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We report intrinsic spin decay length of an antiferromagnetic insulator. We found that at an antiferromag-
netic/ferromagnetic interface, a spin current generated by spin pumping is strongly suppressed by two-magnon
scattering. By eliminating the two-magnon contribution, we discovered that the characteristic length of spin
decay in polycrystalline NiO changes by two orders of magnitude through the paramagnetic to antiferromagnetic
transition. The spin decay length in the antiferromagnetic state is around 100 nm, which is an order of magnitude
longer than that previously believed. These results provide a crucial piece of information for the fundamental

understanding of the physics of spin transport.
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I. INTRODUCTION

Spintronics relies on the transport of spins in condensed
matter [1-3]. Spin transport has been investigated in a variety
of materials, including metals, semiconductors, and insula-
tors. In metals and semiconductors, spins are transported
by the diffusion of conduction electrons [3]. In contrast, in
magnetically ordered materials, spins can be transported even
in the absence of conduction electrons; spins are carried by the
elementary excitations of magnetic moments, magnons [4].
The magnonic spin current in insulators is of particular recent
interest because this sets a new direction for experimental and
theoretical studies of the physics of spin transport [5,6].

Antiferromagnetic insulators is a new class of materials
for spin transport [7-9]. This class of materials potentially
entails a number of advantages as compared to ferromagnets;
antiferromagnets are robust against external magnetic fields,
produce no stray fields, and display ultrafast dynamics. Since
the first observation of the transmission of spins through an
antiferromagnetic insulator NiO [10-12], intense experimen-
tal and theoretical efforts have been invested in unraveling the
physics of the spin transport in antiferromagnetic insulators
[10-22]. Recent studies have shown that antiferromagnets
allow long-distance spin transport [21,22]. However, the long
spin decay length has been observed only in single crystals us-
ing nonlocal techniques; the spin decay length in amorphous
or polycrystalline antiferromagnets is known to be limited to
only a few nanometers [9].

In this paper, we demonstrate that the spin decay length
of polycrystalline NiO, a prototypical antiferromagnetic in-
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sulator, is around 100 nm, which is an order of magnitude
longer than that previously believed. We found that the spin
decay length in NiO with columnar structure changes by
two orders of magnitude through the paramagnetic to anti-
ferromagnetic transition. These are evidenced by revealing
the intrinsic character of magnonic spin transport by elim-
inating a two-magnon contribution in the spin-transmission
signal. This result illustrates an essential role of the magnetic
order in spin transport and shows the potential of poly-
crystalline antiferromagnetic insulators for good spin-current
conductors.

II. METHODS

To quantify the intrinsic spin decay length of polycrys-
talline NiO, we prepared Nig;Fe 9(8)/NiO(dnio)/Pt(5) tri-
layers on thermally oxidized Si substrates by rf magnetron
sputtering at room temperature [see Fig. 1(a)]. The numbers
in brackets represent the thickness of each layer in nm unit,
where dnio = 0 to 10.5 nm. Here, the NiO layer is poly-
crystalline, which is evidenced by the x-ray diffractometry
[23]. The Nig,Fej9 layer, capped by 4-nm-thick SiO,, is a
1 x 1.5 mm? rectangular shape. For the Nig;Feo/NiO/Pt tri-
layers, we measured the spin pumping by varying a magnetic
field H applied at an angle of 8y from the film normal at
room temperature [see Fig. 1(a)]. The spin pumping from
the Nig;Feg layer injects a spin current into the NiO layer
[24]. The spin current reaching the Pt layer is converted
into an electric voltage Visyg through the inverse spin Hall
effect (ISHE) in the Pt layer [25], and thus the spin-current
decay in the NiO layer can be characterized by measuring
the dnio dependence of Visye. In Fig. 1(b), we show the H
dependence of the microwave absorption intensity /(H) and
voltage V (H) signals for the Nig,Fe 9 /NiO/Pt trilayers with
dnio = 0 and 4.1 nm at 8y = 90°. For the measurement, the
Nig; Fe 9/NiO/Pt trilayer was placed at the center of a TEq,
cavity with the frequency of f = 9.43 GHz and power of
P = 200 mW, and we measured dc electric voltage V between
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FIG. 1. (a) A schematic illustration of the Nig,Fe;9/NiO/Pt tri-
layer. H denotes the external magnetic field. M and 6, represent the
equilibrium direction of the magnetization when H is applied at an
angle of 6y from the film normal. (b) Magnetic field H dependence of
the microwave absorption signal d//dH and voltage signal V for the
Nig; Fe9/NiO/Pt trilayers with dyio = 0 (black) and 4.1 nm (red). /
is the microwave absorption intensity and H, is the FMR field.

electrodes attached to the edges of the film [see Fig. 1(a)].
Figure 1(b) shows that the ISHE voltage Visyg is generated
around the FMR field H = H,.. This result also shows that
Visue = V (H,es) is strongly suppressed by inserting the NiO
layer, as expected for the spin-current decay in the antiferro-
magnet.

