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We report a quantitative study of two-magnon scattering in Nig Feo/NiO bilayers with various NiO
thicknesses dnio. We found that the magnetic damping of the Nig, Fe o/NiO bilayer strongly depends on dyio,
which evidences that the amplitude of the two-magnon scattering increases with increasing the thickness
of the antiferromagnetic layer. The enhancement of the two-magnon scattering in the Nig;Fe;o/NiO bilayer
is attributed to the increase of randomly distributed antiferromagnetic exchange fields. We calculated the
spin-mixing conductance by eliminating the effect of the two-magnon scattering, and found that the value is

at 8.1nm~2 for the Nig Fe o/NiO interface. Our result gives further insight on the role of the two-magnon
scattering in manipulating magnetic damping, which is crucial for generation and transmission of spin currents

in ferromagnet/antiferromagnet systems.
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I. INTRODUCTION

Magnons, the quasiparticle of collective excitation of elec-
trons’ spin, show a variety of scattering processes in solids
[1]. Such scattering processes are governed by numerous
factors, such as dipole/exchange interaction and impurities
or defects in crystals. Although a number of experimental
and theoretical efforts have been made so far [2—11], further
fundamental understanding on the magnon scattering and
relaxation processes is still necessary for the development of
magnon spintronics and magnonics because it is crucial for
the generation and transmission of spin currents in magnetic
systems.

Recently, antiferromagnetic materials (AFMs) have at-
tracted increasing interest in spintronics because of their
robustness against an external magnetic field and potential for
terahertz applications [12—14]. It has been reported that some
of AF insulators (AFIs) exhibit highly efficient spin transport
properties in ferromagnetic material (FM)/AFI/nonmagnetic
metal (NM, e.g., Pt) trilayers [15-24]. In a FM/AFI/NM
trilayer, the spin-current transmission from FM to NM can
be enhanced, rather than attenuated, by AFI when the thick-
ness of the AFI layer is optimized [15-17]. Its mechanism
remains unclear. Furthermore, although numerous works in
FM/AFI/NM structures have been conducted, quantitative
study of extra magnetic damping induced by interlayer ex-
change coupling at FM/AFI interfaces, has not been reported
yet.

In FM/AFM heterostructures, the magnetization damping
of the FM layer has been shown to be affected by two-
magnon scattering [5,25]. In the two-magnon scattering, a
magnon mode scatters into a different mode with changing
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its wave number k. Defects and surface pits in a crystal
induce this scattering because such crystal disorders break the
translational space symmetry, which allows the scattering pro-
cesses where k is not conserved [1,4,7-9]. Since the magnon
scattering strongly affects the spin-current generation from
FM [3,6], clarifying the role of the two-magnon scattering
in AFI-based systems is indispensable for the fundamental
understanding of the generation and transmission of spin
currents in antiferromagnetic heterostructures.

In this paper, we investigate the two-magnon scattering in
a SiO,-cap (3 nm)/Nig;Fej9 (Py, 8 nm)/NiO (dnio) layered
structure with various dyio. We measured angular-dependent
ferromagnetic resonance (AD-FMR) to extract and separate
extrinsic and intrinsic magnetic damping contributions of the
Py layer. There are a considerable number of experimental
reports on the two-magnon scattering in thin-film ferromag-
nets [11,26-33]. We here show the possibility to tune the
amplitude of the two-magnon scattering by tuning the NiO
thickness in the Py/NiO bilayer. Our result shows that the
amplitude of the two-magnon scattering can be changed by
a factor of more than 10 by tuning the thickness of the NiO
layer.

