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Abstract

Spintronic phenomena to date have been established in magnets with collinear moments,
where the spin injection through the spin Seebeck effect (SSE) is always along the out-of-
plane direction. Here, we report the observation of a vector SSE in a non-collinear
antiferromagnet (AF) LuFeOs, where temperature gradient along the out-of-plane and also
the in-plane directions can both inject a pure spin current and generate a voltage in the heavy
metal via the inverse spin Hall effect (ISHE). We show that the thermovoltages are due to
the magnetization from canted spins in LuFeOs. Furthermore, in contrast to the challenges
of generating, manipulating and detecting spin current in collinear AFs, the vector SSE in
LuFeOs is readily viable in zero magnetic field and can be controlled by a small magnetic
field of about 150 Oe at room temperature. The non-collinear AFs expand new realms for
exploring spin phenomena and provide a new route to low-field antiferromagnetic spin

caloritronics and magnonics.
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Main Text

The generation, manipulation and detection of spins are the fundamental topics in the field
of spintronic research and applications [1]. Numerous spintronic phenomena have been discovered
in spin-polarized currents (e.g., interlayer coupling, giant magnetoresistance, spin-transfer torque,
etc.) earlier and in pure spin currents (e.g., spin Hall effect, spin-orbit torque, etc.) more recently,
launching transformative technologies in field-sensing and memory applications. The spectacular
advances notwithstanding, the spintronic phenomena have thus far been established only in
ferromagnetic (FM) materials with collinear moments, which can be aligned to give a large
magnetization M. Indeed, the two opposite orientations of M have been the basis of many
magnetic memory applications. In contrast, collinear AFs with M = 0 have few applications due
to the challenge of generating, manipulating and detecting spins. However, because of the
inherently low stray field and high frequency excitations, thus potential for high-speed and high-
density storage devices, AFs have recently been extensively explored for possible future
spintronic devices [2-18]. The reports of electrical switching and detection of the AF Néel vector
have been controversial, including similar results with and also without the AF layer, due to
thermal effects and electromigration [19-22]. Furthermore, collinear AFs exhibit little discernable
pure spin current effects unless under a large magnetic field or beyond the spin-flop field acquiring

a small induced magnetization [10,11].

Collinear FMs and AFs restrict and limit the otherwise more general spintronic phenomena.
In particular, it has been well established that spin injection using spin-Seebeck effect (SSE) can
occur only in the longitudinal (out-of-plane) direction but not in the transverse direction [23-29].
However, as we show in this work, this limitation exists only in collinear FMs and AFs. In non-
collinear LuFeOgz, we have realized vector SSE, where spin injection can occur in the longitudinal

as well as transverse directions.

For the vector SSE we have used devices made of LuFeOz/HM, where HM is a heavy
metal (W or Pt). A temperature gradient VT along any one of the three directions (out-of-plane and
in-plane) can create a spin current and generate a voltage signal in the HM via the inverse spin
Hall effect. It is different from the vectorial longitudinal SSE reported in ref.[30] where it refers
to longitudinal SSE at two in-plane directions under an out-of-plane VT . Together with

magnetization measurements by a vector vibrating-sample magnetometer (VSM), we find that the



vector SSE voltage signals are proportional to the projections of the small spontaneous
magnetization of non-collinear LuFeOs in the three lateral directions. This is distinctly different
from the SSE in collinear FMs and AFs where the ISHE voltage only exists with a spin current
injected from an out-of-plane temperature gradient [23-29]. Furthermore, in contrast to the
challenges of generating, manipulating and detecting spin current in collinear AFs [10,11], the
vector SSE in LuFeOs is readily viable in zero magnetic field and can be controlled by a small
magnetic field ~150 Oe at room temperature. Non-collinear AFs with a small magnetization can
be manipulated and detected, but without the shortcomings of large stray fields. The non-collinear
antiferromagnets greatly expand the realm for exploring spin phenomena and provide a new route

to low-field antiferromagnetic spin caloritronics and magnonics.

We measure the longitudinal and transverse SSE in slabs of YIG/W and LuFeO3z/W, where
the 3-nm W layer provides the ISHE voltage. Details of crystal growth and device fabrication are
provided in the Supplemental Material, Sec. S1 [31]. In the longitudinal SSE device (left of Fig.
1(a)), the slab with thermal contacts on both surfaces is placed between two Cu blocks held at two
different temperatures resulting in an out-of-plane temperature gradient V,T, which injects a spin
current in the z-direction from LuFeOg into the HM layer where the ISHE voltage can be measured
in the xy-plane. In the transverse SSE measurements (right of Fig. 1(a)), the slab is suspended
with thermal anchors only at the two ends with different temperatures along one direction (e.g., x-
direction), and voltage in the perpendicular direction (e.g., y-direction) can be measured. The
device is placed in an evacuated vessel surrounded by radiation shields. When in-plane
temperature gradient has been achieved in the x-direction, the voltage measured in the y-direction
is independent of the measuring locations along the x-direction. This essential fact has been
experimentally verified (Supplemental Material, Sec. S3 [31]). The SSE results of YIG/W and

LuFeOs/W have been obtained from these two devices.

