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ABSTRACT

We investigate the interaction between two magnetic layers separated with a normal metal insertion layer (Ti, Pt, and Ru) using x-ray
ferromagnetic resonance (XFMR). We measure the amplitude and phase of the ferromagnetic resonance of both layers. Our results indicate
that a ferromagnetic exchange coupling between two layers is a dominant coupling mechanism for a thick insertion metal layer. Based on
the exchange coupling model, we extract the smallest value of the indirect exchange coefficient of 1.2 uJ/m? which corresponds to an
exchange field of about 0.36 mT. While this value is difficult to measure with other experimental tools, we were able to measure the small
value because XFMR detects a resonance phenomenon of a thin layer generated by an oscillating indirect exchange and the Oersted fields
with a phase and layer resolved observation.

© 2023 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/10.1063/5.0141994

I. INTRODUCTION When the interaction between two magnetic layers is relatively
strong, or the thickness of the insertion layer is small, the interac- :
tion strength can be measured precisely with several conventional
experimental tools.”” However, the coupling between two distant
magnetic layers has not been clearly quantified yet when the cou-
pling strength is small. To detect such a small interaction strength,

one suitable method is to utilize the resonance of magnetization.
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After the discovery of indirect exchange coupling, a
ferromagnet (FM)/normal metal (NM)/ferromagnet or antiferro-
magnet (AFM)/NM/FM structure has been used to make
magnetic field-free devices.'™” Since the indirect exchange cou-
pling creates an effective magnetic field without any external
magnetic field, they have great advantages for practical applica-

tions such as field-free magnetic-random access memory, stabi-
lized skyrmion, guided spin wave, THz oscillator, and fast
domain wall motion in synthetic antiferromagnets.””'” In spin
valve systems, ferromagnetic resonance can transfer angular
momentums from one magnetic layer to the other layer by spin
pumping if the spin diffusion length is longer than normal metal
thickness.'*™'°

Under the magnetic resonance condition, the precession ampli-
tude becomes large and exerts torques on adjacent layers. As a
reciprocal process, resonant magnetization becomes affected by
the external torques. This method has been used to investigate
magnon-phonon and magnon-photon interactions.””™** In this
article, we will show the detection of small interaction coupling
strength in magnetic trilayer systems (FM/NM/FM) by using
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x-ray ferromagnetic resonance (XFMR), which can provide infor-
mation about the magnetization dynamics in layer-resolved or
phase-resolved manners.”* ™

The coupling between two distant magnetic layers can be
established via either indirect exchange field or spin pumping
mediated by electrons within a normal metal layer. It was also
shown that an evanescent spin current could be transmitted
through AFM.”°* Here, we show the interaction between two
magnetizations with thick insertion layers using XFMR. We simu-
late two cases: two magnetic layers interacting with each other by
(i) exchange interactions and (ii) spin pumping. We show that our

dm1

dmz
. r\m X Hegrp + 0 | my X

where m; is a unit vector of the magnetization, y is the gyromag-
netic ratio, ¢; is a damping constant, and ¢ is a spin pumping
coefficient, which represents the coupling by spin currents within
the normal metal layer. Heg; includes an applied magnetic field
(Hqpp), demagnetization field (Hg;), an indirect exchange field
from the other layer (Hiex, i = Aiex

Mo Mg X trmi
K Az . 3.
(Hp,i = m("’l - 2)Z). Ajex is an indirect exchange constant,

Ho is the vacuum magnetic permeability, Mj; is a saturated magne-
tization, tgyp; is a thickness of ferromagnet, and Ky ; is the anisot-
ropy constant. The parameters used in the simulation are shown in
Table I. To simplify the model, we assumed that the total magnetic
moment of the FM1 layer (50 nm) is 12 times larger than that of
the FM2 layer (3 nm). In this case, FM2 is significantly affected by
FMI1 by the indirect exchange coupling and spin pumping, while
FM1 is nearly not affected. We ignore the effect of indirect

m;), and an anisotropy field

TABLE |. Simulation parameters for FM2 and CFB layers. For FM1 and Py,
Ms 1=950 kA/m, Kp1=0 mJim?, and a4 = 0.007 were used except Fig. 7.