II. EXPERIMENTAL METHODS

The SiO;-cap (3 nm)/Py (8 nm)/NiO (dnio) layered struc-
tures shown in Fig. 1(a) were fabricated on 10 x 10 mm SiO,
substrates with NiO thicknesses dnjo = 0-12.5 nm. First, the
NiO layer was deposited by radio frequency (RF) magnetron
sputtering with a base pressure in 107> Pa range and Ar
pressure of 0.3 Pa during the deposition. We used a NiO
target and no oxygen gas was introduced in the chamber for
the NiO deposition. After preparing all the NiO films with
various dyio, the 8-nm-thick Py layer was sputtered on all
the samples in the same batch. Then, the 3-nm-thick SiO,
capping layer was sputtered to avoid the surface oxidation
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FIG. 1. (a) A schematic illustration of the sample structure. (b)
The results of the XRR measurements (black line) and their fitting
curves (red line) for the dyjo = 4.9 and 12.5 nm samples. (c) The
result of the XRD measurement for the dnio = 72.0 nm sample. The
peak at 20 around 69° originates from the substrate. The black curve
is the raw data and red curve is the smoothed data. (d) NiO thickness
dnio dependence of the NiO surface roughness Adyijo measured by
AFMi (red) and XRR (blue).

of the Py layer in ambient circumstance. All the sputtering
processes were performed at room temperature. The thick-
ness and surface roughness of the NiO layer were evaluated
by measuring the x-ray reflectometry (XRR) before the Py
deposition [Fig. 1(b)]. We also show the x-ray diffractometry
(XRD) result in Fig. 1(c). As shown in Fig. 1(c), three peaks
from NiO [(111), (220), and (200)] were observed, which
unveils the crystallinity of the NiO layer to be polycrystalline.
The surface roughness of the NiO layer, or the interface
roughness between the NiO and Py layers, was also evaluated
using atomic force microscopy (AFMi). The roughness Adnio
obtained from AFMi is in good agreement with that obtained
from XRR, as plotted in Fig. 1(d). This result indicates that
the surface roughness of the NiO layer is almost independent
of the NiO thickness for dnjo < 12.5 nm.

Figure 2(a) describes the geometry of out-of-plane AD-
FMR. The FMR measurements were performed at a fixed
microwave frequency of 9.42 GHz and power of 1 mW,
while sweeping the external magnetic field H up to 1 T.
The magnetic field H was applied at an angle of 8y from
the normal direction of the film plane in this measurement.
We conducted the AD-FMR measurement for all the sam-
ples within 6y = £90°. All measurements were performed at
room temperature.
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FIG. 2. (a) The measurement geometry of the out-of-plane
angular-dependent ferromagnetic resonance (AD-FMR). The defini-
tion of the angles, 0y and 6, is also shown. (b) The FMR spectrum
for the dnio = Onm sample at 8y = 90° (open circles) and its fitting
curve (red curve). (c) The FMR spectra for the dyijo = 10.7nm
sample at various 0.

III. THEORETICAL BACKGROUND

When the external magnetic field is applied oblique to the
film plane, the FMR frequency is expressed as [§—11,34]

JrmMr = L\/ HyHy, (1

2
where
Hy = H cos(0y — 0y) — Megs cOs> Oy, 2)
Hy = HCOS(@H — 9M) — Meff COS(29M). (3)

Here, y = gup/h is the gyromagnetic ratio and g is the g
factor. H is the strength of the external static magnetic field
applied at an angle 8y with respect to the film normal, 6,,
is the equilibrium angle of the tipped magnetization M with
the film normal as depicted in Fig. 2(a), and M = H, +
47 M is the effective magnetization, where 4w M, and H,
are the saturation magnetization and the uniaxial out-of-plane
anisotropy. In this notation, a positive value of H, corresponds
to the existence of a hard axis to the film normal direction [11].