In Fig. 1(b), we show the well-established longitudinal SSE in collinear Y1G/W, under an
out-of-plane V,T and a magnetic field H, which sets the spin index a. The ISHE in the HM layer
converts the injected spin current J into a charge current, resulting in an electric field Ejgyg =
(Bsup)Js X o, hence an ISHE voltage V, where 85 and p are the spin Hall angle and resistivity
of W respectively. The sign of gy dictates that of V, for which Pt and W have opposite signs. In

the longitudinal SSE geometry as shown in Fig. 1(b), with M along the y-direction one measures



a maximal ¥, along the x-direction and ;, = 0 along the y-direction. For direct comparison among

V/Ly
AT /Ly

different measurements, we use the normalized voltage, i.e., , as the y-axis in the plots, where

Ly and Ly are the sample length between two voltage leads and two temperatures, and AT the

temperature difference.

In contrast, in the transverse SSE scheme in YIG/W under an in-plane VT, there is no Vx
for the magnetic field along y-direction (0°), or z-direction (90°), or in between (45°) as shown in
Fig. 1(c). Some early reports of transverse SSE are due to improperly administered in-plane VT
that causes a local out-of-plane VT that gives the longitudinal SSE, or anomalous Nernst effect in
the FM materials [23-29]. Indeed, to date, only out-of-plane (i.e., longitudinal) spin current
injection has been realized involving collinear FM materials, such as YIG and Fe. In the non-
collinear magnets, there exists the vector SSE, a new spin current phenomenon hitherto unrealized

in collinear magnets

We use oriented and polished LuFeO3 slabs of dimensions 7 mm x 3 mm x 1.4 mm with
the c-axis nearly along z-direction. LuFeOs is an insulating orthorhombic perovskite of space
group Pbnm (No.62), Lu®>* with a full 4f shell has no moment, whereas Fe3* carries a magnetic
moment of 5 pg. Due to the Dzyaloshinskii-Moriya interaction (DMI) or single-ion
magnetocrystalline anisotropy (SIA) on top of the strong spin-spin exchange interaction, the Fe3*
moments are aligned antiparallel along the a-axis but with a small canting of 0.80° towards the c-
axis, resulting in a small spontaneous magnetization along the c-axis below the Néel temperature
of Tn = 620 K [32,33]. The non-collinear AF spin structure of LuFeOs is shown in Fig. 2(c). The
canted spin arrangement of this AF gives rise to a small but finite remnant magnetization M = Myi
+ Myj + Mzk. Hence, LuFeOs is a non-collinear AF with a spontaneous magnetization, essential

for the new pure spin current phenomena of vector SSE that are absent in collinear magnets.

To characterize the weak ferromagnetism in LuFeOs, we perform magnetization
measurements with a vector VSM, where two sets of sensing coils can simultaneously measure
the magnetization along two orthogonal directions, such as M, and M, with the magnetic field H
in the xz-plane (Fig. 2(a)) and also M, and M, with H in the yz-plane (Fig. 2(b)). As shown in Fig.
2(d) and 2(g), with an out-of-plane Hz, M, shows a square hysteresis loop with sharp switching at

+ 150 Oe. In addition to the relatively large M,, there are also simultaneously switching in much
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smaller M, and M, confirming the spontaneous non-collinear magnetization M in LuFeOs. The
value of M is orders of magnitude smaller than the total magnetization if the Fe** moments were
fully aligned. Of the three components, M, (0.052 pg/f.u.) is much larger than M, and M, with
M, > M, = M. These different values of components of M prove useful in the pure spin current
analyses. The sharp switching in LuFeOsis realized by 180° flipping of all spins along the a-axis
simultaneously. This is demonstrated by the remnant magnetization at zero field after a 5 kOe field
has been applied at various angle o with respect to the x-axis in the xz-plane (Fig. 2(f)) and also at
various angle B with respect to the y-axis in the yz-plane (Fig. 2(i)). The remnant magnetization
shows an abrupt sign change at o (Fig. 2(f)) or p =180° (Fig. 2(i)) when the z-component of the
applied magnetic field H, causes flipping of the moments. In addition, the apparent switching field
(e.g., Fig. 2(e) and 2(h)) can be much larger by more than 5 times than that under H,. For these

reasons, only results using H; are intrinsic and readily reproducible.

