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ARTICLE INFO ABSTRACT

Keywords:

A phenomenon of Y3FesO;5 (YIG)-ferromagnetic-resonance (FMR) linewidth broadening in magnetically cou-

YIG pled YIG-Co films is reported. The broadened linewidth cannot be attributed to previous effects which only

Linewidth broadening
Inhomogeneity effect
Dipolar interaction
Tunability

depend on the crystalline quality of YIG. Through micromagnetic simulation, the origin of this broadened
linewidth was found to be a new type of inhomogeneity effect induced by the inhomogeneous dipolar field of Co
layer. Furthermore, it shows that the extent of the linewidth broadening depends on the magnetization state of
Co. The broadening is remarkable when the Co domains are random. The influence of Co on YIG-FMR linewidth

still exists when the spacer between YIG and Co is 315 nm, indicating it is a long-range effect due to the dipolar

origin.

1. Introduction

FMR linewidth is very important for both fundamental researches
[1-9] and high frequency applications [10-13]. In general, for the
magnetic films, the contributions to FMR linewidth include the intrinsic
and extrinsic effects. The intrinsic effect is known as Gilbert damping,
a, which originates from spin-orbit relaxation and magnon-phonon
interaction [14-16]. In addition to the intrinsic Gilbert damping, three
extrinsic effects can also contribute to the FMR linewidth in the pre-
vious references [5,8,9]. The first extrinsic effect is magnetic in-
homogeneous broadening AH, due to sample imperfections [17]. AH, is
always considered to be resonance-frequency-independent [17], for
which it is also called zero-frequency offset [6]. The second extrinsic
effect is two-magnon-scattering broadening AH,y. It describes the
process where the k = 0 magnon (FMR mode) is excited into k # 0
magnons (spin wave modes) [5,8] due to short-range defects [18]. The
third extrinsic effect is mosaicity broadening AHp,sic caused by long-
range defects [8,18].

For a heterostructure consisting of two magnetic layers, its high
frequency properties become more complex because they are

influenced by the interactions between the two layers [19-34]. The
interlayer interactions include: dipolar interaction [19], exchange in-
teraction [20-28] and spin-currents-mediated interaction [29-34].
Therein, spin-current-mediated interaction describes the cases where
spin currents are pumped from one magnetic layer into the other. The
first magnetic layer where FMR happens acts as a source of spin cur-
rents due to spin pumping effect, while the second magnetic layer acts
as a spin sink [32]. The influence of exchange interaction [21,24] and
spin-current-mediated interaction [29-34] on FMR linewidth have been
investigated. However, there are few systematic works for the influence
of pure dipolar interaction on FMR linewidth in magnetically coupled
heterostructures. In fact, the investigation of dipolar interaction is very
fundamental because dipolar interaction exists in all these hetero-
structures.

In this work, we report the dipolar-interaction-mediated extrinsic
linewidth broadening in YIG/MgO/Co/IrMn/Ru structures. The in-
sulating MgO spacer is grown thick enough to exclude exchange in-
teraction and spin-current-mediated interaction between YIG and Co.
The only remaining interaction is of dipolar type. The influence of Co
dipolar field on YIG-FMR is investigated in detail. We have found that
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the YIG-FMR intensity is strongly suppressed and the linewidth is
strongly broadened during the magnetization switching of Co layer.
Through micromagnetic simulation, the reason for this phenomenon is
found to be an inhomogeneity effect induced by the inhomogeneous
dipolar field of the Co layer.

2. Methods

We have fabricated six samples. The structure of Sample 1 is YIG
(100 nm). Sample 2 is YIG(100)/MgO(15)/Co(3)/IrMn(10)/Ru(2 nm)
(from bottom to top). Sample 3, 4, 5, 6 are YIG(100)/MgO(7.5)/Ru(d)/
MgO(7.5)/Co(3)/1IrMn(10)/Ru(2 nm) (d = 100, 200, 300, 500 nm).
Firstly, YIG (100 nm) films were deposited on 500-um Gd;GasO;,
(GGG) (111) substrates by an ultrahigh vacuum magnetron sputtering
system (ULVACMPS-4000-HC7 model) with a base vacuum of 1x
10~° Pa. After deposition, high temperature annealing in air was carried
out to further improve the crystalline quality of the YIG layers [35-37].
Then the surface of YIG was cleaned. Next, other layers were deposited
on YIG (100 nm). During the deposition, a static magnetic field was
applied to induce the unidirectional anisotropy axis of Co and exchange
bias of IrMn.