Equations (1)—(3) assume that no in-plane anisotropy is
present in the film. This is reasonable for the macroscopic
scale Py/NiO film, since Py is known to exhibit negligi-
ble in-plane anisotropy [35], and we did no treatment for
exchange bias to appear macroscopically, such as the field
cooling and in-field deposition. We also performed VSM
magnetometry and confirmed that no sample showed the shift
of magnetic hysteresis loop, which indicates the exchange
bias is negligibly small in our samples. However, from the
microscopic point of view, exchange bias must exist at the
Py/NiO interface. Here, the NiO film has antiferromagnetic
orientation of magnetization in each grain whose size lies be-
low 20 nm, which does not depend on film thickness as long as
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the deposition condition is unchanged [36,37]. They are also
randomly distributed over the film due to its polycrystalline
nature confirmed by the XRD measurements. Although the
sum of all exchange bias from each grain ends up in zero in
macroscopic scale, each antiferromagnetic grain in the NiO
film can induce in-plane anisotropy on the Py magnetization
nearby [38]. The randomly oriented NiO grains form random
magnetization alignment in the whole Py film. Thus, this
spatially random exchange field acts as a magnetic disorder
in the Py film, which can activate two-magnon scattering.
We take into account this effect as the fluctuation of H,
to use the well-developed two-magnon scattering analysis
[11]. This is reasonable, since H, is positive for 8-nm Py
thin film [39], which means that the magnetization favors an
in-plane orientation. How strongly the Py magnetization is
stuck in the film plane also depends on the position-dependent
microscopic exchange field from each NiO grain, which can
be translated to the spatial fluctuation of H, over the film.

The equilibrium angle of the magnetization 6y, in the Py
layer can be calculated by minimizing the free energy F of
the system, which takes the simple form, in the absence of the
in-plane anisotropy, as

MsMeff .2
F = —M H cos(Oy — 0y) + — sin” 6y,. 4)

The magnetic damping with different origins show distinct
contributions to the 6y dependence of the peak-to-peak FMR
linewidth. We use the formulation presented by Arias and
Mills [8-11]. The peak-to-peak FMR linewidth puoAH is
expressed as

moAH = o AHG + oA Highomo + HoAHtms.  (5)

The first term is the intrinsic linewidth due to the Gilbert
damping, which is proportional to the microwave frequency
f and written as

HoAHg = ———=-a, (6)

where « is the Gilbert damping constant and E is the dragging
function given by

3Hx + Hy

— 1 2 J—
Hy (Hy 1 Hy)Hsm Oy —0y). (7)

8 =cos(Oyg —0y) —
UoAHg is enhanced when the magnetization direction is
not parallel to the external magnetic field, Oy # 6y [8-11].
This effect is known as the field dragging effect induced by
magnetic anisotropy fields acting on the magnetization vector
[4,5,11,25-27]. This dragging function becomes unity when
the external field and the magnetization vector are aligned
parallel to each other (6 = 6),), which requires certain mag-
nitude of external field that is large enough to make the
equilibrium magnetization parallel to the external field. Once
this condition is satisfied, the peak-to-peak linewidth at 0y =
0° (field applied to out-of-plane) is expected to be equal to
that of at 6y = +90° (field applied in the film plane) in the
absence of extrinsic contributions to the linewidth.

The second term describes the contribution of the
anisotropy dispersion for the out-of-plane direction, written

as

dH dH,
A Hiphomo = AM + | —— | AB4y, (8)

d Mg dby

where AM.¢ and Afy represent the dispersion of magnitude
and direction of M. These are caused by the local variation
of magnitude and the direction of M.y through the local
variation of H,e [34,40,41].

The third term in Eq. (5) is the contribution of the two-
magnon scattering induced by surface defects and is given as

—Hy cos(20y)

. O
Hy + Mg sin20M ©)

2
AHrys = ﬁr(H, ) sin”! \/

The coefficient 2/+/3 was multiplied to adjust the theory to
the peak-to-peak linewidth defined in the present study. Here,
I'(H, 0y ) is given by

e () -y

+<<%> - 1)[Hy sin” Oy — Hy cos(20y)]*

I'(H,0) =

[Hy cos(26y) + Hy cos> eM]Z}, (10)

where Crvs = 8H2b*p/m D represents the amplitude of the
two-magnon scattering, whose unit is the same as H,. D is the
exchange stiffness of the Py layer. The defects are supposed to
cover the film with the ratio of p and assumed to be rectangu-
lar in nature with the aspect ratio of a/c and height (or depth)
b. The brackets () express the average of lateral dimension,
since a and ¢ must have random distribution [8,9]. The
contribution of the two-magnon scattering disappears when
Oy < 45°; in Eq. (9), the inside of the square root becomes
negative in this range. This indicates that when the measured
linewidth of the perpendicular geometry (6 = 6y = 0°) is
smaller than that of the in-plane geometry (O = 6y = 90°),
the result demonstrates that the two-magnon scattering does
contribute to overall relaxation process [8,9,11].

