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Chiral excitation of spin waves in ferromagnetic films by magnetic nanowire gratings
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We theoretically investigate the interlayer dipolar and exchange couplings between an array of metallic
magnetic nanowires grown on top of an extended ultrathin yttrium iron garnet film. The calculated interlayer
dipolar coupling agrees with observed anticrossings [Chen ef al., Phys. Rev. Lett. 120, 217202 (2018)],
concluding that the interlayer exchange coupling is suppressed by a spacer layer between the nanowires and
film for Ni, but not necessarily for Co. The Kittel mode in the nanowire array couples chirally to spin waves in
the film, even though Damon-Eshbach surface modes do not exist. The chirality can be suppressed by a strong

interlayer exchange coupling.
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I. INTRODUCTION

Magnon spintronics is a field of research aimed at un-
derstanding and controlling spin waves—the collective exci-
tations of magnetic order—and their quanta, magnons, with
perspectives of technological applications [1-4]. Yttrium iron
garnet (YIG), a ferrimagnetic insulator, is currently the best
material for magnon spintronics due to its record low damping
[5-7]. Long-wavelength spin waves in YIG can travel over
centimeters [6]. Dipolar interactions add unique features to the
magnetostatic surface or Damon-Eshbach (DE) spin waves
in a magnetic film with in-plane magnetization. These spin
waves are exponentially localized at the surface and possess
directional chirality: the surface spin waves propagate only
in one direction that is governed by surface normal and
magnetization directions [8—17]. This chirality can be very
attractive for application in magnetic logics [18]. However,
dipolar surface spin waves suffer from a low group velocity,
which makes them less attractive for information transfer. A
different mechanism—exchange interactions—generates spin
waves with much higher group velocity, but they are scattered
easily. Transport is then slowed down by becoming diffusive:
their reach becomes limited to the order of 10 um, and the
directional chirality vanishes as well.

The spin waves most suitable for information technolo-
gies therefore arise in the intermediate regime, i.e., dipolar-
exchange spin waves that combine the long-lifetime and
attractive features, such as the chirality of magnetostatic
magnons, with the higher group velocity generated when
the exchange interaction kicks in. Unfortunately, these spin
waves are hard to excite since coherent microwave absorption
conserves linear momentum, and the impedance matching
problem exists when using a conventional coplanar waveg-
uide. Recently, excitation of relatively short-wavelength spin
waves in Co(FeB)|YIG thin-film bilayers with uniform mi-
crowave fields has been demonstrated [19,20], but these are
standing waves that cannot travel. References [21,22] demon-
strated that microwaves can excite higher-momentum in-plane
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spin waves by ferromagnetic resonance (FMR) of Ni or Co
nanowire arrays (NWAs) on an ultrathin (20 nm) YIG film
(see Fig. 1). The dimensions of the grating in Fig. 1 are
the thickness & and width d of the nanowires, the period or
center-to-center distance between the nanowires a, and the
YIG thickness s. We choose Z to be parallel to the nanowires,
the magnetizations, and the applied magnetic field. A thin
nonmagnetic layer between the nanowires and film suppresses
the interlayer exchange coupling. We allow NWA and YIG
magnetizations to be antiparallel as well. We investigate the
magnetization dynamics of such a magnetic grating on a mag-
netic film and find that the spin waves can be chirally excited.
This is surprising at first glance since DE surface modes [9] do
not exist for such thin films. However, it corresponds to and
explains recent experiments (Chen et al. [23]). We show that
the chirality arises from the unique polarization-momentum
locking of the dipolar field generated by the Kittel modes of
NWAs.

