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ABSTRACT

We have studied thermally driven magnon spin transport (spin Seebeck effect, SSE) in heterostructures of antiferromagnetic «-Cr,O3 and Pt
at low temperatures. Monitoring the amplitude of the local and nonlocal SSE signals as a function of temperature, we found that both decrease
with increasing temperature and disappear above 100 K and 20 K, respectively. Additionally, both SSE signals show a tendency to saturate at
low temperatures. The nonlocal SSE signal decays exponentially for intermediate injector-detector separation, consistent with magnon spin
current transport in the relaxation regime. We estimate the magnon relaxation length of our a-Cr,O; films to be around 500 nm at 3 K.
This short magnon relaxation length along with the strong temperature dependence of the SSE signal indicate that temperature-dependent
inelastic magnon scattering processes play an important role in the intermediate range magnon transport. Our observation is relevant to
low-dissipation antiferromagnetic magnon memory and logic devices involving thermal magnon generation and transport.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037860

Recently, substantial scientific effort has focused on harnessing
spin currents without Joule heating for low-dissipation information
processing.’ In magnetic materials, the spin current (i.e., the directed
propagation of spin angular momentum) can be either due to elec-
tron spin or due to bosonic quasiparticle excitations of the magnetic
order parameter called magnons. The realization of magnon spin
currents in electrically insulating materials with a large bandgap is
advantageous since they prevent energy dissipation due to ohmic
losses owing to the electronic motion. Moreover, the spin propaga-
tion length of electronic spin currents is relatively short, typically
ranging from nanometers in ferromagnetic metals up to micron
length scales in very pure non-magnetic metals at low temperatures.”
Magnon spin currents, on the other hand, can travel distances up
to several micrometers in magnetic insulators.’ Magnons can be
excited in magnetic insulators via numerous methods, e.g., mag-
netically using microwave-frequency AC magnetic fields (coherent
magnons in the GHz range), thermally via the spin Seebeck effect
(incoherent magnons in the THz range),’ and electrically using a
low-frequency AC or DC electric current in a neighboring heavy
metal with large spin Hall angle, such as platinum.’

Although the initial study of magnon spin currents was focused
on ferromagnetic insulators, recently, antiferromagnetic insulators
(AFIs) have moved into the focus of magnonics research due to
their abundance in nature, better scalability in nanodevices with
minimal cross-talk, immunity against magnetic field perturbations,
and orders of magnitude faster magnetization dynamics at the
terahertz frequency range.”® Magnon spin current transport has
been demonstrated in many antiferromagnetic insulators, such as
NiO,”"" Co0,"" a-Fe;03,"" MnPS;,"”" and Cr,0;."* Additionally,
the absence of dipole-dipole interactions makes axially symmet-
ric AFIs the ideal materials for the realization of magnon Bose-
Einstein condensates (BEC)'”'® and magnon spin superfluidity, i.e.,
a long-range propagating Goldstone mode arising from the sponta-
neous breaking of U(1) symmetry.'”'” All these recent studies on
magnon spin transport in antiferromagnets have led to a new fron-
tier research field called antiferromagnetic magnonics as a subfield of
spintronics.

One fascinating effect hinging on thermally excited magnon
spin transport is the so-called spin Seebeck effect (SSE). The spin
Seebeck effect refers to the generation of magnon spin currents by a
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temperature gradient applied across a magnetic material.* The SSE is
manifested as an electric voltage in an adjacent heavy metal layer in
which the thermally driven spin current is converted into a charge
current by the inverse spin Hall effect (ISHE).”’ Originally, it was
assumed that AFIs will not exhibit a finite SSE due to the lack of a
net magnetization and the particular properties of magnon modes in
AFIs. More specifically, in a uniaxial AFI with two magnetic sublat-
tices, there will be two degenerate magnon modes that produce spin
currents in opposite directions under a thermal gradient such that
the net spin current cancels out. However, the degeneracy of the two
modes can be lifted by a magnetic field or even a spin flop transition
to a ferromagnetic-like state, or by inversion symmetry breaking at
an interface, resulting in finite SSE response.””* Such a magnetic
field-induced SSE has been recently observed in various AFIs such
as Cr,03,””* MnF,,” and FeF,.”® Moreover, indication of magnon
spin superfluidity has been recently reported in Cr,03."”