The two-magnon scattering is known to be activated
by the random fluctuation of uniaxial anisotropy H,, sur-
face/interface roughness, and defects [8—11,33]. The contri-
bution from the latter factors results in the random fluctuation
of the direction of H,, which can also be taken into account
in the analysis performed in Ref. [11]. We assume that the
random fluctuation of H, is enhanced by randomly oriented
exchange bias induced by statistical distribution of AF grains
in polycrystalline NiO [38] and the validity of this discussion
will be confirmed below.

IV. RESULTS AND DISCUSSION

An FMR spectrum for the Py/NiO bilayer with dnio =
0Onm measured at 6 = 90° is shown in Fig. 2(b). By fitting
the measured curve using the first derivative of a Lorentz
function, we determined the resonance field woH..s and the
peak-to-peak linewidth poA H. Figure 2(c) shows the FMR
spectra for the Py/NiO bilayer with dnjo = 10.7 nm at vari-
ous fy. We can see the variation of peak-to-peak linewidth
oA H, as well as the shift of the resonance field 1o Hies.
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FIG. 3. (a) 6y dependence of the resonance field o H,es for the dyjo = 0 and 7.5 nm samples. The red and blue curves are the results of
the numerical calculation. The inset is the dy;o dependence of effective magnetization M. (b) 65 dependence of the total the peak-to-peak
linewidth oA H for the dyijo = 0 and 7.5 nm samples (blue and red solid circles) and their fitting curves (blue and red curves). (¢) dnio
dependence of the amplitude of the two-magnon scattering Cmys extracted from the fitting shown in (b). Here, 1o was multiplied to adjust the
unit. The inset shows dnio dependence of the Gilbert damping constant ¢.

Figure 3(a) shows the 8y dependence of the resonance field
1o Hyes for the Py/NiO bilayer with dnjo = 0 and 7.5 nm. The
FMR field is maximized when the external field is applied
perpendicular to the film plane, 6y = 0°. woHes VS Oy was
calculated numerically using Egs. (1)-(4) and was fitted to
the experimental results by adjusting the values of effective
magnetization M and g factor g. Using the values of Mg
and g obtained from the woHes VS Oy, LoAH Vs Oy was
then calculated using Egs. (1)-(10) with fitting parameters
o, AMegr, ABy, and Crys. For the calculation, a/c has been
fixed at 1.7/1.1 ~ 1.545 for all the Py/NiO films with various
dnio to provide the best fitting results, which confirms that the
grain dimension does not depend on dyjo. These experimental
results and numerical fitting results are shown in Fig. 3(b) for
dnio = 0 and 7.5 nm.

The most notable feature of Fig. 3(b) is that the linewidth
oA H of the perpendicular geometry 6y = 0 is obviously
smaller than that of the in-plane geometry 6y = 90° in the
Py/NiO film with dyjo = 7.5 nm. This result demonstrates
that the two-magnon scattering becomes significant by attach-
ing the NiO layer to the Py film. In fact, the amplitude of the
two-magnon scattering, Cyys, increases with dnio, as shown
in Fig. 3(c). There are two possible origins of this behavior.
The first candidate is the increase of the interface roughness
and surface pits of the Py layer. However, this possibility can
be excluded; as shown in Fig. 1(d), the NiO surface, or the
Py/NiO interface, roughness is independent of dnio. We also
note that the difference in the level of defects and surface pits
in the Py layers should be negligible because the Py layer
was fabricated in the same batch. This is evidenced by the
dnio-independent M.¢ shown in the inset of Fig. 3(a).

