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Evidence for spin swapping in an antiferromagnet
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Antiferromagnetic insulators offer strategic advantages in spintronic applications because of their negligible stray fields and
ultrafast magnetic dynamics. Control of their magnetization and readout of their magnetic state are essential for these applica-
tions but remain challenging. Here we report the electrical detection of room-temperature magnetization switching in the canted
antiferromagnetic insulator LaFeO,, capped with a Pt or W overlayer. The observation of a large magneto-thermovoltage with an
in-plane temperature gradient suggests that the mechanism is the swapping of spin currents in the antiferromagnet. This effect
provides a sensitive electrical probe of the tiny net magnetization in the insulator, which can be manipulated by a magnetic field
on the order of 10 mT. Our results highlight a new material class of insulating canted antiferromagnets for spintronics and spin

caloritronics and suggests a method for the electrical readout of magnetic signals in an antiferromagnetic insulator.

tion are central subjects of study in magnetic materials, spin
transport and applications of spintronic devices'™. In fer-
romagnetic (FM) metals, the magnetization orientation can be
switched electrically by using spin-transfer torque and spin-orbit
torque techniques. The magnetization orientation can be detected
electrically via the anisotropic magnetoresistance, the anomalous
Hall effect and the anomalous Nernst effect””. For ferrimagnetic
insulators such as yttrium iron garnet Y,Fe,O,, (YIG), the longitu-
dinal spin Seebeck effect (LSSE) and the spin Hall magnetoresis-
tance have been employed extensively to reveal the magnetization
orientation®’. However, it remains far more challenging to switch
and detect the vanishingly small net magnetization of antiferromag-
netic (AF) materials. The LSSE has been reported in AF insulators,
such as Cr,0, and MnF,, but only in a large applied magnetic field
exceeding the spin-flop field (typically several tesla in magnitude)
that induces a canted magnetization in the field direction'*'". Subtle
quantum effects in some non-collinear AF semimetals, such as the
kagome AF Mn,Sn, allow the anomalous Hall effect and anomalous
Nernst effect to reveal a small net magnetization'>"*. However, it is
particularly challenging to accomplish electrical detection of mag-
netization switching in collinear AF insulators. Evidence of elec-
trical switching of the Néel vector in the AF insulator NiO via an
adjacent heavy metal Pt has been reported'*'*, but the origin of the
electrical signals used to detect the switching remains debatable'>"".
In this work, we combine the electrical detection of magnetiza-
tion switching with the discovery of a large magneto-thermovoltage
resulting from a pure spin current in the canted AF LaFeO,/Pt
system with an in-plane temperature gradient in a c-axis oriented
crystal. Since the device with a c-axis oriented crystal in our experi-
ment has no out-of-plane signal, our work is qualitatively different
from earlier studies where thick samples resulted in an out-of-plane
temperature gradient when an in-plane gradient was applied'®. The
voltage signal is comparable in magnitude to that in the YIG/Pt
system but unexpected based on the intuition developed for YIG.

| lectrical detection and control of magnetization orienta-

The crucial difference lies in the nature of the canted magnetism of
LaFeO.,. In addition, we observe the LSSE in LaFeO,/Pt in the con-
ventional arrangement of a perpendicular temperature gradient for
an (a,b)-axis orientated crystal. LaFeO,/W was also studied in the
configurations with an in-plane or perpendicular temperature gra-
dient and produced the sign change in the voltage that is expected
from the opposite sign of its spin Hall angle. Together, these results
establish a new spin-injection effect, indicating the swapping of spin
currents as proposed theoretically”” in which the spin direction and
the direction of the magnon/spin current flow are interchanged.
The observation of robust signals in an unconventional temperature
gradient and magnetic field configuration may open the door to
new applications of magneto-thermal/spin caloritronic effects that
exploit the feature of lateral spin transport, which may be important
for constrained geometries in device miniaturization®.