III. RESULTS AND DISCUSSION

Our finding is that magnetic-field angle 6y dependence of
Visue strongly depends on the NiO thickness dio. In Fig. 2(a),
we show the 6y dependence of Vigyg for the Nig;Fe 9 /NiO/Pt
trilayers with various dyjo. This result shows that the Oy
dependence of Vigyg for the trilayers with different dy;o is the
same only around 6y = 0. Here, the variation of Vigyg for the
film with dnjo = 0 nm is consistent with the standard model
of the spin pumping and ISHE [26]. In this model, when the
magnetic damping constant « is independent of 6y, the spin

current generated by the spin pumping is expressed as [26]
glflfhzhyzw
A2 A(Oy)[ (4t Ms)2y? sin® Oy + 4w?]’

ey

where g;ff is the effective spin-mixing conductance,
h is the microwave magnetic field, y is the gyro-
Mg is the saturation magnetization,
is the out-of-plane angle of the
l(@)]. AOm) =
2w[4m M,y sin® Oy + /(4w Mgy )? sin® 0y + 4(1)2]_l is the
When the magnetization-
precession axis is oblique to the film plane, the ISHE
voltage Visyg is proportional to js(0)sin6)y because of
JPUINGP x o [26], where P is the spin current density
injected into the Pt layer and j is the charge current
density generated by the ISHE. o is the spin-polarization
direction of the spin current, which is parallel to the
magnetization-precession axis. As shown in Fig. 2(a),
this model well reproduces the experimental data only for
dnio = 0 nm (see the solid curve). For the calculation,
we determined 0y, and M from measured 6y dependence
of Hs, shown in Fig. 2(b), by solving w = y/HxHy,
where o =2mf, Hy = Hyscos(Oy — 6y) — Megr cos? Oy,
and Hy = H,escos(0y — Oy ) — Megr cos(20,,) [27-31] [see
the inset to Figs. 2(b) and 2(c)]. M =~ M is the effective
demagnetization field.

To clarify the origin of the anomaly in the 8y dependence
of Visug for the NigiFe 9 /NiO/Pt trilayers with dyio 7 0 nm,
we plot 6y, dependence of Visyg in Fig. 2(c). Since jft(QM)
does not change drastically with 6y, Visyg is approximately
proportional to sin 6. In fact, the 6y, dependence of Visyg
is consistent with this scenario for the NigFe /Pt bilayer
(dnio = 0 nm). However, for the Nig;Fe 9/NiO/Pt trilayers,
the measured Visyg values are proportional to sin 6y, only at
|6p| < 45° as shown in Fig. 2(c); Visye deviates from sin 6,
at |0y > 45° with increasing the thickness of the NiO layer.

The drastic change in Vispgg at |6y| > 45° indicates that
the nontrivial variation of Vigyg is caused by two-magnon
scattering in the Nig;Fe 9/NiO/Pt trilayers. The two-magnon
scattering can be induced only when |6y/| > 45° because the
degenerated states with kK = 0 mode disappear at |6),| < 45°

magnetization-precession axis [see Fig.
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FIG. 2. (a) Out-of-plane magnetic field angle 6y dependence of the ISHE voltage Visyg for the Nig, Fe 9/NiO/Pt trilayers with dyio = 0,
4.1, 7.2, and 10.5 nm. The solid curve is the theoretical prediction based on the model of the spin pumping and ISHE, j;(8),) sin 6y,. (b) 6y
dependence of the FMR field H, for dnio = 0 and 4.1 nm. The solid curves are the fitting results. The inset sows the dy;o dependence
of the effective demagnetization field M.g. (c) Out-of-plane angle of the magnetization-precession axis, 6y, dependence of Visyg for the
Nig; Fe 9 /NiO/Pt trilayers. The solid curve is a function proportional to sin 6,,. The inset shows 6y dependence of ), for dnjo = 0.
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FIG. 3. (a) 6y dependence of the peak-to-peak FMR linewidth
AH for dnio =0 nm and 4.1 nm. The open circles are the
experimental data and the solid curves are the fitting results
[23]. (b) The relation between the amplitude of the two-magnon
scattering Crys and AVisug = ViS5 (0 = 90°)/Vi&e (0 = 10°) —
Visie @ = 90°)/Vigis (0 = 10°), where Vg‘;ﬁ(e”’)(ey) is the calcu-
lated(measured) ISHE voltage at 6y . (c) dn;o dependence of the mag-
netic damping constant «. (d) dnio dependence of Vigyg at 6y = 90°
(open circles) and 40° (solid circles). The solid line in black is the
fitting result using an exponential function, exp(—dnio/Anio), for
dnio < 3 nm. The solid lines in blue and red are the fitting result
for the data at 6y, = 90° and 6, = 40° for dnjo > 3 nm, respectively.