The remaining possibility that can explain the enhanced
two-magnon scattering with dyjo is the increased fluctuation
of H, due to the interfacial exchange field produced by
the NiO, since the exchange bias in FM/AFM bilayers is
known to be affected by the thickness and grain size of the
antiferromagnetic layer [37,42]. From the result shown in
Fig. 1(d) and the parameters extracted from the AD-FMR,
it is reasonable to assume that the grain sizes of the NiO
layer in the Py/NiO bilayer are almost unchanged by changing

dnio [36,37]. Therefore, the only factor that amplifies the
interfacial exchange field is NiO thickness [38]. Although the
AFM thickness dependence of the exchange field is nontrivial,
it is widely accepted that the exchange field becomes larger
with increasing the NiO thickness when dapv < 45 nm [43].
This results in the larger fluctuation of H,, over the sample and
hence enhances the contribution of the two-magnon scattering
to the total oA H. Here, we mean the microscopic size as the
order of grain sizes in the NiO layer. Because of the poly-
crystalline nature of NiO, confirmed by XRD [Fig. 1(c)], the
direction of the interfacial exchange field is supposed to have
random orientation grain by grain, since the grains are not
magnetically coupled to each other in NiO and hence behave
independently [38]. In addition, VSM measurements revealed
no sample used in this study has macroscopic exchange bias.
Although the macroscopic exchange bias is negligible due to
the random distribution of the antiferromagnetic grain, the
exchange field does exist for each grain as long as the tem-
perature is lower than the blocking temperature of NiO [38].
Figure 3(c) shows that the two-magnon scattering is negligible
despite the presence of the NiO layer for dnjo = 2.4 nm.
This is consistent with the above scenario, since the blocking
temperature (as well as the Néel temperature) of NiO with
dnio = 2.4 nm is lower than room temperature [15,24,44,45],
thus no interfacial exchange field is expected. Gradual growth
of Crys at dnjo = 4.9nm indicates the appearance of the
exchange field from the NiO layer, which is consistent with
the fact that the blocking temperature of a NiO film with
dnio ~ 5 nm is above room temperature [46]. Nonzero value
of Crvms at dnio = O0nm can be attributed to the existence
of finite crystal disorders, such as defects in the Py layer,
and this effect is present in all the thickness range. The inset
of Fig. 3(c) shows dnjo dependence of the intrinsic Gilbert
damping constant «. & increases with dnio, which reflects the
effect of spin pumping induced by the attachment of NiO [47]
and allows us to evaluate the spin-mixing conductance g'+.
The spin-mixing conductance g'* refers to the efficiency
with which the spin currents across the Py/NiO interface are
generated [48]. In the presence of the spin pumping and two-
magnon scattering, the FMR linewidth of the Py/NiO bilayer
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oA Hpymio at 8 = 90° can be expressed as

oA HpyNio = oA Hpy + oA Hyga
= poAHpy + oAHsp + oAHrvs,  (11)

where oA Hpy is the FMR linewidth of a Py film, which
includes oA Hiphomo in Eq. (5) and can be obtained from
the experimental data of dnio = Onm, and oA Hyqg is the
additional linewidth induced by attaching the NiO layer. Here,
oA Hygq is comprised of oA Hrys and oA Hsp, the addi-
tional linewidth due to the two-magnon scattering and spin
pumping, respectively. The latter, woA Hsp, is proportional to
the additional damping due to the spin pumping [49,50],

EMUB M

— 8., 12
47‘[Msd1:geff ( )

Aagp =

as uoAHsp = (Z/ﬂ)(an)/onzsp, where g;f is the ef-
fective spin-mixing conductance. In previous studies, the
effective spin-mixing conductance ggff of ferromagnetic
metal/heavy-metal bilayers, such as a Py/Pt bilayer, has of-
ten been directly estimated from the additional linewidth
oA Hyqq induced by attaching the heavy-metal layer. How-
ever, this procedure is reasonable only when woAHygq =
noAHgp. For the Py/NiO bilayer, puoAHagq = oA Hsp +
oA Hrvs # oA Hsp because of the fact that the additional
linewidth due to the two-magnon scattering, oA Hyvs, can-
not be neglected. Thus, to determine the effective spin-mixing
conductance ggf% of the Py/NiO bilayer, it is necessary to cal-
culate (oA Hgp by subtracting (oA Hyys from the measured
values of oA Hygq.