In the devices studied, a spin current is detected with the aid of
spin-orbit coupling via the inverse spin Hall effect (ISHE), whereby
a spin current is injected from a magnetic insulator into a heavy
metal. The spin current is converted into an electrical current, which
in turn produces charge accumulation on the boundary of the sam-
ple and exhibits an associated electrical potential. Prior studies with
such a configuration have been carried out primarily on the com-
bination of Pt and YIG, which has emerged as a standard-bearer in
the field®. However, because of the small number of material com-
binations in which a strong voltage response is observed from an
applied temperature gradient driving the spin current, many pos-
sible phenomena still remain experimentally unexplored. With our
observation of a strong voltage response to an in-plane temperature
gradient, our work is an important step in the direction of widening
the collection of established phenomena.

The novel magneto-thermoelectric effects we observe in the
LaFeO,/Pt system can be attributed to the low-field magnetiza-
tion switching of the canted AF insulator LaFeO, in Fig. 1a. LaFeO,
exhibits G-type magnetic ordering below a Néel temperature of
760K (refs. >'~**). Detailed information about the crystal growth and
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Fig. 1| Spin structure and magnetization switching of a LaFeO; crystal. a, The
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crystal and spin structures of perovskite LaFeO;. The red arrows represent

the magnetic moments on Fe3*. The easy axis is along the a axis of the cell. Spins are slightly canted to the c axis; the canting angle is exaggerated in the
plot for demonstration. b, The magnetization loop at room temperature of a LaFeOj, crystal with the applied magnetic field along the g, b and c axis. It is
difficult to distinguish the a axis and the b axis from a Lalie pattern because of a~ b. In this case, we label the crystal with (a,b)-axis orientation. However,
the sharply different magnetization in b helps assign the crystallographic axes on the crystals we measured. Right: a schematic drawing of the spin
orientation for the two different magnetization states with respect to different magnetic field directions along the c axis. These two states are responsible
for the step-like signal in Fig. 2. The structural models were rendered using VESTAC.

the characterization is provided in the Supplementary Materials.
Figure 1b shows the magnetization in a LaFeO; crystal with the
magnetic field H applied along the a, b and ¢ axes. A spontaneous
magnetization is observed when the magnetic field is applied along
the a axis (the I, spin structure) and ¢ axis (the I, spin structure), as
illustrated in Supplementary Fig. 8. The spin-canting moment with
a magnitude of 0.04y; (where yj is the Bohr magneton) is about 1%
of the high-spin Fe’* moment*"*2. With the expected 5u; on Fe’*, the
canting angle is approximately 0.52° (ref. **). The extremely sharp
magnetization switching at the coercive field is inconsistent with
domain-wall dynamics®. It results from flipping all the spins by 180°
(ref. %), as illustrated in Fig. 1b. However, when the magnetic field is
applied along the b axis, there is no detectable spontaneous magne-
tization or switching, which is consistent with the I"4 spin structure.
The canted spin structure of LaFeO; and switching behaviour in an
external field have consequences for spin injection and underlie our
observed unusual magneto-thermovoltage responses. YIG, by con-
trast, behaves like a normal ferromagnet with negligible magneto-
crystalline anisotropy.

For the electrical detection of the magnetization switching
in insulating LaFeO,, we deposited a thin (few-nanometre) film
of metals showing weak (Cu) or strong (Pt, W) spin-orbit cou-
pling onto polished LaFeO; by using direct-current (DC) mag-
netron sputtering at room temperature. We first describe the
magneto-thermoelectric effect in (a,b)-axis oriented LaFeO,
single crystals (3mm X 3mm, 0.5mm thick) in which the canted
moment along the ¢ axis is in the plane parallel to the interface
with a 3-nm-thick Pt overlayer, as illustrated in Fig. 2a. We mea-
sured the transverse magneto-thermovoltage in the (a,b)-axis ori-
ented LaFeO,/Pt with a vertical temperature gradient V.T (about
10Kmm™) and an in-plane magnetic field. Figure 2b shows the
magnetic loop of the thermovoltage for an in-plane magnetic field
applied in various directions within the plane parallel to the Pt layer.
The piece-wise constant thermovoltage-magnetic field loops with
sharp switching resemble the magnetization loops shown in Figs. 1b
and 2f. There is no obvious exchange-bias effect in these loops. This
configuration is a standard LSSE geometry with an out-of-plane
temperature gradient and an in-plane magnetic field, as in all
previous experiments using magnetic insulators such as YIG/
Pt*°. However, as shown in Fig. 2¢, the angular dependence of the

