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ABSTRACT

Owing to magnetoelastic coupling, surface acoustic waves (SAWs) may be scattered resonantly by magnetic elements, such as nickel stripes.
The scattering may be further enhanced via the Borrmann effect when the elements are organized into an array that matches the acoustic
wavelength. We use finite-element modeling to consider single- and double-layer stripes patterned on top of a lithium niobate surface that
carries Love surface waves. We do observe enhancement in the coupling for single-layer stripes, but only for Gilbert damping below its real-
istic value. For double-layered stripes, a weak yet clear and distinct signature of Bragg reflection is identified far away from the acoustic band
edge, even for a realistic damping value. Double-layered stripes also offer better magnetic tunability when their magnetic period is different

from the periodicity of elastic properties of the structure because of staggered magnetization patterns. The results pave the way for the §
design of magnetoacoustic metamaterials with an enhanced coupling between propagating SAWs and local magnetic resonances and for the &
development of reconfigurable SAW-based circuitry. g
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I. INTRODUCTION therefore, attractive txo combine phononics and magnonics (namely
« . w7, .
Surface acoustic waves (SAWs) have long been used for filter- magnetoacoustics” ) to retain the advantages of both SAWSs
ing in data communication’ and as radio-frequency identification and SWs. . . .
tags in security applications.” However, often overlooked is a more Although the ef,feCt.Of magrLletorelastlc couppng on acoustic
ambitious application of SAWSs as a signal carrier in on-chip wave- propagation was gtudled 1p Refs. 9-15 bY measuring trz.msmlssmn
based computation (ak.a. phononics’) where SAWs could play a throgg}{ an acoustic material }mder a contlpuous m.agl.letlc film, the
role similar to that of electromagnetic waves in photonics” and spin possibility of further p attemmf?’ the film mtf) periodic nanostruc-
waves (SWs) in magnonics.” These wave-based paradigms are often tures to form SAW metan.laterlals has remain la‘rgely unexplorec.i
seen as hopeful alternatives to replace traditional CMOS technolo- ~ Early attempts to probe simultaneously phononic and magnonic
gies in the quest to lower power consumption of computing properties of periodic magnetic stripe arrays d1<li( 1110t detect any
devices. Among them, phononics and magnonics are of particular hybridization of the acoustic wave and spin wave. ™ ' Later studies
interest because of the reduced group and phase velocities of SAW's concentrated on a simplistic one-dimensional (1D) model in which
and SWs (as compared to the electromagnetic waves). The resulting an array of magnetic slabs was interleaved with a non-magnetic
time delay can be employed, e.g., in the burgeoning field of time- spacer that carries bulk acoustic waves. Such systems were
multiplexed reservoir computing.® The primary advantage of pho- predicted to be effective bulk acoustic wave-driven spin wave
nonics over magnonics is the readiness of SAWs to be excited and transducers.”*’ On the other hand, Latcham et al.”' suggested
detected electrically (through piezoelectric materials). However, the that magnetoelastic interaction can be enhanced in such a 1D
drawback of phononics lies in the lack of tunability and reconfigur- ~ metamaterial and have found that the coupling between magnetic
ability of SAW’s propagation circuitry. This contrasts with SWs, for modes of the nickel stripes and bulk acoustic waves at frequencies
which propagation is tunable by the bias magnetic field and recon- in and around acoustic bandgaps can lead to a magneto-acoustic
figurable by switching the static magnetization background. It is, version of the Borrmann effect and magnetically induced
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transparency (see examples from the literatures””), but only under
an unrealistic assumption of the low Gilbert damping factor value
in nickel. It is, therefore, intriguing whether these phenomena
could be observed for SAWs and under more realistic assumptions
about magnetic damping. Importantly, excitation and detection of
SAWs using lithographically made interdigital transducers (IDTs)
is a standard technique. The use of SAWs is also desirable techno-
logically because SAW metamaterials can be fabricated lithographi-
cally, which is easier compared to construction of bulk acoustic
metamaterials.

Besides unrealistic damping strength, Ref. 21 considered an
unrealistic one-dimensional geometry, with the acoustic wave prop-
agated in the bulk. Practical phononic devices usually employ
Rayleigh or Love waves propagating on a surface of a piezoelectric,
such as lithium niobate. One may wonder if the findings of Ref. 21
hold in this setup, with magnetic elements attached to the surface
of a piezoelectric. It is also interesting whether one can improve
upon these findings by engineering the magnetic elements.” To
this end, we perform finite-element modeling of such a structure,
which is described in detail in Sec. II. We introduce the design of
an array of nickel stripes fabricated on top of a LiNbO; substrate
that exhibits the Bragg reflection and Borrmann effect for SAWs.
The Borrmann effect occurs at frequencies near to bandgap edges,

Normal attenuation

Suppressed attenuation
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where the propagating SAWs are slowed down and eventually form
standing modes. This slowing and (at one of the two bandgap
edges) concentration of the SAWs in the magnetic stripes can
enhance coupling between the SAWs and the SW modes of the
stripes [see Fig. 1(c)]. The enhancement is desirable as a way to
mitigate inherent weakness of the magnetoelastic coupling. The
same target attenuation figure, therefore, could be achieved for a
shorter propagation length and smaller size of the device. The
obvious drawback of the Borrmann effect is that the coupling is
enhanced only near to the bandgap edges, where purely acoustic
attenuation is already substantial. Also, the Bragg scattering of the
SAWs is determined by the period of the structure and is not field-
tunable. In Sec. III, we show how the issue can be circumvented in
an appropriately designed array of double-layer nickel stripes. The
double layer can be perceived as a prototype synthetic antiferro-
magnetic structure and provides a unique opportunity to switch off
and on coupling between SAWs and local magnetic resonances by
aligning the double layer’s magnetizations into the parallel or anti-
parallel state. Subsequently, it is possible to achieve purely magnetic
Bragg scattering of SAWs with frequencies far away from the non-
tunable acoustic bandgap. The results unlock the possibility for
spatial periodic structure enhancement of the magneto-acoustic
coupling that is free from an uncontrollable attenuation