In the experiments, a coplanar waveguide on top of the
NWA|YIG system of Fig. 1 is tuned to the NWA Kittel mode,
in which the magnetization of all wires precesses in phase.
Due to the large magnetization and form anisotropy of Co and
Ni, this frequency is much higher than that of the underlying
YIG film FMR. The array acts as grating that couples to
short-wavelength in-plane spin waves in the YIG film by the
dipole and exchange couplings [21,22]. Only the spin waves
propagating perpendicular to the nanowires (the y-direction in
Fig. 1) with in-plane wave vector k = mm §/a can be excited,
where m is an even integer. The coherent coupling generates
anticrossings between the NWA Kittel mode and the spin
waves in the YIG film that can be observed in the microwave
reflection spectra [22]. The mode splitting is a direct measure
of the interlayer coupling strength. Since YIG is magnetically
very soft, the magnetizations of film and nanowires can be
rotated with respect to each other, which enhances the inter-
layer coupling up to GHz when in an antiparallel configuration
[22]. We theoretically study the dynamics of this system,
focusing on the experimentally relevant thin-YIG-film limit

©2019 American Physical Society
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FIG. 1. Co or Ni nanowire grating on a YIG film with a coordi-
nate system and geometric parameters. The YIG film is fabricated on
the gadolinium gallium garnet (GGG) substrate that is a nonmagnetic
insulator. A magnetic field is applied in the Z-direction, parallel to
the nanowires. A thin nonmagnetic spacer (yellow) may be inserted
between the wires and the film to suppress the interface exchange
interaction.

(e.g., s < 20 nm). We find good agreement with experiments
when only the dipolar coupling is taken into account, which
could indicate that the spacer in the experiments suppresses
the exchange interaction [22]. Importantly, we find that the
coupling is chiral, i.e., it excites only spin waves propagating
with linear momentum k || (g X n), where fmy is the mag-
netization of and n the normal to the film as is known for
surface DE modes in thick films [9]. However, DE modes do
not exist in thin films with a magnetization dynamics that is
almost constant over the film thickness. The chiral excitation
due to the interface dipolar coupling is still possible even if
there is finite interface exchange coupling. This excitation
adds functionality to downscaled magnonic devices [24].

This paper is organized as follows. We first introduce the
uncoupled modes for NWAs and the YIG film in Sec. IIL
Then, the interlayer dipolar and exchange interactions are
addressed in Sec. III followed by concrete calculations and
comparison with experiments in Sec. IV. Finally, Sec. V
contains a discussion of the results and conclusions.

II. UNCOUPLED DYNAMICS

In this section, we formulate the Kittel mode dynamics in
a NWA as well as spin waves in the thin magnetic film. The
collective mode in the NWA generates the high momentum
Fourier components that couple to the exchange spin waves in
the film as elaborated in Sec. III. We also need the spin waves
amplitude formulated in Sec. 11 B.

A. Kittel mode in a nanowire array

The NWA with a length much larger than the periodicity
is to a very good approximation a one-dimensional magnonic
crystal [1,2,25,26]. In this limit, we may disregard interwire
dipolar interactions.

The frequency wg and magnetization amplitude m
(m¥, m¥) of the Kittel mode in a single magnetic wire read
[27,28]

K:

Wk = /'L()V\/(Happ + MONxx)(Happ + MONyy)a ()

m§ = iy/(Hupp + MoNyx)/(Hopp + MoNy)mt,  (2)

where o is the vacuum permeability, —y is the electron
gyromagnetic ratio, Hyyp is the applied magnetic field (in the
Z-direction), My is the saturation magnetization, and N,y is
the demagnetization factor with N, = 0 for a sufficiently long
wire [21,27-31]. When h < d (or h > d), the demagnetiza-
tion factor of ellipsoids [31] simplifies to Ny, ~d/(h+d)
and Ny, >~ h/(h + d) [27-29], while

2
1 woyMo\ h
o - o 1+§< :(0)0) 70 3)
K

where a)g)) = oy +/ (Happ + Mo)Hyyp is the FMR frequency
of the extended film.