In Fig. 4(a), we show dnijo dependence of the FMR
linewidth 119 A Hpynio at 6y = 90° for the Py/NiO bilayer (red
circles). To clarify the importance of taking into account the
two-magnon scattering for the estimation of the effective spin-
mixing conductance ggf%, we first calculated g;# by neglecting
the additional linewidth woA Hrys due to the two-magnon
scattering. The red circles in Fig. 4(b) show ggf% calculated
by neglecting oA Hryms, or assuming (oA Hygg = (oA Hsp,
as a function of ¢ defined as

1
1 + [2+4/€/3 tanh(dnio/2)] ™!

where g is the mixing conductance. For the calculation, we
used

— oM

s =2 =glg, (13

4 M ﬁ 14
gy = == L A g, (14)
gus 2 2nf

for dnio > 4.9nm and assumed the spin diffusion length of
NiOA =9.8nm [15,17], € = 0.01 and 4w Mg >~ M [47,51].
We did not use the data at dyjo = 2.4nm, since the NiO
layer is not antiferromagnetic but paramagnetic at room tem-
perature at this thickness due to finite-size effect [21,24].
The red circles in Fig. 4(b) show that the estimated ggf_ﬁ is
not proportional to ¢, which is inconsistent with the model
of the spin pumping: geT % = g™ ¢ [49,50]. The reason for
this inconsistency is that the thickness-dependent oA Hyms

is neglected in this calculation, leading to overestimation of

R
8eff *
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FIG. 4. (a) Experimentally obtained spectral linewidth at 0y =
90° (red), TMS-originated linewidth calculated from Eq. (9) (black)
and the difference of these two (blue). (b) Effective spin-mixing
conductance g;f plotted with ¢ defined in Eq. (13). The slope for
blue plots correspond to the spin-mixing conductance g't.

To determine the spin-mixing conductance of the Py/NiO
bilayer, we calculated the additional linewidth oA Hgp
at 6g =90° due to the spin pumping (the blue circles
in Fig. 4(a), which include poAHpy) using poAHsp =
MOAHadd — MOAHTMS as shown in F]g 4(3.) Here, the addi-
tional linewidth due to the two-magnon scattering oA Hrms
at 0y = 90° was calculated using the parameter shown in
Fig. 3(c). Using the calculated oA Hsp, we obtained g;#
using Eq. (14) as shown in Fig. 4(b) (the blue circles).
This result shows that ggf% is proportional to ¢, consistent
with the model of the spin pumping. From the linear fitting
to this result, we obtained ggf% =8.1nm~% This is a rea-
sonable value, consistent with the result of Ikebuchi er al.
[47]. This result indicates that it is indispensable to take
into account the two-magnon scattering effect to determine
the spin-mixing conductance at ferromagnet/antiferromagnet
interfaces.

V. CONCLUSIONS

We performed AD-FMR measurements for Py/NiO bilay-
ers with various NiO thickness, dnio. The magnetic damping
parameter was determined from the 8y dependence of the
peak-to-peak FMR linewidth for each film. We found that
the FMR linewidth due to the two-magnon scattering became
significant with increasing dyjo. This result indicates that
the random interfacial exchange magnetic field produced by
the NiO layer is the origin of the enhanced two-magnon
scattering; the local exchange coupling induces the increase
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of the fluctuation of the anisotropy field H, in the Py layer,
resulting in the enhancement of the magnetic disorder, which
can be taken into account as nonperiodic perturbation. The
spin-mixing conductance g™ was calculated based on the
spin pumping theory by eliminating the contribution from
two-magnon scattering. The calculated g™ =8.1nm~? is
in good agreement with previously reported value, which
indicates the significant role of the two-magnon scattering
effect for the determination of spin-mixing conductance at
ferromagnet/antiferromagnet interfaces. The results presented
in this study offer a way to tune the two-magnon scattering

amplitude in FM by controlling the thickness of an adjacent
antiferromagnetic layer.
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