NATURE PHYSICS | VOL 18 | JULY 2022 | 800-805 | www.nature.com/naturephysics

saturated transverse thermovoltage shows a step-like dependence
rather than the usual sinusoidal behaviour observed in YIG/Pt.
The step-like dependence indicates that the thermovoltage in
LaFeO,/Pt depends only on the canted magnetization, which is
along the c axis in LaFeO,. The magnetization switching field and
the angle of the applied magnetic field follow a 1/|cosa| depen-
dence (Supplementary Fig. 3), with a fitting parameter H, close to
the coercive field obtained from the magnetization measurement.
Because the magnetization switching field is at its minimum along
the ¢ axis, we can easily identify the c axis in the (a,b)-axis oriented
LaFeO, which is about 30° with respect to the x direction in the
plane (Fig. 2a, dotted line). Furthermore, we also observed the
magneto-thermoelectric effect in LaFeO,/W, which exhibits the
opposite sign of the voltage relative to LaFeO,/Pt (Supplementary
Fig. 4b,e), consistent with the opposite sign of the spin Hall angle in
these two heavy metals. In addition, no signal is detected in LaFeO,/
Cu (Supplementary Fig. 4b). Together, these observations support
the conclusion that the signal is an intrinsic LSSE where a vertical
(or out-of-plane) temperature gradient drives a spin current Jg with
spin polarization 6 across the interface into the Pt (W) layer and the
thermal voltage is detected via the inverse spin Hall effect (ISHE)
with the y component of a transverse charge current J_ (refs. **')
Jec = (2e/h) OsuJs X G, (1)
where e is the electron charge and 0, is the spin Hall angle of
Pt (W). The transverse magneto-thermoelectric coefficient is
S = V/(d VT), where d is the separation of the two voltage probes.
The S value of the (a,b)-axis oriented LaFeO,/Pt is about 0.01 uV K-!
for an out-of-plane temperature gradient in the configuration of
Fig. 2a. The ratio of the thermovoltage to the canted moment in
LaFeO,/Pt is comparable to that of YIG/Pt. When the measurement
with the same configuration was applied to a c-axis oriented LaFeO,/
Pt, no switching signal was detected (Fig. 2¢). This is because the net
magnetization remains along the ¢ axis, parallel to J;, giving rise to
zero ISHE voltage, and the contribution of I, spin structure to the
LSSE is negligible.
Although the c-axis oriented crystal shows no switching signal
in the standard configuration with the vertical temperature gradi-
ent, we made remarkable observations on the c-axis oriented crystal
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Fig. 2 | Magneto-thermovoltage measurements on LaFeO,/Pt with an out-of-plane temperature gradient. a, Schematic of a transverse thermal voltage
measurement in (a,b)-axis oriented LaFeO,/Pt with an out-of-plane temperature gradient along the z direction and an in-plane applied magnetic field.
Blue arrow: direction of spontaneous magnetization in LaFeO;. The angle between the c axis and the x axis is approximately 30°. b, Magnetic field
dependence of the transverse thermovoltage in (a,b)-axis oriented LaFeO,/Pt for various in-plane field angles. The voltage for the 120° angle (which is a
nearly flat curve) is negative not zero and results because the c-axis magnetization remains positive over the magnetic field range shown. ¢, Transverse
thermovoltage at magnetic saturation as a function of in-plane field angle. The piece-wise constant form is in stark contrast to what is observed in the
Y1G/Pt system, which shows a continuous dependence on the magnetic field. d, Schematic of a transverse thermal voltage measurement in c-axis oriented
LaFeO,/Pt with an out-of-plane temperature gradient along the z direction and an in-plane applied magnetic field. e, Magnetic field dependence of the
transverse thermovoltage in c-axis oriented LaFeO,/Pt in the configuration of d. f, Magnetic field dependence of the magnetization of c-axis oriented
LaFeO, with in-plane magnetic field by using vector vibrating-sample magnetometry. The magnetization along the in-plane field direction (M, green) and
along the c axis (M., perpendicular to the field, orange) were measured simultaneously.