In Fig. 3, we present the novel magneto-thermoelectric effect observed in LuFeO3z/W.
Because only H; induces the magnetization switching, we apply H; for all measurements.

However, there are always magnetization components along all three directions, with M, > M, =
M,. We first demonstrate the results of LuFeOs/W in the longitudinal SSE geometry with an out-
of-plane V,T. As shown in Fig. 3(a) and 3(b), we have observed the ISHE voltage in Vx and V.

Similar to the sharp magnetization switching in Fig. 2, the thermal voltage in Fig. 3(a) and 3(b)

also show a square loop with the same switching field. Note that, in the longitudinal SSE in YIG/W
under VT, with spin index o following Hy in the y-direction, one observes maximal Vx and Vy =0
(Fig. 1(b)). However, in LuFeOs/W under VT, one observes finite values of both Vx and Vy due
to My and My respectively, which does not follow the applied field direction due to the strong SIA.
Apart from this, the thermovoltage under V,T observed in LuFeOs/W is just the longitudinal SSE.

VX/LV
AT /Lt

= 0.62 + 0.04 nV/K (Fig. 3(a)) is slightly larger than L‘\’;/% = 0.45 +
T

0.07 nVIK (Fig. 3(b)) which is consistent with M, = M,. Compared to collinear AF insulators

One notes under V,T,

where a large magnetic field is required to observe the longitudinal SSE at low temperatures, such
as in Cr.0z and MnF- [10,11], longitudinal SSE in LuFeOs is readily visible in zero magnetic field
at room temperature due to its spontaneous magnetization, which can be controlled by a small

magnetic field ~150 Oe. In some non-collinear AF metals, magnetization switching by spin-orbit
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torque has been achieved [8]. The non-collinear AFs may be new realms for low-field AF

spintronics, spin caloritronics and magnonics.

Most distinctly, under an in-plane VT, where no transverse SSE has been observed in

YIG/W (Fig. 1(c)), one observes large thermal voltages in LuFeO3z/W with two in-plane directions

of VT and VyT, as shown in Fig. 3(c) and 3(d) respectively. Furthermore, we observe much larger

thermovoltages, by more than an order of magnitude, of Z"T/# =7.27 £ 0.15 nV/Kunder VyT (Fig.
T

3(c)) and ZYT/% =7.32 £ 0.25 nV/K under VT (Fig. 3(d)). These thermal voltages are closely
T

related to the specific components of the magnetization. Since VT injects spin current J, we have

Eisve & VT X M. After the normalization of VT and length of measurement leads, we have

V&/LV
AT /Lt

Vk/LV
AT /Lt

V&/LV
L

= aM, under VT and Vu/Ly bM, and
AT /Lt

= aM, and AL =

= bM, under VyT and VT

respectively, where a and b are the common factor for longitudinal and transverse SSE,

respectively, which are within the same order of magnitude based on the results of vector SSE.

Because M, > M, = My, the voltages under VyT and V4T (Fig. 3(c) and 3(d)) are much larger than

those under v,T (Fig. 3(a) and 3(b)), and Ye/ly Yyllv under VT (Fig. 3(a) and 3(b)). Moreover,
AT /Lt AT /Lt

the angle dependence of V; and i, mimic the vector VSM results (Supplemental Material, Sec. S4
[31]), which further reveals the direct connection between the thermovoltage in LuFeO3z/W and its
specific M components. These results demonstrate that the vector SSE can generate spin currents
in all directions using out-of-plane and in-plane temperature gradients, and functions similarly to
that of a vector VSM capable of detecting all magnetization components in a non-collinear AF.
Indeed, one can exploit vector SSE for generating and detecting spin current in noncollinear AF

insulators in all directions, enabling new device architectures for AF spintronics.

We rule out the possibility of magnetic proximity effect by the results that both the
longitudinal and the transverse SSE signals persist with the inclusion of an additional 2 nm Cu
spacer layer between LuFeO3s and W layers (Supplemental Material, Sec. S7 [31]). Moreover, we
have observed no evidence of proximity effect and spin-Hall anomalous Hall effect from the
transport measurements (Supplemental Material, Sec. S8 [31]). The absence of spin-Hall
anomalous Hall effect shows that it is not due to the spin Nernst effect [34-37]. Another mechanism
to generate transverse thermovoltage is thermal spin drag [38], which requires both out-of-plane
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and in-plane temperature gradient simultaneously. As demonstrated in Fig. 1(c) and Fig. S6, our
set-up for in-plane (out-of-plane) temperature gradient is free from parasitic out-of-plane (in-plane)
temperature gradient. Importantly, when we deposit 2 nm Pt on the other side of the double-side
polished LuFeOs slab and obtain voltage of the opposite sign because of the opposite sign of Oy
in Pt and W (Supplemental Material, Sec. S7 [31]), confirming the spin current origin of the
observed effect. Although there have been some theoretical studies on the spin caloric effects and
spin transport in noncollinear AFs [39-42], the microscopic mechanism of the vector SSE remains
elusive. Further theoretical investigations are required to account for the characteristics revealed

by experiments.