Enhanced attenuation
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FIG. 1. lllustration of Borrman'’s effect in a magnetoacoustic system. (a) Nickel stripe (width equals w) with fixed spatial periodicity fabricated on top of a LiNbO; substrate
leads to the formation of an acoustic bandgap in the dispersion curve of the SAW in the frequency-momentum space. When Hys =0, the magnetic Kittel mode in the
stripe couples to SAW with frequency far below the bandgap. SAW travels through the nickel array structure unhindered. (b) Hyiss is raised to Hq, which relocates the
SAW-magnetic mode hybridization point to the lower edge of the acoustic bandgap. Standing wave of SAW forms in the nickel array with the maxima of the strain located
in the gap between the nickel stripes. This leads to suppression of interaction between the SAW and magnetic resonance (suppressed magnetic attenuation of SAW). (c)
Hpias is further increased to H,, which relocates the hybridization point to the upper acoustic band edge. In this case, the standing wave strain maxima are located inside
the nickel stripes themselves, leading to the enhancement of interaction between the SAW and the magnetic mode (enhanced magnetic attenuation of SAW).
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background. The coupling control by magnetization switching pro-
vides reconfigurability; some potential applications of which are
discussed in Sec. IV.

Il. SINGLE-LAYER STRIPE ARRAY

Figure 2(a) describes the construction of the proposed meta-
material and its parameters used in our numerical model. We con-
sider an array consisting of Ng., =20 nickel stripe elements with
infinite length and with cross section width w and thickness d. The
array sits on the surface of a 41° YX LiNbO; substrate and is
covered by an aluminum capping layer with thickness d..,. The

S V=0 m—— | RB
Zhox
(a) @ Hyias Ny, vacuum
e —— e
d u | I
cap I Y & Al
e T s T 4d
Zbox_d 4/_\’ ; E A
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oF J
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k/(27) or 1/(2w) (um™)

FIG. 2. (a) Geometry of the model is schematically shown. An array of Ngey
nickel stripes (brown) with thickness d and width w is formed on 41° YX LiNbO;
substrate (yellow). The whole sample is capped with an aluminum layer (grey)
of thickness dcap. A region of vacuum (white) above the Al capping layer is also
included in the simulation. Periodic boundary conditions are applied in the y
direction. A low reflection boundary (LRB) conditions are applied to the left,
right, and bottom edges (green lines) of the sample, including the Al capping
layer. The interface between the LiINbO; substrate and the Al layer is electrically
grounded (light blue line, V= 0). An electrode pad with width 0.25)4 (red line, V)
is formed on the far-left side of the LiNbO3 substrate and is separated from the
ground surface by 0.2514 wide gaps on each side of the pad. (b) The linear dis-
persion relation of Love SAWs is shown for the phase velocity of 4 um/ns (blue
straight line). The black square denotes the acoustic bandgap at 6 GHz for an
array with period A =333 nm. The frequency of the lowest lying SW mode, i.e.,
quasi-uniform mode (QUM), of the nickel stripe is shown as a function of 1/(2w)
for d=20nm as the red and green curves with circles correspond to the bias
magnetic field Hpas 0f 0 and 500 Oe, respectively, applied along the +y direc-
tion. The vertical black dotted line indicates the 1/(2w) value for w=233 nm.
The lower and upper horizontal black dotted lines indicate the QUM frequency
at w=233 nm for Hy,s of 0 and 500 Oe, respectively.
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substrate is chosen to ensure that SAWSs launched by IDT with the
correct orientation on the substrate surface are predominantly Love
wave (see Ref. 24 and Sec. II in the supplementary material). The
geometrical parameters used in our simulations are summarized in
Table S1 in the supplementary material. The periodicity of the
stripe array is A. Figure 2(b) shows the frequencies of Love SAWs
in the LiNbO; substrate and the lowest lying SW modes of individ-
ual isolated nickel stripes. The SAWSs are assumed to have a linear
dispersion and velocity of 4 um/ns, and their frequency is plotted
against the inverse wavelength 1/A = k/(2r), where k is the wave-
number. Then, the assumed array period A=333nm leads to
Bragg reflection of acoustic waves with wavelength L=2A =667 nm
and an acoustic bandgap at 6 GHz. The frequencies of the lowest
lying SW modes, ie., quasi-uniform modes (QUM), in nickel
stripes of d=20nm are calculated using OOMMF micromagnetic
software package25 for the magnetic bias field Hy;,s of 0 and 500 Oe
applied in the +y direction. The QUM frequencies are plotted
against 1/(2w), since the QUM to SAW coupling is most efficient
when A = 2w. As an example, the stripe width of w=233 nm cor-
responds to 1/(2w) value of 2.146 um™". This corresponds to QUM
frequencies of 4.9 and 7.1 GHz at a bias field of 0 and 500 Oe,
respectively. These two frequencies correspond to SAWs with
k/(2w) values of 1.225 and 1.775 um_l, respectively, which are both
smaller than the 1/(2w) value of 2.146um™' for w=233nm.
Therefore, the condition k/(2r) < 1/(2w) (i.e., the SAW wavelength
to be larger than twice the stripe width or A >2w) is satisfied for
both frequencies.