with an in-plane temperature gradient, as illustrated in Fig. 3. An
in-plane temperature gradient would naively only generate a spin
current parallel to the interface but not produce a voltage signal, yet
we obtain a strong, reproducible (across several devices) response.
In the configuration of Fig. 3, a 3nm Pt (W) layer was deposited
on a crystal plate with a and b axes in the plane, a thermal gra-
dient VT of 3.3Kmm™" was applied along the x direction and a
magnetic field was scanned continuously in the x—y plane and along
the z axis. Figure 3b shows a large magneto-thermovoltage in the
LaFeO,/Pt device. The transverse magneto-thermoelectric coeffi-
cient S of the c-axis oriented LaFeO,/Pt is about 0.15uV K™ for the
in-plane temperature gradient, on the same order of magnitude as
the anomalous Nernst coefficient of Fe. Similar to the configura-
tion with the vertical temperature gradient in Fig. 2, the loop of the
magneto-thermovoltage versus magnetic field is extremely sensitive
to the angle a. A loop with sharp switching is found at « values of
0° and 180°, while an evolution to asymmetric loops is observed
between these two angles. These asymmetric loops are in sharp con-
trast to the symmetric loops centred at zero field seen in Fig. 2. It
is also important to note that no switching takes place at a=80°,
which is consistent with the assignment of the b axis along this
direction where no spontaneous magnetization can be obtained in
Fig. 1b. Whereas the switching field extracted from Fig. 3b is com-
parable to the coercive field from the magnetization measurement,
the asymmetric loops reflect a strong exchange/bias effect at the
interface of LaFeOj; and Pt. Again, the thermovoltage magnitude is
independent of the component of spontaneous magnetization along
the field direction and exhibits a nearly constant value depending
on the canted spin direction as in Fig. 3c. These features are rooted
in the spin structure and magnetocrystalline anisotropy of LaFeO,.

The measurement configuration with a magnetic field along
the z axis also produces sharp switching as shown in Fig. 3d,e. The
magneto-thermovoltage reverses with the direction of the tempera-
ture gradient (Supplementary Fig. 6). When Pt is replaced by W in
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Fig. 3d the voltage exhibited a loop as in Fig. 3e but with the oppo-
site polarization (Supplementary Fig. 4e). As Pt and W have oppo-
site sign of the spin Hall angle, these results indicate that the ISHE is
a key ingredient to convert the thermally injected spin current into
an electric potential in the in-plane thermal gradient configuration.
Our results in Fig. 3 are different from those in YIG/Pt, in which
there is no magneto-thermovoltage with an in-plane temperature
gradient under either in-plane or perpendicular fields'®*. In the
configuration of Fig. 3d, the temperature gradient, net magneti-
zation and voltage are mutually perpendicular, different from the
transverse and the nonlocal spin Seebeck effect, where the tempera-
ture gradient, net magnetization and voltage are all in-plane®. We
stress that, for =0° in Fig. 3a, the magnetic field direction and the
thermal gradient are parallel. Thus, if the magnetization is aligned
along the magnetic field, this vanishing angle is seemingly against
the requirement for the magneto-thermovoltage described by equa-
tion (1). However, the magnetocrystalline anisotropy of LaFeO,
responsible for the canted moment guarantees that the moment
does not continuously follow the field as in YIG. One may suspect
that the anomalous Hall effect could create a potential in the con-
figuration of Fig. 3d. To rule out this possibility, we have replaced
the thermal gradient with an electric current. No discernible signal
has been found (Supplementary Fig. 41).