Under FMR, the Kittel modes of all wires excited by a
homogeneous microwave field precess in phase. The magne-
tization M(r) is periodic in the direction perpendicular to the
nanowires,

M), ye [na — di,na—i— %], x € [0, i,

M(r,t)={ 0  otherwise, v

where n is an integer. The Fourier series of the transverse
components of M(r) reads

even
Mg (r, 1) = mge " O(h — x)O(x) Z 2fmcosk™y, (5)

m=0

in which B8 = {x,y}, ®(x) is the Heaviside step function,
k{™ = m /a, with m a positive even integer and

1 2 d
fm = (1 — E(sm())E sin (5/(}(]’")) (6)

M}f(r) is the lowest acoustic mode with frequency wg for the

nanowire array in the interval a)g}) <wg < a)ﬁ(w) with a);(w) —

a)}?) = O(h/d) [1,2,25]. The normalization condition of the
amplitudes reads (for general modes labeled by p) [8,26]

/ dr[MP @M (r) = M ©OMP (1)) = —i/2,  (7)

where M = M*. The acoustic mode in Eq. (5) is elliptically
polarized as

mK = _a_ [Hypp + MoNy,
Y\ 4hd\| Hypp + MoNy,
I |ad | Hyp h
— | = =" 10(=), 8
7 24\ T\ Hap + My <d) ©
mK = i Happ + MoNy,
v 4hd \| Hypp + MoN,,
i |ad [Hupp+ Mo h
S ey e N ) 9
MR <d ®

which can be strongly elliptic in the thin-film limit.
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B. Spin waves in a thin magnetic film

Magnetic modes M in the film are the solution of the
Landau-Lifshitz (LL) equation [32]

dM/dt = _/'LOVM S (Happ + ﬁd + I:Iex)7 (10)

where Hyp, = Hypp2 is the same applied magnetic field as
above, ﬁd is the dipolar field (see Appendix A) [33],
and the exchange field H., = aex(an + 8?1\7[ + 831\7[) with
stiffness aex. We choose free boundary conditions dM(r)/
dx|,—o,—s = 0 for simplicity [34-36], since the lowest mode
in sufficiently thin films is not affected by partial pinning
[37-40].

® + Qp + Cexk? + e (I /5)* +1/2
—1/2 + [ky|Qn /2

0
+ -
; (_klel’/2 + |ky|Qpr /2

where & = o/(1oyMo), 2 = Happ/My, and

By translational symmetry in the §-Z plane, M, ,(r) =
ik (x)ehrtikie=ion with k = k,§ + k,2. We focus on the
spm waves with k, = 0 that couple to the acoustic mode
of the nanowire array (see Sec. III). From Eqgs. (10) and
(A3), i (x) = iy (x) iy (x) and dy (x)/dx|,—o, s = O,
we have the Fourier series [16,33]

= !
> W2 TH By s == (1)
=0

il (x) =

Equation (10) leads to the following equations for ﬁzf‘i
[16,33]:

1/2 ~1k1Qu/2 ﬁzf,;
&)_QH aex aex(lﬂ/s)2_ 1/2

—kyOur /2 — lky |Q11//2) (mi +> —o. 12)

0 iy

Qi = / dx/ dx'e - )"k'cos(ln ) cos (llx) 2 ,
—s —s (4 80) (1 + 810)
O = / dx/ dx'sgn(x — x")e =2k cog (l il )cos (l—nx> 2 , (13)
—s —s s s ) A+ 80) +810)
and sgn(x — x’) = 1 when x > x" and sgn(x — x’) = —1 when x < x'.

The exchange energy for the spin waves along the k-direction is aex(I77/5)*. For the typical film thickness s <
= 100 nm, ozexky2 & dex (I /5)* when [ > 1. In Appendix B, we argue that we may confine our

magnon wavelength 27 /k,

20 nm and

attention to the spin waves in the lowest branch / = 0 with amplitude governed by [16,33]

0,—

~k, 2
: —Qy — aek? — 1
my .\ ~ H exXy,
wol| _x" ] = moyMo| 1 1 sk,
(m ) (‘i““m(l‘me )

which leads to the energy spectrum [33-36,41]

Wy = MOVM()[(QH + aexky% + 1)(QH + aexkfy) + (1 -

and ellipticity
_k, F—1 5
WlO"y = lF——HmO’x’ (16)
where
1 l—exp(—lky\s)
F = 17

—(Qu + aexk +1/2)