[30-32]. Here, as shown in Fig. 1(b), the peak-to-peak FMR
linewidth AH is clearly enhanced by inserting the NiO layer,
despite the negligible change in the effective demagnetization
field M. [see the inset to Fig. 2(b)]. To quantitatively study
the damping enhancement induced by the NiO insertion, we
plot 6y dependence of AH in Fig. 3(a). Figure 3(a) shows
AHOy =0y =0°) = AH(Oy = 60y =90°) for dnio =0
nm, while AHOy =0y =0°) < AH(Oy = 0y = 90°) for
dnio = 4.1 nm. This result indicates that AH (6 = 90°) for
the Nig; Fe 9/NiO/Pt trilayer is influenced by the two-magnon
scattering. In fact, the measured 6y dependence of AH is
well reproduced by a calculation which takes into account
the additional damping due to the two-magnon scattering
as shown in Fig. 3(a) [28,33] (for details, see Ref. [23]). To
clarify the relation between the amplitude of the two-magnon
scattering Crys and the voltage suppression, we characterize
the suppression of Visgg induced by the NiO insertion
as the difference between the measured Visyg and Visge
calculated using the conventional spin-pumping model,
AVisi = Vi (0 = 90°)/ Vil (O = 10°) — Vgl (O =

90°)/Vispe (On = 10°), where Vi (6y) and Vg () are

the calculated and measured ISHE voltage at 6, respectively
[see Fig. 2(a)]. In Fig. 3(b), we plot AVisye with respect to
Crms, extracted by the calculation shown in Fig. 3(a). As
shown in Fig. 3(b), AVisug increases with Crys, supporting
that the suppressed Visyg signals at |6,/] > 45° is caused by
the two-magnon scattering.

The two-magnon scattering in the NigFe;9/NiO/Pt tri-
layers is caused by a random fluctuation of the exchange
bias, which is inevitable in ferromagnetic/antiferromagnetic
junctions. The two-magnon scattering is known to be acti-
vated by the random fluctuation of uniaxial anisotropy, sur-
face/interface roughness, and defects [28-31,34]. Here, we
found that the surface roughness of the NiO layer is almost
unchanged with dyjo [23], showing that the two-magnon
scattering cannot be attributed to the roughness effect be-
cause the two-magnon scattering increases with dyjo in the
Nig; Fe19/NiO/Pt trilayer [see Fig. 2(c)]. We note that in the
Nig;Fe 9 /NiO/Pt trilayers, the NiO layer is polycrystalline,
as evidenced by the x-ray diffractometry [23]. This suggests
that the two-magnon scattering is induced by the random
fluctuation of uniaxial anisotropy due to randomly oriented
exchange bias fields, which is caused by statistical distribution
of antiferromagnetic grains in the polycrystalline NiO layer
[33]. The random fluctuation of uniaxial anisotropy due to
the randomly oriented exchange bias increases with dnio [33],
and thus the amplitude of the two-magnon scattering Crms
increases with dy;o, which is consistent with the enhance-
ment of the two-magnon scattering by increasing dyio in the
Nig; Fe19/NiO/Pt device.

From the calculation of the 6y dependence of AH, we also
extracted the damping constant o« = uo[AH — (AHinhomo +
AHrys)1(v/3/2)(y E/w), where AHippomo and AHrys are
the linewidth due to inhomogeneity and two-magnon scat-
tering, respectively. E is the dragging function [23]. Fig-
ure 3(c) shows that o decreases at dyjo = 2.0 nm, while
o increases above dnio = 4.1 nm, consistent with previ-
ous reports [10,12]; o decreases due to the decoupling
of the Nig Fej9 and Pt layers by the insulating and non-
Néel-ordered NiO layer because the Néel temperature of
2-nm-thick NiO is below the room temperature [35-37].
Above dnio = 4.1 nm, « increases because of the enhanced
antiferromagnetic correlation due to the thickness growth
[10,38].