Ms,2 KA,Z Aiex

Figure or sample  (kA/m) (m]J/m?) a, (mJ/m?)
Fig. 1 1300 0 0.04 in figures
Ti(2) 1200 0 0.07 0.0147
Ti(5) 1100 0 0.05 0.0041
Ti(10) 1100 0 0.05 0.0012
Ti(20) 1200 0 0.025 0
MgO(5) 1350 0 0.03 0
Pt(2) 1200 1.2 0.04 0.0224
Pt(5) 1200 1.2 0.06 0.0013
Ru(5) 1000 0 0.03 0.0034
Fig. 7 1300 0 in figures 0.001

2
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XFMR experiments can distinguish these two interactions. Our
model agrees the experimental results well with parameters used in
the simulations. The smallest interaction coefficient in our experi-
ments was several times smaller than the value measured by
other tools.

Il. MODEL AND EXPERIMENT

First, we simulate the trilayer system using two coupled
Landau-Lifshitz-Gilbert equations,

d d
—_— = — m1><Heff1+a1 mlxﬂ — Ogp12M; X mzxﬂ X my |,
dat r ’ t P dt
dm dm,
| — Qs X | My X 7 xXmy |,

Heff,i = Happ + Hd,i + Hiex,i + HA,i)

1

exchange coupling and spin pumping at the FM1 layer in the
simulation.

Figures 1(a) and 1(b) show the calculated magnetization
dynamics of the two magnetic layers as a function of the magnetic
field with different exchange coupling constants. Figure 1(c) shows
the dynamics of only FM2 for various spin pumping coefficients.
With decreasing coupling constant, FM2 becomes decoupled from
FM1 and returns to an original resonance behavior, indicating that
only the Oersted field from microwave current governs the dynam-
ics of FM2. With increasing FM1’s precessional amplitude, the
torques by both the Oersted field and other coupling fields modu- §
late the dynamics of FM2. In Figs. 1(a) and 1(b), the changes in
lineshapes are opposite depending on the type of magnetic cou-
pling order. This difference allows to distinguish ferromagnetic
coupling and antiferromagnetic coupling. In Fig. 1(c), we find that
the amplitude change by spin pumping is symmetric in contrast
to the asymmetric changes by the indirect exchange couplings
[see Figs. 1(a) and 1(b)]. In the cases of ferromagnetic and antifer-
romagnetic exchange fields, the large amount of phase shift is |
biased toward a field lower and higher from the FMI peak, respec-
tively, while a relatively small phase change occurs near the FM1 |
peak for the case of spin pumping. It should be noted that the sign
of phase shift is inverted near the resonance peak of FMI in
Fig. 1(c). We used +90° to —90° phase notation rather than +180°
to 0° for convenience.

We now show experimentally the observation of indirect
coupling between two magnetic layers. To gain control over the
interaction strength, we inserted NM layers (Ti, Pt, and Ru) or an
insulating layer (MgO) between Py 50 nm and Co4F040B;0 3 nm
(CFB) on the silicon substrate covered with SiO,. All samples were
prepared with a structure of Py(50)/insertion layer/CFB(3)/Pt(2) by
the RF and DC magnetron sputtering method. Since the total
moment of the Py layer is 11.7-15.8 times larger than that of the
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FIG. 1. Simulated dynamics of the weakly interacting magnetic layer (FM2) by (a) a ferromagnetic order, (b) an antiferromagnetic order, and (c) spin pumping depending
on each coupling strength. FM1’s dynamics are drawn by black dashed lines. Green dot lines are FM1’s resonance peaks.

CFB layer, the precession of the Py layer is nearly unaffected by
CFB, which is indeed close to the simulation condition.

Figure 2(a) shows the magnetic moments of prepared samples
measured by vibrating sample magnetometry. In all data, the
magnetic moments per unit area are nearly similar to each other,
and small coercive fields (~0.4 mT) are observed. Normally, a
double S-shape is found in the AFM order of indirect exchange
interaction, which means a magnetic reversal by a spin-flop
transition.” However, we cannot find a double S-shape in the
hysteresis loops.