In the above example, we have effectively designed a SAW
metamaterial that is tunable by a magnetic field. As we increase
Hpis from 0 to 500 Oe, the frequency of the QUM of the nickel
stripe and associated resonant absorption of SAWs will continu-
ously rise from 4.9 to 7.1 GHz. Therefore, at a certain intermediate

Hypias value, the frequency of the maximum magnetic absorption !
will coincide with the acoustic band edge at about 6 GHz, which !

will lead to the Borrmann effect, as introduced in Sec. I. The stripe
width of w=233 nm is chosen as a compromise between retaining
enough magnetic material to interact with the SAW and leaving a
wide enough gap between the stripes (ie, A—w=100nm) to
reduce the inter-stripe magnetic dipolar coupling. To illustrate the
enhanced interaction by the Borrmann effect, we compare
the results to a continuous thin film of nickel with the same thick-
ness d=20nm and the total length of A XNge,=6.67um. In
Figs. 3(a)-3(d), we present the transmission spectra of the system
depicted in Fig. 2(a) for w= 333, 300, 266, and 233 nm, while array
period A is kept constant at 333 nm. These values of w correspond
to the case of a continuous film [Fig. 3(a)], two intermediate array
cases [Figs. 3(b) and 3(c)], and our target designed metamaterial
array [Fig. 3(d)], respectively. The methodology for the calculation
of the transmission spectra is given in Sec. II in the supplementary
material. The material parameters are listed in Table S4 in the
supplementary material. For each value of w, we varied the bias
field to 150, 250, 350, and 5 kOe accordingly.

To extract the effect of magnetoelastic coupling, we shall use
the transmission spectrum at Hy;,s=5kOe as a reference. Indeed,
for such bias field, the frequencies of the magnetic modes are
expelled far above the band of interest and cannot be excited acous-
tically, so that all the features in the spectrum are of purely
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mechanical origin. For the case of a continuous film [Fig. 3(a)], we
see that the SAWs are fully transmitted, i.e., |Sy;| = 0dB. When w
is reduced to 300nm, ie., when the gaps between neighboring
stripes are small, a shallow transmission dip centerd at 6.5 GHz
appears in the spectrum [Fig. 3(b)]. This dip deepens and expands
when w is further reduced, while its frequency position is down-
shifted to 6 GHz [Figs. 3(c) and 3(d)], which corresponds to the
aforementioned acoustic bandgap in Fig. 2(b).

Let us now consider the case of coupled magneto-elastic
dynamics, when the QUM frequency is comparable to that of the
acoustic bandgap, which occurs when Hy;,s is lowered. As shown
in Fig. 3(a), as Hp;as is set to 150, 250, and 350 Oe, the transmis-
sion spectrum exhibits an attenuation dip (relative to the pure
mechanical background at 5 kOe) shifting toward higher frequen-
cies as Hy,,s is increased. This corresponds to the case of attenua-
tion of Love SAWs due to coupling with the Damon-Eshbach
spin waves in the continuous nickel film, as experimentally
studied recently.'* In our study, for a total film length of 6.67 um,
the attenuation is —5 dB at Hy,,s= 150 Oe, increasing to —7 dB at
Hyp;as = 250 and 350 Oe. This yields attenuation rates of —0.75 and
—1.05 dB/um, respectively. These figures give the baseline for

o)
°
510 w=333nm  [=—150 Oe|
2 =250 Oe
-15F 350 Oe| 1
(a) B =315 kOe
-20
4
O ';-‘l_.' a
m -5
S,
S -10
2
_15 L o
(C) w=266nm
20 | ] |
4 6 8
f (GHz)
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evaluation of the performance of the metamaterial array. When w
is reduced to 300 nm, the transmission spectra at Hy;,s = 150, 250,
and 350 Oe are altered significantly [Fig. 3(b)], in comparison to
the case of the continuous film, Fig. 3(a): there is a moderate
reduction in depth of maximum attenuation and a shift in its fre-
quency position. In what follows, we shall discuss the results in
terms of “relative attentuation,” that is, attenuation at a given low
bias field relative to the reference background at 5kOe. This
reduction in the relative attenuation continues in case of w
=266 nm [Fig. 3(c)] and w=233 nm [Fig. 3(d)]. In the case of the
targeted metamaterial array [Fig. 3(d)], the relative attenuations
are so shallow (smaller than —3 dB) and flat against the frequency
for the three low bias field values that the attenuation maximum
is no longer discernible. We note that when w is decreased and
the acoustic bandgap is formed at 6 GHz, the attenuation of
transmission at low bias fields develops a sharp dip. This feature
is mostly insensitive to the bias field and matches the dip in the
purely mechanical background. However, after the purely
mechanical background is subtracted, the resulting magnetic con-
tribution is weak and shallow in the case of the metamaterial
array [Fig. 3(d)] as compared to the case of the continuous film

w=233nm '

4 6 8
f (GHz)

FIG. 3. Transmission spectra of the single layer nickel array depicted in Fig. 2 for (a) w= 333, (b) 300, (c) 266, and (d) 233 nm. Array period A is kept constant at 333 nm
for (a)—(d). For each case of w, the bias field Hy;ss is set at 150 Oe (solid blue curve), 250 Oe (solid red curve), 350 Oe (solid yellow curve), and 5kOe (dotted purple

curve), respectively.

¥5:2€1pL €202 Jequieoaq 61

J. Appl. Phys. 134, 233904 (2023); doi: 10.1063/5.0170498
© Author(s) 2023

134, 233904-4


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

[Fig. 3(a)]. (The phase of the transmission spectra that corre-
spond to the data in Fig. 3 is displayed in Fig. S2 in the
supplementary material.) The corresponding magnitude and
phase of the reflection are displayed as Figs. S3 and S4 in the
supplementary material, respectively. The expected enhancement
of interaction between SAW and magnetic resonance due to
Borrmann effect is not observed. The main culprit that leads to
this result is the nickel’s Gilbert damping factor, which was set to
the standard literature value of 0.038 (see Table S4 in the

S,,l (@B)

S,,| (dB)

S,,| (dB)

' 3 ——50 O
= u =135 kOe
4 5 6 7 8
f (GHz)

' C —— 150 Oe ||
= u =135 kOe
4 5 6 7 8
f (GHz)

- e 250 Oe !
mmmi35kOe
4 5 6 7 8
f (GHz)
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supplementary material). If the magnetic material is too lossy, the
excited magnetic resonance may not undergo enough cycles of
oscillation to produce enough Bragg reflections for the Borrmann
effect to occur.