Commonly, the spin decay length Anjo of NiO is obtained
from the thickness dyjo dependence of Visyg at Oy = 6y =
90° [10-12]. Following this procedure, we plot the dnio
dependence of Visyg at 6y = 90° in Fig. 3(d). This result
shows that the spin decay length is increased from Anio = 1.9
nm for dnjo < 3 nm to Anio = 7.9 £ 2.3 nm for dnjo > 3 nm.
The increase of Anjo can be attributed to the paramagnetic
to antiferromagnetic transition; for dnjo < 3 nm, the Néel
temperature is lower than the room temperature, while the
NiO layer with dnijo > 3 nm is antiferromagnetic at room
temperature [10,35,36]. Anio =~ 8 nm in the antiferromagnetic
state is consistent with previous reports [10,12]. However, we
note that, as is clear from Fig. 2(a), the Visyg signals at 6y =
90° are strongly suppressed by the two-magnon scattering.
This results in underestimation of the spin decay length in
the antiferromagnetic state because the voltage suppression
increases with dy;o.
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FIG. 4. (a) 6y dependence of Visyg for the Nig Fe9/NiO/Pt
trilayers with dnijo = 0, 13, 51, and 96 nm. (b) dnio dependence of
Visug at 6y = 40°. The solid line in black is the fitting result using an
exponential function, exp(—dnio/Anio)s for dnio < 2 nm. The solid
line in red is the fitting result for dy;o > 6 nm.

The intrinsic spin decay length, where the two-magnon
contribution is excluded, can be determined only from the
dnio dependence of Visyg at |0| < 45°, where the voltage
suppression due to the two-magnon scattering is absent. As
shown in Fig. 3(d), the dnio dependence of Visyg at 6y, = 40°
is clearly different from that at 6y, = 90°; at 6y, = 40°, Visgg
is almost independent of dyjo, indicating that Anjo is much
larger than 10 nm.

To quantify the intrinsic spin decay length in NiO, we
measured the 6y dependence of Visyg for Nig;Fej9/NiO/Pt
devices with large dnjo, as shown in Fig. 4(a). The devices are
a different batch from those used to obtain the data shown in
Figs. 1-3. The NiO layer is composed of dense columns with
in-plane size of around 20 nm as confirmed by transmission
electron microscopy (TEM) and atomic force microscopy
[23]. Figure 4(a) shows that Visyg is suppressed by the two-
magnon scattering, although the two-magnon effect is weaker
than that in Fig. 2(c). This result also shows that Visyg can be
observed even for dyjo = 128 nm. We have checked the insu-
lating property of the NiO layer and found that the resistance
of the NiO layer is high enough to electrically separate the Pt

and Nig; Fe 9 layers [23]. Thus the measured signals can only
be attributed to the ISHE voltage generated in the Pt layer.

In Fig. 4(b), we plot the dnio dependence of Vigyg at 0y =
40°. This result shows that the intrinsic spin decay length of
the polycrystalline NiO layer in the antiferromagnetic state
is Anio = 102 32 nm, which is almost ten times longer
than previously reported values [10,12]. This result shows
that the characteristic length of spin decay in NiO changes
by two-orders of magnitude through the paramagnetic to
antiferromagnetic transition, illustrating the crucial role of
the antiferromagnetic order for efficient spin transport in
antiferromagnetic insulators.

IV. CONCLUSIONS

In summary, we investigated magnonic spin transport in an
antiferromagnetic insulator NiO. We found that in the in-plane
magnetic field geometry, the spin transport signal is strongly
suppressed by the two-magnon scattering. Our result shows
that the intrinsic spin decay length of polycrystalline NiO
with columnar structure is around 100 nm, which is an order
of magnitude longer than that previously believed. We note
that the two-magnon scattering at the Nig;Fe;9/NiO interface
arises from the randomly oriented exchange bias fields, which
is inevitable in ferromagnet/antiferromagnet junctions. This
indicates that the effect from the two-magnon scattering is
ubiquitous in antiferromagnetic spin-transport studies via var-
ious techniques including the spin Seebeck and spin pumping.
As long as a ferromagnet is used as a spin current injector,
the two-magnon scattering masks the intrinsic spin transport
properties in antiferromagnets.
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