We have found magneto-thermovoltage switching in LaFeO,/
Pt(W) with two distinct measurement configurations. With a ver-
tical temperature gradient as in the normal LSSE, the magnitude
of the thermovoltage from the (a,b)-axis oriented LaFeO,/Pt is
independent of the field direction but changes sign once the cant-
ing moment switches, in sharp contrast to the sinusoidal behav-
iour observed in YIG/Pt. Since the transverse spin Seebeck effect
reported in prior magnetic insulator/Pt systems has been attrib-
uted to the LSSE due to a component of vertical temperature gra-
dient'®, the observation of the thermovoltage switching with the
in-plane temperature gradient in the c-oriented LaFeO,/Pt(W) is
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Fig. 3 | Magneto-thermovoltage measurements on the c-axis oriented LaFeO,/Pt with an in-plane temperature gradient. a, Schematic of the transverse
thermal voltage measurement in c-axis oriented LaFeO,/Pt with an in-plane temperature gradient along the x direction and an in-plane magnetic field. b,
Magnetic field dependence of the transverse thermovoltage in c-axis oriented LaFeO,/Pt for various in-plane field angles (see Supplementary Fig. 7a,b
for the results from 180° to 360°). ¢, Transverse thermovoltage at magnetic saturation as a function of in-plane field angle. d, Schematic of transverse
thermovoltage measurement in c-oriented LaFeO,/Pt with in-plane temperature gradient and magnetic field along z direction. e, Magnetic field
dependence of the transverse thermovoltage from the device in d. Such strong and clear signals have not been previously reported in any system with an

in-plane temperature gradient.

truly remarkable given that no LSSE can be discerned in this device
(Fig. 2e). Evidently, we observe a new intrinsic effect.

To establish the absence of induced magnetic moments due to
proximity effects from the LaFeO, substrate, we have also measured
the X-ray magnetic circular dichroism at the Fe L, ; and Pt L, , edges
at room temperature (Supplementary Fig. 7c,d). No detectable mag-
netic signal from the interface can be observed in LaFeO,/Pt with
an applied field of 0.45T for Pt and 0.4 T for Fe measurements, indi-
cating that both the average magnetization of Fe and the proxim-
ity magnetization in Pt are negligibly small (less than 0.03u; per Pt
atom and <0.1p; per Fe atom). Together, our X-ray magnetic circu-
lar dichroism measurements on LaFeO,/Pt as well as the presence of
the same unusual magneto-thermoelectric effect in LaFeO,/W and
LaFeO,/Cu/Pt (Supplementary Fig. 4f,e) indicate that the observed
signal is intrinsic to spin injection from the insulating magnetic
structure and does not result from any known charge-current or
proximity-induced effects.

The well-established LSSE-type measurement and the inter-
pretation are applicable to the (a,b)-axis oriented LaFeO,/Pt with
a vertical temperature gradient. Note that our LSSE results in the
intrinsically canted AF LaFeO; are different from those reported in
the high field-induced canting (spin flop) in the AF Cu,V,0, (ref. *°)
and DyFeO; (ref. *'). No magneto-thermovoltage for a measurement
with an in-plane temperature gradient and any direction of applied
magnetic field is expected for the configuration in Fig. 3a,d based
on the LSSE mechanism for a magnetic moment that continuously
follows the direction of the applied field, such as occurs in YIG'®*.
Indeed, no pure spin-injection thermovoltage has been observed
in any FM or AF insulator under an in-plane temperature gradi-
ent. Besides the LSSE mechanism, we also considered a situation
where a vertical spin current injects from LaFeO, via the magnon
Nernst effect as J; = a3, VT, where J; is the x-polarized spin cur-
rent along the z direction and a7, is the magnon Nernst response of
the in-plane temperature gradient. However, the a,b-plane mirror
symmetry of LaFeO, imposes a7, = 0 and rules out a possible bulk
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contribution to the thermal voltage from the magnon Nernst effect
(Supplementary Information). An in-plane temperature gradient
creates a magnon current in the x direction with spin polarization
along the z direction, giving rise to a voltage in the y direction. This
might be explained by an interfacial electron-magnon interaction
where thermal magnons scatter with itinerant electrons at the Pt
interface during the propagation along the x direction and trans-
fer momenta and spin angular momenta to the electrons, inducing
a z-polarized spin current J5. This spin current at the Pt interface
then generates a charge current (voltage) along the y direction by
ISHE. However, this generic effect has never been reported in other
magnetic insulator-heavy metal heterostructures and cannot easily
explain the evolution of the signal between 0° and 180° in Fig. 3b.