To verify that the SAW propagates far enough through the
array to produce the coherent interference that leads to the
Borrmann effect, we repeat the analysis for a more optimistic
damping factor of 0.01 for the metamaterial. The results are dis-
played in Figs. 4(a)-4(f). First, in Figs. 4(a)-4(f), the same set of

S,,l (@B)

S,,| (dB)

' b —— 100 Oe ||
" nu135kOe
5 6 7 8

mmmi35kOe

(f)

=== 300 Oe
mmmi35kOe

6

7 8

f (GHz)
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FIG. 4. (a)—(f) Simulated transmission for the designed single layer nickel array metamaterial (w=233 nm) with nickel Gilbert damping factor lowered to 0.01. The Hyas is
increased from 50 to 300 Oe from (a) to (f) (brown curves). Also in each graph, the same pure mechanical transmission background calculated by applying a saturating
bias field at 3.5 kOe is being plotted (dotted blue curves) for the purpose of comparison.
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transmission data of pure mechanical response produced by apply-
ing the bias field at 3.5kOe is plotted (dotted blue curves). A
single sharp transmission dip at 6 GHz corresponds to the
expected acoustic bandgap. In Fig. 4(a), two relative transmis-
sion dips appear at 5.31 and 7.02 GHz for Hy;,s=50 Oe (brown
curve). To understand the nature of these two magnetic reso-
nances, we perform spatially resolved Fourier transform of the
magnetization precession component, and the results are dis-
played in Fig. S5 in the supplementary material. It is identified
that the resonance at 5.31 GHz is the QUM with uniform pre-
cession phase within each magnetic stripe, while the resonance
at 7.02 GHz is the “dark mode”: each nickel stripe is split hori-
zontally into two half-regions that precess in opposite phases.
In this article, we focus our attention only on the QUM since
this is the mode we intend to tune using Hy;,s [see Fig. 2(b)].
The frequency of the dark mode (7.02GHz) is already way
above the acoustic bandgap at 6 GHz when Hy,;,s=50 Oe, and
there is no way to move the mode across the acoustic bandgap
by further increasing the Hy,s.

We now try to slowly sweep the QUM across the acoustic
bandgap in the transmission spectrum by increasing frequency
of the QUM. This is achieved by increasing the Hy,,s field value
from 50 to 300 Oe in steps of 50 Oe [Figs. 4(a)-4(f)]. For each
Hy,as value, we can identify the QUM attenuation dip frequency,
attenuation maximum, attenuation of the mechanical back-
ground at the same frequency, and, therefore, the relative atten-
uation by subtracting the QUM attenuation maximum with the
mechanical background. The results are summarized in Table I.
We find that at Hyp;s=50 Oe, the QUM resonant frequency is
much smaller than that of the lower bandgap edge [Fig. 4(a)],
and the relative attenuation is at —7.2 dB (Table I). The relative
attenuation is then suppressed to —5.2 and —5.5dB when Hy;ag
is increased to 100 and 150 Oe (Table I), at which the QUM is
now approaching and overlapping with the acoustic bandgap
[Figs. 4(b) and 4(c)]. As Hyp;,s is further increased to 200 Oe,
the relative attenuation is increased to —18.2 dB (Table I). This
happens when the QUM is located at the upper edge of the
acoustic bandgap [Fig. 4(d)]. As we increase Hy;,s to 250 and
300 Oe, the QUM frequency increases and exits the bandgap
[Figs. 4(e) and 4(f)], and the relative attenuation is moderately
reduced to —12.0 and —12.3 dB (Table I).

To understand the dependence of relative attenuation against
the relative position of the QUM to the acoustic bandgap, we

TABLE I. Frequency and transmission values extracted from Fig. 4.

QUM S2:1] at QUM [S21] of Relative

Hpis  frequency resonance mechanical  attenuation
(Oe) (GHz) (dB) background (dB)

50 5.32 -8.1 -0.9 -7.2
100 5.51 =55 -0.3 —5.2
150 5.96 -19.0 —13.5 =55
200 6.03 —27.2 -9.0 —-18.2
250 6.18 —14.2 =22 -12.0
300 6.41 —12.8 -0.5 -12.3

ARTICLE pubs.aip.org/aip/jap

consider the attenuation mechanism of the Love SAWSs. In our
case, the static magnetization in the stripes is aligned in the +y
direction, so that its unit vector is given by (mymym,)=(0,1,0).
Then, as we show in the supplementary material [see Eq. (S9)],
the SAW is attenuated by exciting the magnetic resonance through
the x component of the magnetoelastic field given by
Hiperx = —2Ba&xy/(uoM;). In Fig. 5, the Fourier transform of the
strain tensor Xy component (F{gy}) at the QUM frequency is
plotted against x for all previous values of Hy;,s in Fig. 4 and
Table 1. We see that at Hy;,s= 100 Oe, where the QUM is entering
the acoustic bandgap [Fig. 4(b)], the magnitude of Fourier trans-
form of strain &,,(|F{g}|) exhibits peaks that align with the gaps
between stripes [Fig. 5(b)]. This is especially obvious in the region
of x between 10 and 13 um. Therefore, the SAW at this particular
Hpias Value excites the QUM less efficiently, and the relative attenu-
ation is suppressed (Table I). On the other hand, at Hy;,s =200 Oe
where the QUM is aligned with the upper acoustic band edge
[Fig. 4(d)], the peaks of the &, Fourier transform magnitude
(| Flex}]) occur inside the magnetic stripes themselves [Fig. 5(d)].
Therefore, at this value of Hy;,,, the SAW excites the QUM more
efficiently than in the case of the continuous thin film, and this
yields a stronger relative attenuation (Table I). In fact, the formation
of these peaks of strain tensor magnitude indicates the onset of
standing waves inside the array structure and is the manifestation of
the Borrmann effect (Fig. 1). At bias field value where the QUM is
outside the bandgap (i.e., Hyis = 50, 250, and 300 Oe), the SAWSs are
largely travelling wave inside the array structure. In these cases, the
strain magnitude |F{g,,}| is relatively position independent (instead
of forming peaks) and phase /F{g,,} decreases steadily with x
[Figs. 5(a), 5(e), and 5(f)]. Therefore, at these bias field values, the
ability of SAWs to excite the QUM is at an intermediate level, which
results in intermediate values of the relative attenuation (Table I).