~
oo
~
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We observe the dynamics of two magnetic layers using
XFMR at the 2A-MS beamline in PAL-II. XFMR technique can
measure both the amplitude and phase of dynamic magnetiza-
tion by utilizing x-ray magnetic circular dichroism. The x-ray

beam is circularly polarized at a rate of over 80% between 100 ¢

and 1000eV in the 2A-MS beamline. A 500 MHz radio fre-

quency accelerating electrons along a storage ring is multiplied |

by 8 and amplified up to 26 dBm. We apply a 4 GHz microwave
field to excite magnetizations by a shorted coplanar waveguide
(CPWG). Through a 0.7 mm diameter hole, which is located

~
(@)
~

Pt (2 nm) '—§

CoyoFe,0B,0 (3 nm) E + ) NiL-edge
Spacer (Ti, MgO, Pt, Ru) Z 840 850 860 870 880 890
Py (50 nm) FE’

SiO, (~100 nm) 2 [

Si (Substrate) alls Co L-edge

770 780 790 800 810 820
Energy (eV)

FIG. 2. (a) Magnetization data measured by vibrating sample magnetometry depending on the insertion layer. (b) Experimental configuration and sample structure. The
sample is faced with the CPWG, which generates the oscillating Oersted field [h(t)] to excite the magnetizations (arrows in CFB and Py layers). The magnetic field (H) is
applied to the sample’s surface. The circularly polarized x-ray pulses are supplied with a grazing angle of 30° with respect to the sample surface. The CPWG has a
tapered hole for a passway of x ray through the CPWG. (c) X-ray absorption spectra of CFB(3)/Ti(2)/Py(50) at Ni and Co L-edges.
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(@) Ti=20m 1.2mm away from the shorted end of the CPWG, a circularly
_ 180 polarized x ray is transferred to the sample surface facing the
2 i iﬁn 120 CPWG. Near the hole, the estimated Oersted field is about
< 3 [y S, P . . .
pt Ni— 1} ) f""r\ 6 60 uT. The x ray is incident with a 30° grazing angle. At peaks of
£ o ; B 2 ‘ 0 Ni and Co L3 edges, we measure fluorescent signals from Py and
g S, = N 60 CFB layers with an aluminum-coated silicon diode
< . e Z ‘-‘.)'irii- . . . .
T [l #1 120 (AXUV100TF400, Opto Diode) and obtain sinusoidal curves at
0 020 30 0 10 20 30 . . .
Magnetic Field (mT) Magnetic Field (mT) each magnetic field by a microwave phase delayer controlling the
(b) phase of 500 MHz radio frequency. All experiments are con-
Ti =20 nm ducted at room temperature. A schematic diagram of the experi-
= i = s mental setup is shown in Fig. 2(b).
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FIG. 3. Amplitude and phase obtained from the XFMR experiment using

samples inserted with Ti or MgO layers. (a) Py’s dynamics is shown when Ti(2) FIG. 4. Precession motion of the CFB layer with the Ti(2) insertion layer at
is inserted. In the amplitude section, Co’s dynamics is shown for comparison. each magnetic field depending on the time delay of microwave current. Black
CFB'’s dynamics are drawn when (b) Ti(20), (c) MgO(5), (d) Ti(2), (e) Ti(5), and square and red circular mean the experimental data and fitting results, respec-
(f) Ti(10) are inserted. Green dot lines are Py’s resonance peaks. Black dashed tively. Green dashed lines indicate the amount of frequency shift among mag-
lines are simulated results. netic fields.
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We measure the x-ray absorption of our samples in the
XFMR configuration with the total fluorescent yield mode.
Figure 2(c) shows the x-ray absorption spectra of the magnetic
trilayer with the Ti(2) insertion layer at Ni and Co L-edges. The
absorption lines of L3- and L2-edges are clearly visible, and the
self-absorption effect appears in the L-edge. This is because the
x-ray incident angle is inclined 30° from the sample’s
surface.”*

lll. ANALYSIS AND DISCUSSION

The amplitudes and phases of Py and CFB are extracted from
the sinusoidal curves and depicted in Fig. 3. All samples exhibit a
single Lorentzian and a 180° phase change at Ni's resonance in
Fig. 3(a). Variation in the phase for Ni’s resonance is shown in
Fig. 3(a). All the Py spectra in our samples were similar, indicating
that the dynamics of Py are hardly affected by CFB. In Fig. 3(b),
with the Ti(20) insertion layer, the shape of the amplitude of CFB
is symmetric and the phase monotonically decreases. The ampli-
tude and phase are well fitted with a single Lorentzian, which is
consistent with the negligible coupling across the thick Ti layer.