We propose a spin-torque swapping effect to explain the
in-plane temperature gradient results. Because of the mirror sym-
metry breaking and spin-orbit coupling at the interface, an inter-
facial Dzyaloshinskii-Moriya interaction (DMI) can arise in the
LaFeO,/Pt heterostructure. Similar to the torques arising f rom
the electron flow in a magnetic two-dimensional electron gas with
Rashba spin-orbit coupling, when the thermal gradient drives a
magnon current j, near the interface, the DMI produces an effec-
tive field-like torque TpL o m X (Z X jm) and a damping-like
torque TpL x m X [(Z X jm) X mJ**, where Z is normal to the
interface and m is the canted moment (Fig. 4). The interchange
of directions of the magnon flow and spin index can arise from
magnon-magnon or magnon-phonon scattering in the presence of
spin-orbit coupling.

As LaFeO, shows a near degeneracy between the I', and I', mag-
netic configurations®, the damping-like torque t,,, mediated by the
magnon flow can reorient the interfacial spin ordering from T, to
I', with a canted moment along the a axis, and the changed angular
momentum is transferred into Pt/W as an a-axis-polarized spin cur-
rent J; by the interfacial electron-magnon interaction. As shown in
Supplementary Fig. 4e, by the ISHE of the heavy metal, this injected
spin current is detected as a thermal voltage with opposite signs in
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Fig. 4 | Schematic of the spin swapping mechanism at the interface of

a c-axis oriented LaFeO; crystal and a heavy metal. a, Schematic of the
spin-torque swapping effect in c-axis oriented LaFeO,/Pt with an in-plane
temperature gradient along the x direction. The magnon current j, is along
the temperature gradient (the magnonic spin current is in the opposite
direction to the magnon because it carries spin —1). The dotted line shows the
trajectory of the magnetic moment. Tp, (trL) is the damping-like (field-like)
spin torque induced by the interfacial DMI which contributes to swapping

the net magnetic moment M. of I', to an in-plane moment M, of I',. The x
component of M, accompanied by a z component of spin-torque-induced spin
current then contributes to a detectable voltage along the y direction by the
ISHE. b, Schematic of a 90° rotation of the spin index and the transformation
of an in-plane magnon current to an out-of-plane spin current.

Pt and W due to the opposite signs of the spin Hall angle in Pt and
W. When the out-of-plane magnetic field flips, both the c-oriented
canted moment m and the magnon current j,, will flip their sign,
leading to a re-oriented moment along the negative a axis direction
and a negative thermal voltage (Fig. 3e and Supplementary Fig. 4e).
When the field is in-plane, the canted moment from the original I',
state and j,, as well as the induced torques will not be affected by
the field*, while the Zeeman effect from the magnetic field can flip
the re-oriented canted moment in a I', state (Supplementary Fig. 8).
These two effects will compete with each other when the in-plane
field flips. If we attribute the unswitched thermovoltage at an 80°
angle in Fig. 3b as arising from the magnetic field lying along the
b axis, then one cannot flip the I, or I, canted moment. Thus, the
large exchange bias near 80° (see 45° and 105° in Fig. 3b) can be
explained by the exchange coupling at the I',-I", domain wall com-
peting against weak Zeeman coupling™*. In addition, the gradually
reversed thermal voltage curve around zero field at 80° reflects a
I',-T', spin reorientation instead of a magnetic-field-induced sharp
switching. On the other hand, with an out-of-plane thermal gra-
dient, Z X j;m = 0, thus the thermal voltage will not be affected by
the DMI torques and only shows square loops without any notable
exchange-bias effect in Fig. 2. Such a spin-torque effect provides a
consistent interpretation of our experimental results and relies on
the specific spin structure and magnetic anisotropy of LaFeO,, which
are quite distinct from YIG or any other previously studied mate-
rial. This explains the absence of a voltage signal from spin injection
for an in-plane temperature gradient in prior work. The hallmark
of this process (Fig. 4, right) is that the spin index rotates 90° when
an in-plane magnon current (mediated by interfacial DMI torques)
transforms to an out-of-plane spin current. Such a ‘spin-swapping’
signal is not expected from the transverse spin Seebeck effect, nonlo-
cal spin Seebeck effect or thermal spin drag'®*. The mechanism of a
spin structure transition at the interface of LaFeO,/Pt(W) under an
in-plane temperature gradient may open a new direction of study
for spin caloritronic effects and will certainly spur further experi-
mental and theoretical investigations. We hope to widen their scope
through the introduction of a new material class for study.
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Methods