In this paper, we focus on local and nonlocal SSE experiments
in antiferromagnetic «-Cr,O3 thin films for small injector-detector
separation. We perform magnetic-field-orientation-dependent local
and nonlocal SSE measurements by rotating an external magnetic
field of constant magnitude in three orthogonal planes. By mon-
itoring the amplitude of the local and nonlocal voltage modula-
tions as a function of different parameters, such as the temper-
ature and the spatial separation between the injector-detector Pt
strips, we probe the spin transport via antiferromagnetic magnons.
From these data, we extract the magnon spin diffusion length (I,n)
in the diffusive transport regime at low temperatures. We show
that although in the long-distance regime, superfluid spin trans-
port might be realized, the intermediate-distance range is domi-
nated by magnon diffusion, while the superfluid contribution is not
detectable.

We use a-Cr,O3 for our spin transport experiments since this
material is one of the best studied AFIs with uniaxial anisotropy.””**
The single crystal a-Cr,O3 has a hexagonal (corundum) crystal
structure with the R3¢ space group. The magnetic structure is dic-
tated by layers of Cr’* ions (S = 3/2) with an antiparallel sublattice
spin alignment along the [0001] axis such that in the (0001) plane,
all Cr’" ions belong to the same antiferromagnetic sublattice. Previ-
ous spin transport experiments have shown that the transmission
of the spin current in Cr,O3; depends on its Néel vector orienta-
tion."*””"" The spin transmission is completely blocked below the
Néel temperature (Tn) if the Néel vector N of Cr, O3 (oriented along
the [0001] easy axis) is aligned perpendicular to the polarization of
the injected spin current. Interestingly, Cr,O3 abruptly becomes a
good spin conductor above T."*

The a-Cr,O3 thin films were grown by magnetron sputter
deposition (base pressure: 1077 mbar, Ar sputter pressure: 107>
mbar, and deposition rate: 0.04 nm/s) of a pure Cr,Os target
material (Robeko GmbH & Co. KG). To initiate the crystalliza-
tion of a-Cr,0s3, single-crystalline Al;O3 (0001) substrates (Crys-
tec GmbH) were heated to 850 °C before deposition. The a-Cr,O3
thin films were deposited at 700 °C. The samples were capped in
situ with a sputtered 3-nm-thick Pt layer at lower temperatures of
~100 °C (deposition rate 0.1 nm/s). The films were found to be of
high crystallinity and atomically smooth with single lattice steps
in height at the boundary between plateaus, as discussed in more
detail in Ref. 31. Structural characterization reveals (0001)-oriented
growth, assuring an out-of-plane easy axis of the Néel vector for
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250-nm-thick films. From cross-sectional transmission electron
microscopy (TEM) [see Fig. 1(a)], the films were found to be gran-
ular with about 50-nm-sized columnar grains with very high crys-
tallinity within each grain (see Sec. Slof the supplementary material
for further TEM characterization). Note also from Fig. 1(a) that the
Cr,03/Pt interface has a certain morphological roughness, probably
due to strain. However, we confirmed via energy-dispersive x-ray
spectroscopy (EDXS) in scanning TEM (STEM) mode that there is
no Pt diffusion into the Cr,Os3 film (see Fig. S2 of the supplementary
material). In our TEM and STEM-EDXS analyses, we also found no
hints of surface oxidation or other signs for damage to the Cr,O3
surface due to Pt deposition.