(a) Pt=2nm
' ' 1180
= o) e
S - o } . 1120
3| ER g { {60
£ it 5] Mo
= | i . < e 10
g /s o = N
< | 3 Q - -60
L bl N 120
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Magnetic Field (mT) Magnetic Field (mT)
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180
7 z
3‘.6/ [ Eb 120
o i A - 60
9 | i _y
= i‘i”! g "“"4‘\‘. 0
= i i = .
§ e 5 s -60
o i ©
@] - . : : ‘ —1_120
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{180
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t E" {120
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FIG. 5. CFB layer's amplitude and phase obtained from the XFMR experiment
using samples inserted with (a) Pt(2), (b) Pt(5), and (c) Ru(5). Green dot lines
are Py’s resonance peaks. Black dashed lines are the simulated results.
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This is proved by another XFMR result with MgO(5) depicted in
Fig. 3(c), which shows a single ferromagnetic resonance.
Considering that an insulating MgO(5) does not have itinerant
electrons, two magnetic layers should not be coupled with the indi-
rect exchange field and not be affected by spin pumping originating
from Py’s resonance.”’ ™

In contrast to the ordinary ferromagnetic resonance shown in
the sample with Ti(20) or MgO(5) inserted, the dynamics in
CFB are quite different from the single Lorentzian as shown in
Figs. 3(d)-3(f). In Fig. 3(d), the amplitude peak is asymmetric and
biased toward a high field where the Py resonance peak is located.
The phase abruptly increases and decreases near Py’s resonance
peak. As the thickness of Ti increases, the amplitude of CFB near
Py’s resonance peak decreases and the phase change decreases.
This abnormal CFB dynamics is attributed to the torque by the
indirect exchange field from Py’s resonance because the shapes of
amplitude and phase are the most similar to the ferromagnetic
indirect exchange coupling as shown in Fig. 1(a). The phase shift
direction is not matched with that in the antiferromagnetic order
[see Fig. 1(b)] and the phase is not inverted at the Py resonance,
which is different from the spin pumping case [see Fig. 1(c)].
Considering the spin diffusion length of Ti of about 13.3 nm, the
spin pumping effect is small due to the insertion layer."’

Comparing Figs. 3(b) and 3(d), the precessional motion is
suppressed due to the competition between the oscillating Oersted
field and the indirect exchange fields by Py at the CFB’s resonance
peak. Although the Oersted and indirect exchange field are perpen-
dicular to each other at the peak of Py’s resonance, the largest oscil-
lating field is generated from the sum of these fields, which leads to
the peak amplitude in CoFeB’s precession. Above Py’s resonance
peak, the amplitudes are still enhanced because the Oersted field and
the indirect exchange field tend to align parallel to each other. As the
thickness of Ti increases, the influence of indirect exchange becomes
weakened, which results in an independent magnetic resonance in

§ 0.025 F ]
g
= 0.020
§ = Ti
Z 0015 Pt
S A Ru
@ 0.010
5
o 0.005
v 1
3 L4 L]
o 0.000 - =
.g 1 1 1 1
g 0 5 10 15 20
[Sa)
Thickness of NM (nm)

FIG. 6. Indirect exchange constants in the function of thickness of normal metal
layers.
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the sample with Ti(20) inserted. In Fig. 3(f), despite a bad
signal-to-noise ratio, there is still interaction between Py and CFB
because the signals near Py’s resonance peak are still larger than
those in the lower field area.

We show several precessional motions of Co magnetization in
the trilayer with the Ti(10) insertion layer at different magnetic
fields in Fig. 4. To obtain the amplitude and phase at each data of
the magnetic field, we utilized the non-linear least square fitting
method (Levenberg-Marquardt method) of the sinusoidal function
with a fixed frequency of 4 GHz. Two periodic motions during
500 ps are clearly observed, and the phase change is stationary
from 13.8 to 17.9 mT. In this region, the phase of Co is changed
slightly from the original phase curve due to the weak indirect
exchange interaction field generated by Py in a resonance state.