Crystal growth and initial characterizations. Single crystals of LaFeO, were
grown by the floating zone technique with an image furnace (NEC SC-M35HD). A
starting ceramic rod of LaFeO, was prepared by solid-state reaction; La,O; (99.99%,
Alfa Aesar) and Fe,0; (99.99%, Alfa Aesar) were thoroughly mixed in a molar ratio
of 1:1 and calcined at 1250°C. The crystal growth was carried out with continuous
air flow, and the growth speed was around 8 mmh~'. The obtained single crystal is
black in colour with a shiny surface. The phase purity of the obtained LaFeO, was
confirmed by powder X-ray diffraction analysis. The structure of LaFeO; is in space
group Pbnm (no. 62) with lattice parameters of a=>5.566(2) A, b=5.554(3) A and
¢=7.861(2) A. The crystal orientation as well as the crystal quality were determined
by Laiie back-reflection. The oriented crystals were polished by using lapping

films (30 to 0.1 pm) to obtain a flat, shiny surface. After polishing, Raman spectra
were taken with a confocal Renishaw inVia Raman microscope using a laser with
wavelength of 532 nm and power of 10 mW. X-ray photoelectron spectra of the
polished surface were taken in the vacuum chamber of a Kratos system, and also

of an insitu cleaved crystal for comparison. Magnetization measurements were
carried out in a vibrating-sample magnetometer by using a Physical Property
Measurement System from Quantum Design.

Device fabrication and measurements. A layer of Pt or W heavy metal was
deposited on the polished crystal pellets by DC magnetron sputtering at room
temperature. The deposition rate of the metal layer was calibrated by the

film thickness measured by X-ray reflectivity. The magneto-thermovoltage
measurements were performed using a nanovoltmeter and a rotatable
electromagnet. The LaFeO,/Pt(W) devices were attached to a resistive heater

as the hot side and a Cu plate as the cold side. The temperatures of the sample
were checked by the resistance of the Pt stripes deposited on the LaFeO; crystal.
In a typical measurement with a vertical temperature gradient, the temperature
difference along the direction of the sample thickness is about 5K (temperature
gradient of about 10 Kmm~"), whereas it is about 10K (temperature gradient of
about 3.3 Kmm™) across the crystal plate in the configuration with an in-plane
temperature gradient.

First-principles calculations. First-principles calculations within the

density functional theory framework were carried out on LaFeOj using the
pseudopotential projector-augmented wave method'' implemented in the Vienna
ab initio simulation package'>" with the Perdew-Burke-Ernzerhof implementation
of the exchange correlation functional*. A plane-wave basis set cutoff of 600 eV
was chosen, and the atomic positions and lattice parameters of the LaFeO, unit cell
were relaxed from experimental values until the forces on each atom were below
0.008eV A~ Self-consistency was concluded when the energy difference between
subsequent electronic calculations was less than 0.1 peV. Calculations were done on
aT'-centred grid of 12 X 12X 8 reciprocal-space points. Typically, these calculations
include a Hubbard U term to better model the effects of electronic correlation.

We find that calculations without the term correctly lead to an antiferromagnetic
insulator ground state.

The initial relaxation assumes collinear magnetism and is performed with the
conjugate-gradient algorithm implemented in the Vienna ab initio simulation
package. However, after optimizing the atomic positions and lattice parameters,
we allow a non-collinear magnetic structure and include spin-orbit coupling
self-consistently*. Previous non-collinear density functional theory calculations
have been performed for LaFeO, (ref. *°). However, unlike previous works, the
present calculations have been performed fully self-consistently. To find the correct
ground state, we performed calculations with different initial conditions. We
initialized the Fe magnetic moments along different crystallographic axes in each
of the calculations. The calculated non-collinear magnetic orders are consistent
with other theoretical studies and agree with experimental findings"".

Data availability

Source data are available. Additional data supporting the findings of this study are
available from the corresponding author upon request. Source data are provided
with this paper.
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