The FMR experiments were measured by using the shorted micro-
strip line technique [38]. In this technique, the imaginary part of the
permeability (u = u’ + iu") was obtained via measuring the complex S;;
parameter of vector network analyzer (VNA). Then " as a function of
frequency was fitted by a Lorentz function and the resonance frequency
f., intensity I and full width at half maximum (FWHM) Af were ex-
tracted from this fitted Lorentz function. Finally, we got the magnetic
field H dependence of f,, I and Af by sweeping H. It is worth noting that
we used two sweep directions of H: one was increasing and the other
was decreasing.

GPU-accelerated micromagnetic simulation framework (Mumax3)
was used to calculate the FMR spectra of YIG [39]. In the simulation,
the magnetic system is discretized into a mesh of dimensions
10 nm X 10 nm X 3 nm. The material-related parameters of YIG and Co
are as follows. The saturation magnetization (M), the exchange stiff-
ness constant (A) and the damping coefficient («) are 1.39 x 10° A/m,
3.6 X 10712 J/m and 0.001 for YIG, and 1.0 X 10° A/m, 1.5 x 107! J/m
and 0.4 for Co, respectively. The size of simulated YIG layer is
2000 X 2000 x 99 nm> and Co layer is 2000 X 2000 x 3 nm® [40,41]. The
thickness of the considered vacuum spacer between YIG and Co is 15
nm. The dipole-dipole interaction is considered. The FMR spectra are
obtained with the help of Fourier transform of average magnetization of
YIG under the Co dipolar field Hq and the applied field H,p, = Hg + H,,,
where H is the statically uniform field along x axis and Hj, is the pulsed
magnetic field whose amplitude changes along the y axis [41].

The simulation steps are described in the following. The simulation
begins with an initial random magnetic configuration which can be
realized by Mumax3. Then the magnetization of Co (M ¢,) layer relaxes
to equilibrium under the given parameters including anisotropy field,
exchange bias field and applied magnetic field. Subsequently, the
random magnetic configuration of Co in different magnetization are
obtained and the dipolar field induced by Co layer are calculated.
Finally, we save the data of the dipolar field as one of the input para-
meter files of Mumax3 to further simulate the YIG-FMR peaks.

3. Results and discussions

Fig. 1(a) shows the structure of Sample 2. YIG is widely used in FMR
experiments due to its ultralow Gilbert damping coefficient,
a (107°-1073). The saturation magnetization of Co (MSC") is much higher
than that of YIG (MSYIG), which leads to the big difference in their FMR
frequency. Therefore it is possible to independently investigate YIG-
FMR with no regard to the Co-FMR in this experiment. MgO is in-
sulating to exclude YIG-Co exchange interaction and 15 nm thickness is
thick enough to exclude spin-current-mediated interaction [42,43].
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IrMn is used to further separate the magnetization switching of YIG and
Co, ensuring that the magnetization of YIG (My;g) remains unchanged
while controlling Mc,. Ru is the cap layer for protecting IrMn from
being oxidized. Fig. 1(b) shows M-H loops of Sample 1 (black) and
Sample 2 (red). The magnetic field H was oriented in plane and parallel
to the unidirectional anisotropy axis of Co. The black curves have been
shifted vertically for comparison. For the red curves, the exchange bias
field induced by IrMn is around 211 Oe. When H = 211 Oe, Mc, is
antiparallel (parallel) to My; as H increases (decreases). It is accessible
to investigate YIG-FMR spectra difference between parallel (P) state and
antiparallel (AP) state by choosing different sweep directions. We then
measured FMR spectra of Sample 1 and 2 [Fig. 1(c, d)] with H in-
creasing. The color represents the intensity of u”. The V-shape red
curves show YIG-FMR peaks at different values of H. For Sample 1, the
FMR peaks become smaller (wider) in intensity (FWHM) as H increases
(Fig. 1(e)). In contrast, for Sample 2, the FMR peaks first become
smaller (wider) and then larger (narrower) in intensity (FWHM)
(Fig. 1(f)). The minimum (maximum) of intensity (FWHM) occurs at
296 Oe, almost the same as the green dot (Mc, = 0) as indicated in
Fig. 1(b). This coincidence indicates the influence of M, switching on
the YIG-FMR in Sample 2.