Multiple lateral devices were fabricated on one and the same
sample with electron beam lithography and Ar-ion milling (see Sec.
S2 of the supplementary material for further fabrication details). Fig-
ure 1(b) shows a schematic of a Pt—-Cr,O3—Pt nonlocal device with
two Pt strips, one acting as the injector and the other as the detector.
The length and width of the platinum strips for all devices studied
here are approximately L = 145 ym and W = 500 nm, respectively.
We prepared a series of nonlocal Pt-Cr,O3-Pt devices with an edge-
to-edge spacing d,,; between the two Pt strips varying from 0.4 ym
to 4 ym. Local and nonlocal voltage measurements were performed
using a quasi-DC method applying a DC current I = 150 A through
one of the Pt strips and periodically reversing its direction. We
measure both symmetric Vfoc(n,) = (Vioe(uy (I+) + Vigeary (I-)) /2
and antisymmetric Vi .y = (Vie(at) (I+) = Vioe(ty (I-))/2 volt-
ages for both local (loc) and nonlocal (nl) measurement configu-
rations. The antisymmetric voltage Vl'ffc(n,) and symmetric voltage

() o (b) WP

dAt
nl

FIG. 1. (a) Cross-sectional high-resolution TEM image of the Cr, 03Pt bilayer film.
A high crystalline quality of the a-Cr,03 individual grains and a sharp Cr,O3—Pt
interface are evident. (b) Device schematics with local and nonlocal measurement
configurations. An electric current / is applied at one Pt strip, and voltages can be
detected at the same strip (locally) or at the other strip (nonlocally). [(c)—(e)] Device
schematics with different external magnetic field H (yellow arrow) rotation planes:
(c) ip-rotation in the j~t plane with angle a = «jH (a-rotation), (d) oopj-rotation
in the t-n plane with angle 8 = < nH (B-rotation), and (e) oopt-rotation in the n-j
plane with angle y = « nH (y-rotation).
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Vi, ¢(n1) are equivalent to the first harmonic voltage (VY) and second

harmonic voltage (V¥) measured with an AC lock-in technique,
respectively.'>’* >

Driving a charge current through Pt can generate magnons in
a-Cr,0;3 via two different mechanisms, electrical and thermal.”*>*’
Due to the spin Hall effect inside Pt, a transverse spin current is gen-
erated orthogonal to the current direction, and a spin accumulation
s with spin polarization along the t axis builds up at the Pt-Cr,O3
interface. When a magnetic field is applied, it can cause canting of
the Cr’* moments in the two different magnetic sublattices, pro-
ducing a canted moment M. Nonequilibrium magnon spin accu-
mulation is created inside a-Cr,O3 via exchange interaction at the
interface if the spin accumulation direction ps is not orthogonal to
M. Additionally, Joule heating of the injector charge current cre-
ates a temperature gradient VT in a-Cr,O3, which thermally gener-
ates nonequilibrium magnons through the SSE. The nonequilibrium
magnons diffuse inside a-Cr,O3 and can be detected by the other (or
the same) Pt strip. Hereby, because of the ISHE, the magnon spin
current is converted into a charge current in Pt, producing a voltage
in open-circuit condition. The electrically generated magnon voltage
signal is contained in the antisymmetric part V{;‘c(nl) of the mea-
sured voltage, which is linear with current.'”” The voltage produced
thermally by the SSE is quadratic in current and is contained in the
symmetric part Vj, .,y (see Sec. 83 of the supplementary material for
further details).

We measured both the antisymmetric Vj;; ;) and the symmet-
ric Vi, (y Voltages in the local and nonlocal configurations, while
the external magnetic field H was rotated in three different orthogo-
nal planes, as depicted in Figs. 1(c)-1(e). The three orthogonal rota-
tion planes of the external magnetic field H are (1) ip-rotation in the
j—t plane with angle « = «jH (a-rotation), (2) oopj-rotation in the
t-n plane with angle 8 = « nH (f-rotation), and (3) oopt-rotation in
the n—j plane with angle y = 2 nH (y-rotation). For the antisymmet-
ric signal Vi), no modulation was observed at any temperature
and magnetic field (see Sec. S5 of the supplementary material for
further details). This can be rationalized considering that in our
measurement configuration, the spin accumulation direction g (in-
plane) is perpendicular to the Néel vector N (out-of-plane). There-
fore, the electrical excitation of magnons is inefficient.'*”’ In the
following, we therefore focus only on the symmetric voltage V1)
which includes the thermally generated SSE signal.