Before concluding vector SSE, however, we need to address the magnon Hall effect (MHE).
Under VyT applied perpendicular to H;, the DMI and the large Berry curvature may give rise to
MHE, where the magnon flow could cause a spin-dependent transverse temperature difference ATy,
as in LupV20y7 [43,44]. The induced ATx by the MHE, if exists, could be converted into a spin-
dependent thermal voltage in the metal/insulator heterostructures by the thermocouple effect with
voltage characteristics similar to those of the SSE. Indeed, the issue of anisotropic magnetothermal
transport has been raised in the case of SSE [45]. However, distinction between SSE and MHE
can be unequivocally distinguished by measurement using wires with different Seebeck
coefficients, such as Cu (Scu = 1.83 pV/K) and CussNiass (constantan) (Scuni = -39 pV/K) [46]. The
SSE signals associated with the spin-orbit coupling would be the same, while the MHE signals
would be very different, when measured using Cu and CussNiss wires. As shown in Fig. 4, the
results using Cu and CussNiss wires on LuFeO3z/W are the same, whereas those on Lu2V.O7/W are
very different, conclusively demonstrating that we have observed SSE in LuFeO3z and MHE in
Lu2V207. We note the identification of MHE has thus far relied only on the challenging spin-
dependent thermal conductivity measurements [43,44]. Here, we provide a new and more
straightforward method using thermovoltage measurement in MHE/HM heterostructure. The
details of the measurements of the MHE results on Lu>V2O7 will be published elsewhere.

In summary, we demonstrate a novel magneto-thermoelectric effect, a vector SSE in non-
collinear AF LuFeQOgz, where pure spin current injection in all directions have been accomplished
using out-of-plane and in-plane temperature gradients. Together with the vector VSM results, we

show that the ISHE voltages in the vector SSE originate from its lateral components of the small



magnetization, readily viable in zero magnetic field and can be controlled by a small magnetic
field of about 150 Oe at room temperature. The non-collinear AFs with small M reveal general
pure spin current phenomena that have eluded collinear FMs and AFs. The non-collinear AFs may

be new realms for low-field AF spintronics, spin caloritronics and magnonics.
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FIG. 1. (a) Out-of-plane VT set-up (left panel) for longitudinal SSE and in-plane VT set-up (right panel)
for transverse SSE. For the in-plane VT set-up, the hot and the cold ends are thermally isolated to
avoid unintended out-of-plane VT. (b) Longitudinal SSE in YIG/W. Voltage along x-direction V (red)
and along y-direction V, (blue) are measured when a magnetic field H, is applied along y-direction. (c)
Absence of transverse SSE in YIG/W with various field angles 3 = 0°, 45° and 90° between the applied
magnetic field H and y-direction.
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FIG. 2. (a) Vector VSM set-up for simultaneous measurement of My and M,, with results shown in (d)
for magnetic field H, and (e) for magnetic field Hy; (b) Vector VSM set-up for measuring M, and M,,
with results shown in (g) for magnetic field H, and (h) for magnetic field H,. (c) Schematic spin
structure of LuFeOs of the Fe moments mostly along a-axis with a small canting angle towards c-axis.
Remnant magnetization of (f) My and M, using set-up (a), after 5 kOe field been applied at angle a,
and (i) M, and M, using set-up (b), after 5 kOe field been applied at angle B.
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FIG. 3. Longitudinal SSE in LuFeOs/W under an out-of-plane V,T for (a) voltage Vi measured along
x-direction and (b) voltage V, measured along y-direction. Transverse SSE in LuFeOs/W for (c)
voltage Vi« measured along x-direction under an in-plane V,T and (d) voltage V, measured along y-
direction under an in-plane V,T. Magnetic field is applied along the z-direction.
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FIG. 4. (a) Presence of MHE in Lu,V,07/W at 40 K under an in-plane V,T, where Cu and CuNi probing
wires give different results due to their different Seebeck coefficients and AT caused by MHE. (b)
Absence of MHE in LuFeOs/W under an in-plane V,T where Cu and CuNi probing wires give the same

result because of no AT caused by MHE.
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