So far we have been discussing the subject in terms of S, !
against frequency. In order to offer a perspective in the momentum !

space, the dispersion relation of the single-layer nickel array for
various values of w and Hy;,s has been computed, and the results
are displayed in Fig. 6. The results in Fig. 6(a) correspond to the
case of a continuous nickel film with Hy;,s=5kOe (no magnetic
response in the frequency range of interest), where a straight line of
frequency against k for Love SAW is observed. After lowering Hy;,s
to 50 Oe, hybridization of the SAW with magnetic resonance is
seen at roughly 4.6 GHz, indicated by the occurrence of a gap with
slight bending of the SAW dispersion line near to the gap edge
[Fig. 6(b)]. In Fig. 6(c), the stripe width w is decreased to 233 nm,
which leads to the opening of an acoustic stop band at 6 GHz as
mentioned earlier. Figure 6(d) depicts the situation where the
acoustic bandgap at 6 GHz coexists with SAW hybridizations with
magnetic resonance at 5.3 and 7.0 GHz (quasi-uniform and dark
magnetic mode). When Hy,, is increased to 250 and 350 Oe, the
quasi-uniform mode frequency is upshifted to the upper acoustic
band edge and above, as indicated by the movement of the hybridi-
zation discontinuity to somewhere above the acoustic bandgap at
6 GHz [Figs. 6(e) and 6(f)].

To summarize this section, when the Gilbert damping
factor is reduced to a low enough value (0.01), the metamaterial
formed by an array of magnetic stripes exhibits the Borrmann
effect, which enhances the coupling between a propagating
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FIG. 5. Magnitude and phase of Fourier transform of the xy component of the strain tensor (e,,) against x for the case of broadband Love SAW pulse scattering with the
single-layer nickel stripe array at QUM resonance frequency (f.s) for applied bias field Hyias €qual (a) 50, (b) 100, (c) 150, (d) 200, (e) 250, and (f) 300 Oe, respectively.
The notation F{}(f) denotes Fourier transform from time to frequency domain, in which the quantity’s phase and magnitude are then evaluated at the QUM resonance fre-
quency fes=5.32, 551, 5.96, 6.03, 6.18, and 6.41 GHz and are displayed as a function of position x from (a) to (f), respectively. Light blue background columns denote
the position of the nickel stripes. The strain tensor is defined according to Eq. (S10) in the supplementary material and is outputted directly from COMSOL software. The

corresponding u is being shown in Fig. S9 in the supplementary material.

SAW and the stripes’ local magnetic resonance. However, this
enhancement happens only at the acoustic band edge, where
substantial mechanical attenuation background has occurred
already (—9.0dB at 6.03 GHz, see Table I). This mechanical
background attenuation is a result of the spatial modulation of
elastic properties induced at the surface by the stripe array and
is, therefore, fixed when the array is fabricated. From an appli-
cation point of view, this frequency overlap of the enhancement
of tunable attenuation and a substantial non-tunable attenuation
background is highly unfortunate. Indeed, the merit of a
tunable attenuator depends not only on its maximum attenua-
tion ability but also on the insertion loss when it is in the
“pass” state: the smaller is this insertion loss, the better is the
device would be. In Sec. III, we explore whether it is possible to
use the Borrmann effect for attenuation enhancement when the
QUM is far away from the non-tunable acoustic bandgap.

lll. DOUBLE-LAYER STRIPE ARRAYS

The presence of nickel stripes on the LiNbO; surface produces
both an elastic impedance mismatch and a magnetoelastic coupling
for the propagating SAWs. Therefore, from the SAW’s perspective,
the magnetic scattering sites always coincide with the elastic ones
(and have the same periodicity), which leads to the finding in
Sec. II that the magnetic Borrmann effect occurs only at edges of
the acoustic bandgaps. This can be overcome in a metamaterial in
which the magnetic period differs from the mechanical one, e.g., in
an array in which the magnetoelastic coupling is altered for every
other stripe. As a result, the magnetic Bragg scattering would occur
at half the frequency of the acoustic bandgap. This would allow one
to achieve magnetic scattering with its strength enhanced by the
spatial periodicity at frequencies within an allowed acoustic band.
The natural possibility to control locally the magnetoelastic
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FIG. 6. (a)-(f) Dispersion relation for various values of w and Hys in the
single-layer nickel array with nickel Gilbert damping factor set to 0.01. The
results were obtained by 2D Fourier transform of u, (mechanical displacement
in the y direction) against position (x) and time (t) to momentum (k) and fre-
quency (f) domain under the broadband pulse excitation as described in the
supplementary material Sec. Il. In the simulation, Nge, is increased to 64. In
(a)(f), it is the absolute value of the Fourier transformed results being
displayed.

coupling is by reversing the magnetization in the stripe and thereby
switching the precession chirality of the QUM. Then, the match or
mismatch between chiralities of the QUM and the magnetoelastic
field produced by the Love SAW would affect the coupling effi-
ciency between them. In extreme circumstances where both the
QUM precession and the Love SAW magnetoelastic field rotation
are engineered to be completely circular in the x-z plane, this chi-
rality mechanism could completely switch on and off the coupling
between the QUM and the SAW.