Figure 2 summarizes the angular dependence of the local and
nonlocal SSE voltages for all three rotation planes at 10 K. A con-
stant, angle-independent voltage offset was subtracted from all the
data (see Sec. S4 of the supplementary material for further details).
The angular dependence was measured applying a magnetic field
uoH = 2 T, large enough to create a small canting of the Cr**
moments along the field direction. A clear modulation of the local
voltage can be observed for the a- and -rotation planes in Fig. 2(a).
The angular dependence follows a sin(«, §) dependence. This agrees
with the expected behavior for the spin Seebeck effect’® and thus
confirms the notion that the symmetric V;_ arises due to magnons
excited thermally. In contrast, if the magnons were generated elec-
trically, one would expect a sin*(a, 8) behavior.” In a simple micro-
scopic picture, we thus assume that if the magnetic field is applied
perpendicular to the [0001] easy axis (along n), a finite canting is
induced, and consequently, a finite magnetization M, appears in
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FIG. 2. Magnetic-field-orientation-dependent evolution of the voltage symmetric
in current Vioc(nl) (i.e., SSE voltage) measured at 10 K for the device with dy
= 0.4 um. A magnetic field of yoH = 2 T was hereby used to induce a canted
moment Mcyt in a-Cr203. (a) The local SSE voltage signal V; = shows a clear
modulation only for a- and B-rotations. (b) The same sin («, ) modulation with
opposite sign is observed for the nonlocal SSE voltage signal V*,. Note that an
average offset voltage signal was subtracted.

a-Cr,03. The induced magnetization, in turn, gives rise to a finite
spin Seebeck effect, which is maximum if H||t, i.e., when the spin
accumulation p direction and the induced magnetization My align
(anti-)parallel. Consequently, the SSE vanishes, and no voltage mod-
ulation can be observed in the y-rotation plane, where the induced
magnetization M, is always perpendicular to s (or t) and thus can-
not generate a voltage in the given geometry (no magnons can be
excited or detected).

For the nonlocal signal, a slightly different behavior is observed,
as shown in Fig. 2(b). Although the signal magnitude is smaller, a
clear modulation of the nonlocal SSE voltage (V7)) is observed dur-
ing magnetic field rotation in the a- and -plane. The signal is similar
to the local Vfoc and follows a sin(a, ) dependence, however, with
opposite sign. In thermally excited magnon transport experiments
in ferrimagnetic YIG, the sign of the nonlocal SSE signal reverses at
a critical distance dye,. The critical distance dy., is determined by the
thickness of the magnetic insulator and the interfacial spin trans-
parency of the injector (detector) contacts.’””””**" In our case, we
thus infer that the injector—detector separation d,,; is larger than de,
in all the devices since we invariably observe the same sign in V},
which is opposite to the sign of V.

Figure 3 shows the nonlocal SSE signal at several temperatures,
measured with an applied magnetic field of yoH = 2 T rotated in-
plane (a-rotation). A significant change of the local and nonlocal
signal magnitudes as a function of temperature is evident from the
data. Both the local and nonlocal signals show a stronger modula-
tion for lower temperatures, while the modulation seems to disap-
pear at higher temperatures. The amplitude of the voltage modula-
tion A}, represents the SSE signal without thermoelectric offsets.
Expressing our SSE signal magnitude in a nonlocal resis\t/ance (nor-

malized to the wire length), we obtain values of ~0.23 —= in good
um.
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FIG. 3. The angle dependence of (a) the local SSE signal V; _and (b) the nonlocal
SSE signal V7, is shown here for several temperatures between 4 K and 50 K

for the device with dj = 0.4 um. Here, Afnc(m) indicated by arrow represent the

amplitude of SSE signal modulation. A clear increase of the amplitude of the SSE

signal modulation Afoc(nz) is evident toward lower temperatures. An average offset

voltage independent of the magnetic field direction was subtracted from the data.