Mo}/Mo

With the normalization Eq. (7) we find

3 F+1 | F-l
gy = | —— . iy, =i (18)
4s(F — 1) 4s(F + 1)

For wavelengths that are relatively short but still much
larger than the film thickness or s/aex S |ky| S 1/s, the en-
ergy of the spin waves in the lowest branch approaches

1_ 1 _ 1 ,slkl =~ ky
27 Sk |(1 rlk \e k) my (14)
QH + aexk2 + ) ﬁl(];v_ '
7
1 1 gkys>( 1 eu«m)} (15)
lkyls — lkyls lkyls  |kyls

(

10y Mo (Rt + etexk? + 1)(Q2p1 + arexk?), |F| > 1 and the
precession becomes circular with ﬁaof'), = imgf‘x =i/1/(4s).

III. INTERLAYER DIPOLAR AND
EXCHANGE INTERACTIONS

We now analyze the coupling between the NWA and film
that generates the observed anticrossings in the microwave
absorption. We focus on the experimentally relevant inter-
layer dipolar and exchange couplings of the Kittel mode of
the NWA and the spin waves in the lowest subband of the
thin film. We adopt the configuration in which the equilib-
rium magnetizations and applied field are all parallel to the
Z-direction. The results also hold for the antiparallel config-
uration with Mg || Hypp || 2 and My || —2 by replacing mf

with —mi,‘.
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A. Interlayer dipolar interaction

The free energy due to the interlayer dipolar interaction
reads [32]

Fy(t) = —,uO/M(r,t)~hD(r,t)dr

= —,uO/MK(r,t)-ﬁD(r,t)dr, (19)

where h” (h”) is the demagnetization field generated by the
acoustic mode (spin waves) in the NWA (films) [32],

My (¥, t)

’

1
h(r,1) = 4—8,3/dr/
TT

Ir —r'|
N 1 9 My (r', t)
hy(r,1) = Eaﬁ/dr/ﬁ, (20)

where «, 8 = {x, y} and the repeated index implies summa-
tion (over «). The field acting on the nanowire array is h”
with x > 0 > x’ (see Fig. 1) while that acting on the film is h”
with x < 0. Below, rich features are revealed for the interlayer
dipolar coupling by both classical and quantum descriptions,
which are further understood from the unique behaviors of h”
and h?.

1. Classical description

In a classical description, the Kittel mode of the NWA as
derived above reads [see Eq. (5)]

Mf(r’ ) even .
(Mf(r, t)) = 0(h —x)O(x) Z 2 fn cos (k™)

m=0

K
8 (mx cos(a)Kt)>' 1)

mf sin(wg?)

By substituting these modes into Eq. (20) and using the
Coulomb integral

ikyy' / 2 ) ,
1= / ar &2 SC) I iy / dx'e Ikl £ (22)

r —1r'| |&y | |

even

its dipolar field in the film below becomes

R DY R L e[ cos (kmy)
(hf(r, t)) o Z Ene™ —sin (k;,”‘)y)

m>0

K
8 <mx cos(wKt)> 7 (23)

K .
my sin(wgt)

— sin (k}(,’”)y)>

— cos (k{™y)

with the form factor F,, = f,,(1 — e"%"1"). By inspection of
the dipolar fields under the wire center and between the wires,

oen ot [ mX cos(—wkt
hD(X,yZO,t)ZZFmeM;)'x( );( ( K ) ’ (24)

=50 m:> sin(—wgt)

y
even i § mK cOS(—coet
W (. =3.1) =2Fm(—1>eelk;>|x< ¢ cos(—axt))

= my sin(—wgt)
(25)

it becomes clear that h? rotates in the x-y plane, but in the
opposite direction of M¥. Decomposing the latter into right
and left circularly polarized components as (mX,mX)" =
mK (1, 1)T +mE (1, —1)7, the dipolar field Eq. (23) can be
written
(hf(r)) _ %‘i £k |:mK (cos (—kmy — a)Kl‘))
h)P(r) - me R\ sin ( — k}(,’”)y — a)Kt)

m=0

(m)y, _
mf( cos (k), y — wkt) )i| 26)