Here, we go further and replace the single-layer stripes in Sec.
IT with double-layer stripes. The double-layer structure relies on the
change of parity of the magnetoelastic field on the upper and lower
layers upon magnetization reversal to control the SAW coupling to
the out-of-phase magnetic mode in the double-layer stripe, thus
achieving the aforementioned objective to locally control the
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FIG. 7. (a) Schematic illustration of the double-layer nickel stripe array and the
simulation setup. Details of dimension values in the figure could be found in
Table S5. Notice that unlike the situation as in Fig. 2(a), the substrate surface
inside the gaps between adjacent double layer stripes are not electrically
grounded (i.e., the light blue lines V=0 are discontinued inside the gaps). On
the other hand, the horizontal centers of the upper and lower layers in each
stripe are aligned. (b) The dispersion relation of the Love SAW is approximated
as a blue straight line with phase (group) velocity equal to 4 um/ns. The acous-
tic bandgap created by the array with period A=1um is at 2 GHz, denoted by
the black square. The frequency of the magnetic out of phase mode in the
nickel double-layer stripe against 1/(2w), where w is the stripe width and with
thickness d=30nm and spacing between layer s=15nm under a zero bias
magnetic field with magnetization in anti-parallel state is plotted as red circles
and red solid line. The right vertical dotted black lines indicate the value of 1/
(2w) at w=667 nm. The horizontal black dotted line indicates the frequency of
the Love SAW that the out-of-phase mode at w= 667 nm is coupling to (1 GHz).
The left vertical black dotted line indicates the k/(2r) value of the SAW at 1 GHz
(0.25um™").

magnetoelastic coupling. In particular, the double-layer structure
with antiparallel alignment of the layers’ magnetizations can be
considered as a prototypical synthetic antiferromagnet. Figure 7(a)
illustrates the design of the double-layer nickel stripe array meta-
material. The array periodicity A=1um creates an acoustic
bandgap at A=2um or k/(2m)=0.5um™", which correspond to a
frequency f=2 GHz indicated as the small black square in Fig. 7(b).
If only every other double-layer stripe interacts magnetically with
the SAW, it should induce a magnetic bandgap at A=4um or
k/(2m)=0.25um™" translated to frequency f=1GHz, as indicated
by the left vertical and horizontal black dotted lines in Fig. 7(b),
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respectively. Using OOMME, we calculate the frequency of the
out-of-phase (also known as “optical”) mode of the nickel double
layer in antiparallel magnetization state as a function of stripe
width w with spacing between layers s=15nm. The resultant fre-
quencies are plotted as red circles and red line in Fig. 7(b) as a
function of 1/(2w). The right vertical black dotted line indicates
that the SAW at 1GHz couples to the double-layer stripe with
1/(2w) equal 0.75 um™ or w=667 nm, which is indeed smaller
than the array period A (=1 um). One should notice that this is
made possible only because of the use of the double-layer stripe. In
the case of a single-layer stripe, the 1 GHz SAW couples to the
stripe with 1/2w)=0.1um™" [see red curve in Fig. 2(b)], which
corresponds to a stripe width w=5um, a value that is larger than
the array period A (=1um). This highlights the capability of the
double-layer design to operate at the same frequencies and with
smaller stripe width than the single-layer design. The double layer
with interlayer spacing s=15nm allows the magnetizations of the
two layers to have independent static orientations but to interact
dynamically through dipolar fields, forming the out-of-phase mode
at a much lower frequency than the QUM in the case of single-
layer stripes.

To characterize this design, we shall consider four different
configurations of magnetization and applied field, as depicted in
Fig. 8 and dubbed as (a) “saturated state,” (b) “fully parallel state,”
(c) “partially antiparallel state,” and (d) “fully antiparallel state.”
The different remanent states in (b), (c), and (d) can be achieved
by an appropriate history of the bias field application. The stripes
can be engineered to have different reversal magnetic field by
designing the stripe ends to be pointy, square, or be connected to a
domain wall injection pad (not shown). These different designs of
stripe ends will result in different domain wall nucleation field and,
therefore, different stripe magnetization reversal field by domain

arallel”

(a) ‘saturated”

® 5 kOe

(b) “Ful

0 Oe

(c) “Partially anti-parallel” (d ) “Fully anti-parallel”
0 Oe 0 Oe

2888 83

FIG. 8. Four different states of magnetization and applied bias field. The circle
cross (dot) symbol indicates magnetization or bias field pointing toward the posi-
tive (negative) y direction in Fig. 7. In each case, only four stripes are shown,
but the rest of the array follows the same pattern.
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wall motion through the stripes. The smaller width of the stripe’s
upper layer also makes reversing its magnetization harder as com-
pared to the lower layer. In our design, we set the upper and lower
layers’ widths to be wy, =650 nm and Wi, =750 nm, respectively
(Table S5 in the supplementary material). This is partially for the
two layers to have different reversal fields and partially to simplify
their lithography, practically. The modification of the stripe width
to be unequal on the upper and lower layers will change the
out-of-phase mode frequency. However, it can be easily shifted
back to the original target value of 1 GHz by tuning the spacer
layer thickness s to 16.5 nm (Table S5).

The magnetic mode profile of the stripe array under broad-
band Love SAW pulse excitation for the four magnetic configura-
tions as depicted in Fig. 8 is plotted for the lower layer (Fig. 9) and
upper layer (Fig. 10) of the stripes, respectively. The occurrence of
a “bump” of |F{m,}| inside a stripe in Figs. 9 and 10 implies that
the magnetic mode at 1 GHz inside that particular stripe has been
“switched on,” and the stripe contributes to the absorption of the
SAW’s energy. By comparing Figs. 9 and 10 with Fig. 8, one can
conclude that the magnetic mode at f=1GHz is excited by the
SAW pulse if and only if the corresponding double-layer stripe is
in an antiparalle] magnetization state. On the other hand, in each
stripe of Figs. 9 and 10 where the 1 GHz mode has been excited,
the phases in the upper layer (Fig. 9) and in the lower layer
(Fig. 10) are 180° shifted relative to each other, indicating this
mode to be an “out-of-phase” mode. We note that in the antiparal-
le] magnetization state, the m, components in the two layers are
out of phase while their m, components are in phase. However,
because of the shape anisotropy of the stripe cross section, the
magnetization is highly elliptical with amplitude of m, dominating
compared to m,, and so, the term “out-of-phase” remains justified.