We investigated in detail the H dependence of resonance frequency
1., intensity I and FWHM Af of YIG layer in Sample 1 and 2 as shown in
Fig. 2(a)-(c) and (e)-(g), respectively. It is worth noting that the irre-
levant points near zero field have been removed and the red (black)
curves represent the data measured as H increases (decreases). For
Sample 1, H dependence of resonance frequency f, is shown in Fig. 2(a).
I decreases continuously as |H| increases [Fig. 2(b)], while Af increases
linearly as |H| increases [Fig. 2(c)]. The red (black) curves are sym-
metric about H = 0 and there are almost no differences between in-
creasing (red) and decreasing (black). For Sample 2, the case becomes
different. In Fig. 2(e), when H = 211 Oe (exchange bias field of IrMn),
the configuration of My;g and M, are AP (P) for the red (black) curves.
YIG experiences different directions of Co dipolar field in these two
states. The consistency of the red and black curves around 211 Oe in-
dicates YIG-FMR resonance frequency f, is barely influenced by the
directions of Co dipolar field. The left (right) black dashed line is 126
Oe (296 Oe), representing the left (right) coercive field H- (HX) of Co
as H decreases (increases), where Mc, = 0. The consistency of the red
and black curves near the left (right) black dashed line indicates that
the dipolar field of Co has almost no influence on YIG-FMR resonance
frequency f, when Mc, is switching.

However, the intensity I and FWHM Af are remarkably affected
[Fig. 2(f, g)1. I (Af) is strongly suppressed (broadened) when Mc, is
switching. As H increases (decreases), minimum I and maximum Af
occurs exactly at HX (HL). When Mc, is saturated by H, the phenom-
enon of intensity suppression and FWHM broadening disappears. For
convenience, we use normalized magnetization mc, = Mco/MS°. As
Imc,| becomes smaller, the suppression in I and broadening in Af be-
come stronger. YIG-FMR seems closely related to Imc,|. Then the f,
dependence of linewidth AH is investigated as shown in Fig. 2(d, h)
which are converted from Fig. 2(c, g) via Eq. (1):

o= 0H 27 2

_a_fr_7\*‘£4+(%2%)2 M

Here y/27 and Mg represent 2.8 MHz/Oe and effective magnetization
of YIG, respectively. The intrinsic Gilbert damping coefficient, «, is
related to the slope of AH-f, curves due to Eq. (2) [1-4]:

AH = 2—”209‘r + AH,

14 (2)
AH, is the broadening due to magnetic inhomogeneity [32]. Notably,
Eq. (2) is only applicable to the linear AH-f, curves such as the linear
part of the red and black curves in Fig. 2(d, h). For the nonlinear part of
the curves in Fig. 2(h), Eq. (2) turns inapplicable because of strong AH
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Fig. 1. Magnetic properties and YIG-FMR spectra of Sample 1 and 2. (a) Schematic diagram of the structure of Sample 2. (b) M-H loop of Sample 1 (black) and Sample
2 (red). The green dot represents Mc, = 0. (c) and (d) are FMR spectra of the YIG layer in Sample 1 and Sample 2, respectively. The red arrows represent that the
sweep direction is increasing. The V-shape red curves represent the YIG-FMR peaks at different magnetic fields. (e) and (f) are the fitted Lorentz curves in five
different fields extracted from the white dashed frames in (c) and (d), and all the intensity I has been normalized to Iinc(i000e) (The FMR intensity at H = 100 Oe as H
increases). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

broadening correlated to mc, changes.