agreement with Yuan et al.'” (see Sec. S4 of the supplementary mate-
rial for more details). To better compare the temperature evolution,
the amplitudes of the voltage modulations A}, (,; were extracted
using a sin(a) fit and compiled in Fig. 4. Although both the local
and the nonlocal signals saturate at low temperatures, the local sig-
nal A, saturates already around 10 K, while the modulation in the
nonlocal voltage A, does so only below 5 K. In addition, the mod-
ulation in the local SSE signal vanishes at around 100 K, whereas

T (K)
5020 10 5 4 3
< 3071 (@) B g B B8 0 1
E’ Ch
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T &
0! L L L ]
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FIG. 4. The amplitudes of the sina-type modulation A;M(nl) in (a) the local and

(b) the nonlocal SSE voltages as a function of reciprocal temperature for devices
with different dy,. A clear increase of the signals toward lower temperatures is
evident. Interestingly, the local signal V; _saturates already around 10 K, while
the nonlocal signal V7, saturates only around 5 K. The measurements were done
with an in-plane magnetic field (a-rotation) ugH=2T.
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the nonlocal SSE signal disappears already above 20 K. This suggests
that although the general trends are similar, the detailed mecha-
nisms relevant for the local and nonlocal SSE signals might differ.
This can be understood considering that the thermal magnon excita-
tion which is important for the local SSE signal, depends only on the
temperature gradient VT, underneath the injector, while the non-
local signal is caused by magnon transport reaching far beyond the
thermal gradient generated by the injected electrode.

So far, the exact nature of the increase of the thermal sig-
nal at low temperatures is not fully resolved. In Ref. 19, the low-
temperature saturation in the nonlocal signal was attributed to a
spin-superfluid ground state in the antiferromagnetic Cr,0O3, result-
ing from spontaneous breaking of the uniaxial symmetry. How-
ever, a similar behavior was also observed in Pt-YIG-Pt lateral
devices, where a spin-superfluid ground state cannot be realized."’
Furthermore, in MnF,-Pt bilayers, the temperature dependence of
the SSE signal shows a magnetic-field-dependent peak around T ~
7 K, which approximately matches the peak in thermal conductiv-
ity of MnF,.” In the case of Cr,03, a peak in thermal conductivity
was observed for T ~ 30 K.’ Taken together, the low-temperature
SSE response in antiferromagnets is far from well understood and
requires further investigation.

Finally, we measured the evolution of the nonlocal SSE signal
A;,; as a function of the injector-detector separation d,;, as shown
in Fig. 5. Beyond d,; = 4 ym, we could not measure A}, accurately
anymore as the nonlocal voltage reached the noise level of the nano-
voltmeter, and the signal-to-noise ratio becomes too small. There-
fore, we focus only on the “small-distance” regime here. The length
scale for the magnon spin current can be estimated from this A;,;
vs d,; data considering a one-dimensional spin diffusion model that
describes the decay as™

dy
AS = Cexp(—l—l), (1)
where [, is the magnon spin diffusion length and C is a constant
independent of d,;. We find that this simple exponential decay of
the signal (red line) fits best to the measured data, and we estimate

- Aexp(_an/Im)
- A/(dnl + /m)

a1 (NV)

F poH=T7T, T=3K

1 2 3 4
dnl (Nm)

FIG. 5. The nonlocal SSE signal decreases for increasing injector-detector sep-
aration d,. Hereby, the decay is better described by an exponential, rather than
an algebraic decay, as discussed in more detalil in the text. The data were taken
with an applied magnetic field of yoH = 7 T at 3 K. We estimate a characteristic
magnon decay length I, ~ 500 nm under these conditions.
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Iy = 500 nm at 3 K. This is quite small compared to the magnon spin
diffusion length in the ferrimagnetic insulator YIG, where I,, = 40
um at T = 3.5 K was reported using a similar nonlocal method."
This is also quite small compared to the magnon spin diffusion
length in other antiferromagnets such as a-Fe;O3 with I, = 9 ym
at 200 K."* In previous spin transport experiments in Cr,O3 thin
films, Yuan et al."” reported a very large I,, = 16.3 yum and assumed a
spin-superfluid ground state to be realized in Cr,O3. However, short
(<10 nm) spin decay lengths through AFIs were observed in vertical
(longitudinal geometry) spin transport devices."”