The reason why the out-of-phase mode at 1 GHz is excited if

and only if the double-layer stripe is in an antiparallel state is as
follows. As we show in the supplementary material [see Eq. (S9)], }

the magnetoelastic field that excites the mode is given by
Hinerx = —2By&xym, /(uyMs). Therefore, when the magnetization in
a layer is switched from +y to —y direction, my switches from +1 to
—1, and H,., changes sign while retaining its magnitude. A
double layer with parallel (antiparallel) magnetization alignment
has an even (odd) parity of H,,.;» upon the upper and lower layers.
On the other hand, since the 1 GHz out-of-phase mode has odd
parity of phase upon the lower and upper layers, only a Hy,, field
with odd parity upon the same two layers can excite the mode.
Therefore, excitation of this “out-of-phase” mode at 1 GHz requires
the double layer to be in the antiparallel state.

The opportunity to switch on and off the coupling between
the SAW and the magnetic mode by controlling the magnetization
state of the double layer gives us a unique opportunity to reconfig-
ure the spatial periodicity of the magnetic interaction with the
SAW. One can observe that in the “partially antiparallel” state, the
SAW interacts with the 1 GHz out-of-phase mode with a spatial
periodicity that is twice the array periodicity [Figs. 9(c) and 10(c)].
As we have discussed earlier in this section, this would lead to a
Bragg reflection at a frequency that is in the middle of the acoustic
passband. Indeed, this is what we observe from the simulation.
Figure 11(a) depicts the reflection coefficient against frequency for
the four magnetic states shown in Fig. 8. While all four states show
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FIG. 9. Magnitude (blue solid curve) and phase (brown dotted curve) of the Fourier transform (from time to frequency) of the x component of the precession magnetization
(F{m,}) at frequency f= 1 GHz for the lower layer of the double-layer nickel stripe array as a function of x for the case of (a) saturated state, (b) fully parallel state, (c) par-
tially anti-parallel state, and (d) fully anti-parallel state depicted in Fig. 8. The light blue background columns depict the position of the stripes. The arrows in the four
stripes nearest to the right show the static magnetization direction in the corresponding stripe with upward (downward) arrow as magnetization pointing toward the positive
(negative) x direction. Magnetization direction in the rest of the stripes that are not indicated with any arrows could be deduced by the same pattern accordingly. The
stripes mentioned here are always referring to those in the lower layer of the double layers.
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FIG. 11. Calculated SAW magnitude of the reflection coefficient spectrum of the
double-layer nickel stripe array for the four states of magnetization and applied
bias field depicted in Fig. 8. The nickel Gilbert damping factor is kept at 0.038
in (a) and reduced to 0.01 in (b). The arrows indicate the peaks that correspond
to pure magnetic Bragg reflection.

a common strong reflection peak near 2 GHz, which corresponds
to the acoustic Bragg reflection, only in the case of the “partially
antiparallel” state (brown solid curve), there is a reflection peak
at 1 GHz, as highlighted by the downward black arrow. This purely
magnetic reflection peak stands 2 dB above the noise floor created
by the other three magnetic states (blue and yellow solid curve and
purple dotted curve). Notably, the data presented in Fig. 11(a) are
computed assuming a standard nickel Gilbert damping factor of
0.038. The magnetic Bragg reflection peak becomes even more
prominent after this damping factor is lowered to 0.01 as depicted
in Fig. 11(b), again as indicated by the downward black
arrow. Now the magnetic reflection peak stands above the noise
floor by 5 dB.
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FIG. 12. Calculated SAW magnitude of the transmission coefficient spectrum of
the double-layer nickel stripe array for the four states of magnetization and
applied bias field depicted in Fig. 8. The nickel Gilbert damping factor is kept at
0.038 in (a) and reduced to 0.01 in (b). The attenuation dip near to 3 GHz in (a)
and (b) corresponds to excitation of higher order magnetic mode in the stripes
depicted in Fig. S11, which is outside the scope of this article.

Hence, we have verified the existence of a new magnetoacous-
tic feature in the reflection spectrum at a frequency far away from
the acoustic Bragg reflection. This reflection peak arises because of
the spatial periodicity of the SAW interaction with the magnetic
modes. Let us now inspect whether the Borrmann effect, ie.,
enhancement of magnetoacoustic interaction, occurs in the trans-
mission spectrum at the frequency of this reflection peak. The
transmission spectra shown in Fig. 12 were obtained for the same
condition as the reflectance spectra in Fig. 11. We observe in
Fig. 12(a) that the transmission spectra for all four magnetic states
(Fig. 8) exhibit a common dip near 2 GHz. This dip is the acoustic
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bandgap created by the periodicity of the array. On the other hand,
the fully antiparallel state (yellow solid curve) and the partially
antiparallel state (brown solid curve) exhibit a very shallow recess
at 1 GHz (indicated by the upward black arrow) in comparison to
the fully parallel state (blue curve) or the saturated state (purple
dotted curve) as baseline. This small recess grows into observable
dips when the nickel Gilbert damping factor is lowered to 0.01, as
shown in Fig. 12(b) and as indicated again by an upward black
arrow. The partially antiparallel state (brown solid curve) and fully
parallel state (yellow solid curve) exhibit a dip at 1 GHz with atten-
uation depth of roughly —1 and —2 dB relative to the background
provided by the fully parallel state (blue solid curve) and saturated
state (purple dotted curve), respectively.