All the previous inhomogeneity mechanisms, AH,, AHyy and
AHpesaic, cannot account for the linewidth broadening measured in our
experiment due to the following reasons. AH, should have been in-
dependent on f. and AHpeic caused by short-range and long-range
defects within the YIG layer [8,18] should have depended on the
properties of YIG instead of Imc,|. The above principles contradict our
observations.

So we will assume that the YIG-FMR linewidth broadening in our
experiment is caused by the inhomogeneous dipolar field of Co layer. As
discussed above, the AH broadening depends on the value of Imc,l.
When Imc,| = 1, there are almost no magnetic domains in the Co layer
because Mc, is saturated by H. However, when Imc,| # 1, the magnetic
domains appear in the Co layer and their distribution is random. And
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when |mc,| = 0, the distribution is most random. The random domains
provide an inhomogeneous dipolar field on YIG, which introduces in-
homogeneities in YIG. The inhomogeneities originating from Co are
regarded as the key for the broadened AH. Eq. (3) taking the con-
tribution of inhomogeneities into account can be expressed as below:

27 dipol
AH = =R2af, + Ao + AHpole @

AHIP" represents the contribution of the Co-dipolar-field-induced in-
homogeneities in YIG. Micromagnetic simulation is used to verify this
assumption. Fig. 3(a) shows the distribution of Co domains at HX
(H = 296 Oe, mc, = 0). It is evident that the distribution is random. The
sizes of Co domains are mainly tens or hundreds of nanometers. The

area of Co layer in Sample 2 is 5 mm X 10 mm, hence there are about
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Fig. 2. YIG-FMR properties of Sample 1 and 2. (a)-(c) and (e)-(g) are H dependence of resonance frequency f,, intensity I and FWHM Af of Sample 1 and 2,
respectively. (d) and (h) are the f, dependence of AH converted from (c) and (g). Black (red) curves represent that the sweep direction is decreasing (increasing) in
(a)-(h). The left (right) black dashed lines in (e)-(g) represent the field where M, = 0 as H decreases (increases). In (b) and (f), all the intensity I has been normalized
to Iincoooe)- In (f), the blue curves represent M/M;-H loop of Sample 2. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. Micromagnetic simulation results. (a) Randomly distributed magnetic domains in the Co layer at mc, = 0. The gray arrows show the orientation of the in-
plane magnetization. (b) Distribution of the magnitude of the Co-induced dipolar field (Hg4l) in 100 nm YIG layer at different depths. Measured FMR peaks (c) and
simulated peaks (d) with different applied fields (H) and magnetization states of Co (mc,). Black, red, and blue peaks represent H = 296 Oe (mc, = 0), H = 368 Oe
(mco = 0.7) and H = 543 Oe (mc, = 0.95). In (¢) and (d), all the intensity I has been normalized to Iinc(ss30e)- (€) The schematic diagram of the inhomogeneity effect.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

10%-10° domains when mc, = 0. Fig. 3(b) shows the distribution of the
magnitude of the dipolar field (Hq4l) in 100 nm YIG at different depths
induced by the random Co domains when mc, = 0. Obviously, My in
different regions experiences diverse dipolar fields, which leads to great
inhomogeneities in the YIG layer. Fig. 3(c) shows YIG-FMR peaks of
Sample 2 at H = 296 Oe, 368 Oe and 543 Oe. The peaks become higher
and narrower as H increases. This trend is different from Sample 1.
Fig. 3(d) shows the simulation results at the same fields, consistent well
with the experiment. In this micromagnetic simulation, we have con-
sidered the influence from the inhomogeneous dipolar field of Co on
YIG-FMR. The consistency strongly supports our assumption. When
H = 296 Oe (mc, = 0), the randomness of Co domains is maximum. It
results in the greatest inhomogeneities inside YIG. Hence, YIG-FMR
peak has the smallest I and widest Af in this case. When H = 368 Oe
(mco = 0.7) and H = 543 Oe (mc, = 0.95), randomness of the Co do-
mains decreases, thus the YIG-FMR peaks become higher and narrower.

