
setup.

It has been recently proposed that the field-free magnet-
ization switching originates from the conjunction of SOT and
DMI, the DMI favoring the deterministic imprinting of the
nucleation in one edge of the device depending on the current
polarity.13 The difficulty in our Hall bar devices is to define the
edge. A well-defined magnetic structure will be preferable but
relatively incompatible with our procedure to fabricate TmIG
due to the limitation of substrate−film lattice matching during
growth. Further dedicated experiments are required to define
the TmIG with different patterned designs,14 to understand the
edge effect on field-free switching. To test the role of the DMI,
we have fabricated a structure in which we have inserted a thin
Cu (2 nm) layer between the TmIG and the Pt. The insertion
of a thin Cu layer has an effect in reducing the measured
AHE,35 which is difficult to detect. Nevertheless, it was
possible in a few devices to detect field-free magnetization
switching (Figure 4c). This observation then rules out the
major contribution of DMI in the zero-field switching process
because Cu insertion is expected to significantly reduce the
level of interfacial DMI.23,36

In a search for other sources of symmetry breaking,
additional results indicate that the cubic magnetocrystalline
anisotropy [see the orientation of crystal axes at the (1 1 1)
surface in Figure 4a] may have influences on the magnetization
switching process. To understand the role of cubic anisotropy
experimentally, we patterned devices with different azimuthal
angles, as shown in the inset of Figure 4b. The critical
switching current density recorded in these devices is found to
be dependent on the crystallographic orientation, while the
anomalous Hall effect signals were found to be identical with
the same coercivity, ruling out any nonuniformity in the
samples. A change of ∼400% in the current density is observed
depending on the current direction versus the crystal
orientation. (See Supporting Information XV). The device
orientation dependence of the critical current indicates the
influence of the crystal anisotropy even though it is difficult to
relate it to the cubic anisotropy by symmetry arguments.
However, the influence of cubic anisotropy becomes apparent
in the magnetization switching, as detailed in Section XV of the
Supporting Information. The crystal orientation (1 1 1) gives
rise to this cubic anisotropy, featuring distinct easy axes,28

which, in turn, are anticipated to introduce additional sources
for magnetization switching.29,30 The devices with varying
azimuthal angles exhibit varying critical current densities,
underscoring a substantial directional impact on domain wall
nucleation and propagation.

The influence of cubic anisotropy has been demonstrated via
the micromagnetic simulation. The simulations were per-
formed with different combinations of parameters, demonstrat-
ing the critical role of DMI and cubic anisotropy in the
magnetization reversal process by SOT (Figure 4d). The
simulations were performed at 300 K and used all of our
experimental parameters (Methods). It is clear from these
micromagnetic results that the dominating source for zero-field
magnetization reversal is cubic anisotropy. The unswitched
area is significant when Kc is not included (top two panels of
Figure 4d). The almost full magnetic reversal at zero magnetic
fields occurs only when it is present (rows 3 and 4 of Figure
4d). We also measured the magnetization switching by varying
the TmIG and Pt thicknesses (see section XI of the Supporting

Information). Some variation in the anomalous Hall signal can
be seen; however, field-free switching is persistent (Figure
S11).

In summary, we have observed magnetization switching of
perpendicularly magnetized epitaxial Tm3Fe5O12 (TmIG) thin
films in TmIG/Pt bilayers, for which we have the advantage of
the propagation of spin currents by magnons for efficient SOT
and the absence of charge current shunting in TmIG. We
evidence the interfacial DMI originating from Pt using BLS.
The estimated value ranges from 3.3 to 7.4 μJ/m2 depending
on the TmIG thickness. The more intricate result is the zero-
field magnetization reversal in TmIG. Even though the role of
cubic anisotropy appears to be a key ingredient and stronger
than the effect of DMI, this further requires an improved
understanding of the field-free switching with both theoretical
and experimental points of view in garnets. We believe that
these results will serve and open a new avenue for exploring the
control of magnetic textures without an external magnetic field
in the ferrimagnetic insulator.
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