Certainly, switching of a double-layer stripe into the antiparal-
lel state activates its coupling of the 1 GHz out-of-phase mode to
the acoustic waves, which is responsible for the attenuation dips at
1 GHz in the SAW transmission spectra of Figs. 12(a) and 12(b).
However, the crucial question is whether this interaction is
enhanced by the spatial periodicity of the magnetic scattering sites.
The number of antiparallelly aligned stripes in the fully antiparallel
state is twice the number of those in the partially antiparallel state,
as depicted in Fig. 8. At 1 GHz, the corresponding k/(2m) value for
the Love SAW is 0.25 yum ™ [Fig. 7(b) blue line]. The magnetic scat-
tering site periodicity for the partially antiparallel state is 2A, i.e.,
2 um, which translates to a k/(2m) value equal 0.5 um™', which is
twice that of the Love SAW at 1 GHz (0.25 um™"). Therefore, in the
case of the partially antiparallel state, the Bragg condition corre-
sponds to the spatial periodicity of the magnetic scattering sites,
and the magnetoelastic interaction due to this periodicity should be
enhanced. Following the same arguments, one can deduce that the
Bragg condition is not satisfied at 1 GHz in the case of the fully
antiparallel state, and one should not expect the spatial periodicity
of this state to enhance magnetoelastic interaction. The number of
active magnetic scattering sites in the partially antiparallel state is
half of those in the fully antiparallel state. Therefore, a coherent
enhancement of the magnetoelastic interaction for the partially
antiparallel state should manifest itself as a relative attenuation
depth larger than half of that in the fully antiparallel state.
However, as we have seen in Fig. 12(b), the partially antiparallel
state relative attenuation depth at 1 GHz is almost exactly half of
the one for the fully antiparallel state (i.e., —1 dB vs —2 dB). So, we
must conclude that the transmission spectrum does not reveal any
significant enhancement of magnetoelastic interaction due to
coherent Bragg scattering, even when the value of the Gilbert
damping factor is lowered to 0.01.

IV. DISCUSSION

In the Introduction, we have explained that the Borrmann
effect leads to the modification of magnetoelastic coupling at band
edges due to reduction in the group velocity and formation of a
standing wave. In Sec. II, we learned that if we rely on mechanical
scattering to form the required bandgap and edges, we are faced
with the conundrum of having tunable attenuation enhancement
only when non-tunable loss is already substantial. In Sec. III, we
turned to a different strategy of relying on purely magnetic scatter-
ing to produce the required bandgap and hoping that the magnetic
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origin of the resultant bandgap would also make it removable mag-
netically. However, the results have proven that pure magnetoelastic
scattering is just too weak to produce a bandgap that could lead to
any observable attenuation enhancement. This is true even if the
nickel Gilbert damping factor is lowered to a moderately unrealistic
value. Here, we see the flaw of relying on the Borrmann effect to
improve interaction: the interaction could be further enhanced only
if it is already considerably strong. The Borrmann effect could
make a strong interaction even stronger but cannot render a weak
interaction strong. However, our adventure in exploring the
broader subject of using spatial periodicity to enhance magnetoe-
lastic interaction (which includes the Borrmann effect) is not
completely futile. In Sec. III, we did observe a purely magnetic
Bragg reflection (which is tunable) at a frequency that is far away
from the acoustic one (which is non-tunable). The existence of this
pure magnetic reflection peak could also be seen as a form of inter-
action enhancement due to the spatial periodicity of scattering
sites. The magnetic Bragg reflection could find its application in
reconfigurable radio-frequency identification (RFID) devices,”
where SAW reflection plays a crucial role in providing the micro-
wave response signal to the interrogating device.

We have chosen nickel as the magnetostrictive material to
construct our metamaterial because it has historically been studied
intensively in the literature. However, because of the high Gilbert
damping factor, nickel may not be the best material. There do exist
other materials with magnetoelastic interaction strength compara-
ble to nickel yet much less lossy.” The frequency engineering
method demonstrated in the design of our double-layer stripe in
Sec. IIT implies that materials such as CoFe and CoFeB, which have
previously been ignored because of high frequencies of their stripe
QUM, can now be reconsidered. We do not expect the findings
of this article to be overthrown after nickel has been replaced, but it

is certainly the way to go if phononics is to advance toward usage
of magnetoelastic interaction. An exciting prospect of magneto- !

acoustics-based phononics is its application in reservoir comput-
ing,”® which requires the SAW to drive the magnetic resonance
into nonlinear regime. Unfortunately, this could not be achieved
with nickel since it is too lossy to allow the magnetic mode to be
driven into large amplitude required by non-linearity.

V. CONCLUSIONS

In conclusion, we have numerically explored the possibility of
implementing magnetoelastic interaction enhancement by a
Borrmann effect between Love SAWs and a metamaterial formed
from an array of nickel stripes. We have found that such enhance-
ment is possible if the nickel Gilbert damping factor is lowered to a
moderately unrealistic value of 0.01. By constructing a synthetic
antiferromagnet using a dipolar-coupled magnetic double layer
structure, we have explored the possibility of frequency engineering
of its magnetic resonance. Through manipulating the parity of the
magnetoelastic field, we have also investigated a novel mechanism
to switch the magnetoelastic interaction on and off by realigning
the magnetizations of the double layer into parallel or anti-parallel
configurations. The resultant double-layer array metamaterial struc-
ture is capable of producing pure magnetic Bragg reflection that
could find its application in reconfigurable RFID. Though we have
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not succeeded in achieving Borrmann effect-associated magnetoe-
lastic interaction enhancement that is far away from the acoustic
bandgap, our design still paves the way for such possibility once
nickel is replaced by some other material that is less dissipative but
has a similar magnetoelastic coupling constant. These findings
would set up the stage for the development of reservoir computing
based on magnetoelastic coupled SAWs.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of (i) the
COMSOL finite element method simulation, (ii) methods to obtain
scattering coefficients from broadband pulse excitation, and (iii)
additional figures of scattering coefficients spectrum for the array
structures and the associated Fourier transform generated mode
profiles.
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