In magnon spin transport experiments in YIG, three distinct
transport regimes have been identified. For very short distances (d
<« I;n), the magnon signals typically drop faster than the exponential
decay [Eq. (1)].77"° Thereafter, for intermediate distances, an expo-
nential decay is observed.”’ This regime is called the “exponential
regime” or “relaxation regime.” Beyond this intermediate regime,
A, shows a geometrical decay as AS; ~ dizl.*" In this geometrical-
decay regime, the signal is controlled by the temperature gradient
VT present close to the detector, which also generates a magnon
spin current that contributes to the measured nonlocal SSE signal.
The good match of AY, to Eq. (1) shown in Fig. 5 indicates that the
spin signal in our case is dominated by magnon relaxation rather
than diffusive transport.

In case of a spin-superfluid ground state, the nonlocal signal
was predicted to follow a decay of the form'”"”

1
AS w ——. 2
nl d,,l+lm ( )

As evident from Fig. 5, in our case, the exponential decay given by
Eq. (1) fits much better to the data than an algebraic decay given by
Eq. (2).

The relatively short magnon relaxation length along with the
strong temperature dependence observed in our experiment sug-
gests that temperature-dependent inelastic magnon scattering pro-
cesses play an important role in long-range magnon transport
through antiferromagnets.””** Note that from our previous struc-
tural and magnetic characterization of a-Cr,O3 thin films (see Sec.
S1 of the supplementary material), we have found that our films
are of high crystalline quality but granular with a typical grain size
of ~50 nm. In addition, they contain magnetic domains of typical
dimension ~230 nm.”"***" The similar scale of the magnon spin
relaxation length /,, and domain size suggests that inelastic magnon
scattering processes from uncompensated magnetic moments at
the grain boundaries or antiferromagnetic domain walls signifi-
cantly impact or even dominate magnon transport in our a-Cr,O3
thin films.>*" Note that also in YIG, the magnon spin diffusion
length depends strongly on the crystalline quality and texture. For
example, at room temperature, /,, = 38 nm for sputtered YIG,*
ln = 140 nm for pulsed-laser-deposited YIG,"’and I, = 9.4 ym for
liquid-phase-epitaxy YIG were observed.”

In summary, we performed a detailed study of thermally
excited magnon transport in antiferromagnetic a-Cr,O3 thin films
using a nonlocal device geometry. No direct electronic excitation
of magnons could be observed, while a clear voltage signal arising
from thermally generated magnons was picked up in the symmetric
voltage. We found that the thermally generated local and nonlocal
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voltages, measured while rotating a magnetic field of constant mag-
nitude in three orthogonal planes, follow sin(a) or sin(/3) dependen-
cies, as expected for the SSE. Temperature-dependent measurements
showed that the SSE signals increase with decreasing temperature
and saturate at very low temperatures. Finally, we estimated the
length scale over which the thermally generated magnons diffuse by
measuring the nonlocal SSE voltage signal as a function of the spa-
tial separation of the injector and detector Pt strips. We conclude
that magnon transport in our «-Cr, O3 thin films is governed mainly
by relaxation processes with a characteristic magnon spin diffusion
length of I,, = 500 nm. The comparatively short magnon spin diffu-
sion length and the strong temperature dependence of both the local
and nonlocal SSE signals suggest that inelastic magnon scattering
processes at the grain boundary or antiferromagnetic domain walls
dominate the magnon transport at short distances in our samples.
Our findings can inspire antiferromagnetic magnonic devices, such
as non-volatile memory storage, logic gates, analog data processing,
and quantum computing.

See the supplementary material for further details of TEM char-
acterization (S1), device fabrication (S2), current dependence of the
nonlocal signal (S3), thermoelectric offsets (S4), angle dependence
of the antisymmetric voltage (S5), field dependence of the SSE signal
(S6), and temperature dependence of Pt (S7).
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