The detail of this new inhomogeneity effect should be further ex-
plained. Fig. 3(e) shows the influential mechanism of the in-
homogeneous Co dipolar field on YIG-FMR. When M, is saturated by
H, whether P or AP to My;g, Co domains disappear. The dipolar field of
Co is homogeneous in this case. My in different regions experiences
almost the same dipolar field and precesses in almost the same fre-
quency when YIG-FMR occurs. Therefore the FMR peak is high in in-
tensity and narrow in FWHM. In contrast, when Mc, is switching, a
number of Co domains appear and M, of these domains possesses
different magnitudes and directions. The random states of Co domains
induce an inhomogeneous distribution of dipolar field around Co layer.
My in different regions experiences diverse dipolar fields and pre-
cesses in different frequencies and amplitudes, which results in the
splits of the resonance frequency f.. Thus the FMR peak is small and
wide in this case. Looking back on previous inhomogeneity effects:
sample-imperfections-induced AH,, short-range-defects-induced AH;y
and long-range-defects-induced AHpogaic, AHﬁfﬁgle can also be regarded
as a kind of dipolar-field-imperfections-induced linewidth broadening.
The imperfect dipolar field can be large as 0.5T as seen in Fig. 3(b),
hence the inhomogeneity effect is remarkable. Moreover, this in-
homogeneity effect points to a relationship between I and Af (AH).

When I is suppressed, Af (AH) is broadened at the same time due to the
same physical origin.

Higher intensity and narrower linewidth are expected in funda-
mental researches and high frequency applications. Higher intensity is
beneficial to detect high frequency signals in FMR and spin waves ex-
periments [44,45], whereas a narrower linewidth improves the quality
factors of the high frequency resonator [10,12,13]. However, when the
reseachers investigate the systems consisting of two or more magnetic
layers, the dipolar-interaction-induced inhomogeneity effect should be
considered. For obtaining higher intensity and narrower linewidth, the
reseachers should try to avoid the inhomogeneity effect, which may not
get enough attention in the previous researches.

It is worth noting that the magnetic field and frequency range where
the linewidth broadening is observed can be modified by changing the
thickness of the Co layer. For the case that the thickness of Co tc, =3
nm, we define a parameter called tunability to characterize the ratio of
maximum broadening in linewidth by Eq. (4):

H, — AH,

Tunability = A X 100%

AH; ()]

AH, and AH, are shown in Fig. 2(h). AH, represents the linewidth at
meco = 0 (H > 0), while AH, represents the linewidth at the same fre-
quency (H < 0). Fig. 4 shows YIG-Co non-magnetic spacer thickness
dependence of tunability. During the FMR measurements for Samples 2
to 6, the magnetic field H was oriented in plane and parallel to the
unidirectional anisotropy axis of Co. When the spacer between YIG and
Co is 15 nm, tunability = 158%. When the spacer increases to 115 nm,
tunability = 152%, indicating a tiny decrease of the inhomogeneity
effect. The inhomogeneity effect still works when the spacer increases
to 315 nm (tunability = 33%). Finally, when the spacer increases to
515 nm, tunability = 0% below detection sensitivity. The thickness-
dependence investigation indicates the inhomogeneity effect to be a
long-range effect caused by the dipolar interaction.

4. Conclusion

In conclusion, we have fabricated YIG(100)/MgO(15)/Co(3)/IrMn
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Fig. 4. YIG-Co non-magnetic spacer thickness dependence of tunability. t re-
presents the total thickness of MgO(7.5)/Ru(d)/MgO(7.5), namely, t = d + 15.

(10)/Ru(2 nm) and

YIG(100)/MgO(7.5)/Ru(d)/Mg0(7.5)/Co(3)/IrMn(10)/Ru(2 nm)
(d = 100, 200, 300, 500 nm) structures. In these structures (except
Sample 6), the YIG-FMR intensity I is suppressed and the linewidth AH
is broadened when Mc, is switching. The reason is found to be the in-
homogeneity effect through micromagnetic simulation. Moreover, the
thickness dependence of tunability results shows that the inhomogeneity
effect is such a long-range effect, which is over 315 nm. Our experiment
results reveal that the influence of the dipolar interaction on FMR is
remarkable in magnetically coupled heterostructures. Researchers
should pay more attention to the dipolar interaction while investigating
these systems.
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