In Fig. 5, we show the XFMR experimental results with Pt and
Ru insertion layers. We obtain the material parameters using the
same process without spin pumping.*"*** Based on the parameters
of Figs. 3(a) and 3(b), we simulate the CFB dynamics and extract
the material parameters at each insertion layer (Table I). The
damping constant of CFB is rather larger than expected. All
samples are capped with Pt(2), which is known as a good spin
sinking layer.”>** Pumped spins into Ti, Pt, and MgO layers are
attenuated and absorbed by the Py layer, which also increases the
damping constants. In addition, there will be a lot of intermixing
with the surrounding metallic layer from a large damping
constant.””™*" It is widely known that the growth mechanism of
the magnetic thin film varies depending on the thickness and
type of the underlayer.*™' For this reason, magnetization is dif-
ferent for each sample, and the total magnetic moment ratio
between the Py layer and the CFB layer is 11.7 to 17 times. The
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indirect exchange interaction constants by Ti, Pt, and Ru layers
are depicted in Fig. 6. All simulated curves are shown in Figs. 3
and 5 with black dashed lines.

Indirect exchange coupling strength has been measured using
the exchange bias field in AFM/NM/FM or antiferromagnetically
coupled FM/NM/FM systems in M-H hysteresis.”* However, it is
hard to measure the exchange bias field below several mT due to
an imperfection of calibration near zero magnetic field when ferro-
magnetic cores are used. Moreover, with ferromagnetically coupled
FM/NM/FM without an anisotropy, the indirect exchange field
cannot be measured because two magnetizations simultaneously
rotate when the magnetic field crosses a zero field. The conven-
tional ferromagnetic resonance method can detect ferromagnetic or
antiferromagnetic orders between two ferromagnets by a shift of
the resonance field. However, considering that this method needs
the original resonance fields of each layer without interactions,
slightly different magnetizations between samples can lead to sig-
nificant errors, particularly at a weak interaction.

We were able to measure the small exchange field because we
used the resonance phenomena of the CFB layer. XMFR is free
from the problems of static field measurement because it observes
the dynamics generated from the two competing and oscillating
fields in the same sample. In addition, since the Oersted field is as
small as 0.1 mT, a small indirect exchange field can be measured by
XFMR. In Fig. 6, the indirect exchange interaction constant of
Ti(10) and Pt(5) is 1.2 uJ/m? which is 9 times smaller than the
reported coupling constant of 10 uJ/m* measured by XFMR.”

Motivated by the detection of a small indirect exchange field
in our experiments, we further investigate the role of difference in
magnetization between two adjacent layers in the exchange-coupled
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system. In Fig. 7(a), FM1’s resonance peak is far from FM2’s due
to a small magnetization. Although the damping constants of
FM2 are different, the precessional amplitude and phase change by
the indirect exchange interaction (Aje =1 uJ/m?) almost remain
constant. When the resonance peak of FM1 is close to that of FM2,
the amount of phase change is not affected because the magnitude
and direction of the total oscillating field generated by the Oersted
field and FM1’s resonance are the same in different magnetizations
of FM1 [Fig. 7(b)]. On the other hand, the precession amplitude of
FM2 is significantly amplified by 1.5, 2.3, and 2.9 times with
damping constants of 0.08, 0.04, and 0.02 since the magnetization
of FM2 does resonate by the total oscillating field. This means that
we can obtain the same amount of phase change with better
signal-to-noise ratios when we use the resonance phenomena of
FM2. As the XFMR experiment takes several hours to obtain one
spectrum, it would be essential to use this improvement for detect-
ing the weak interaction. If the resonance lines of FM1 and FM2
overlap, the precessional amplitude increases, but the phase change
is not significantly seen due to the rapid change of the background
phase [Fig. 7(c)]. It would be necessary to adjust resonance fields
and damping constants according to an experimental purpose.

IV. CONCLUSIONS

We conducted XFMR experiments to investigate the types of
interactions between two magnetic layers in thin ferromagnet/
normal metal/thick ferromagnet structures. Among the ferromag-
netic, antiferromagnetic orders, and the spin pumping models, our
experimental results are well agreed with the weakly interacting fer-
romagnetic model. The interaction strength monotonically
decreases with the normal metal layer thickness. The lowest value
of the experimentally detected indirect exchange interaction
strengths was about 1.2 4J/m? which corresponds to an exchange
field of 0.36 mT. Our study proposes the use of XFMR to estimate
the coupling strength especially in the weak coupling cases via the
dynamics of coupled magnets.
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