— sin (k}(,m)y - a)Kt)

Since k(™ > 0, the standing magnetization mode in the NWA
generates two traveling dipolar field waves with opposite
propagation directions locked by the polarization. A right
circularly polarized Kittel mode (mX = 0) generates dipolar
magnetic fields with the opposite polarization that propagate
only in one direction, while ellipticity leads to a second wave
with the same polarization sense but in the opposite direction.

h”(r) can now interact with the proximate spin waves in
the film below, which we denote as

~k . JR—
M(r, £ = ( mg(x)cos(k - rj — wt) ) o7

—n"iif(x) sin(k - rj — wt)

where ry = y§y + zZ. Substituting, the magnetic free energy
due to the interlayer dipolar coupling becomes

Fy(t) = —po ZFm/dr e"f5M)'x[rhf(x) cos(k - 1y — or), —ity (x) sin(k - 1 — wr)]

m=0
cos (K™y)  —sin (k{™y)
X
—sin (k™y)  —cos (k{"™y)

m¥ cos(wgt)
) (mf sin(a)Kt)>' (28)

The dipolar thin-film form anisotropy also causes elliptical precessions that can be decomposed into the right and left circularly
polarized components as (rh;‘(x), nﬁ;‘ (x)) = mg(x)(1, 1) + mf(x)(1, —1). Atresonance w = wg the average F; over a time period

27wk is finite,

even

Fy = —po ZFm / dx N (i my 8 om + iy (x)mff?ky,_k;m))- (29)

m=0
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Equation (29) leads to the following conclusions:

(i) The ac dipolar magnetic fields couple only to spin
waves with the same polarization (conservation of angular
momentum).

(ii)) The FMR resonance of the NWA couples only to
spin waves with momentum £k{™§ (conservation of linear
momentum). ’

(ii1) Circularly polarized excitations in both NWA and
the film do not interact when equilibrium magnetizations are
parallel. However, they do couple in the antiparallel con-
figuration, which is obtained from Eq. (29) by exchanging

(iv) When the spin waves are circularly polarized, i.e.,

m’,‘j =0, but the NWA modes are elliptic, the coupling is

perfectly chiral, i.e., the Kittel mode of the NWA interacts
with spin waves that propagate in one direction only.
(v) A finite chirality persists when both the spin waves and

(m)
NWA mode are elliptically polarized as long as ﬁz];" (oymK £

~7k£m)
m; (x)mllg.

The dipolar (magnetostatic) spin waves in thin films are
elliptically polarized due to the anisotropy of demagnetization
fields, with the exception of the DE modes in thick films, as
discussed briefly below. The NWA Kittel mode then asymmet-
rically mixes with spin waves in both directions. At higher
frequencies, the dipolar interaction becomes less dominant
and the spin waves become nearly circularly polarized, nﬁf —
0, which implies that only spin waves propagating in one
direction interact as long as mX # 0. When the magnetizations
are antiparallel, mX and mX are exchanged, leading to perfect
and large chiral coupling for circularly polarized magnetiza-
tion dynamics.

The physics can also be understood in terms of the dipolar
field generated by the spin waves and acting on the NWA. We
can express the spin waves in the thin film as

M,(r) . cos(k,y — wt)
(My(r)> = mR(x)(— sin(;cyy - a)t))

s o). oo

where riig(x) and 7, (x) denote the right and left circularly
polarized components. Above the film with x > 0 > x/,

e\ 1 e [ /
(iz_e(r)) =5 " /dx [Cky + [ky e (x")

(k= Il ()] (Efj((,’jg B ;"3) 31)
Irrespective of an ellipticity 72;, the dipolar field is left (right)
circularly polarized above (below) the film. Moreover, the
dipolar field generated by the right (left) circularly polarized
components of the spin waves does not vanish above the film
only when k, > 0 (k, < 0). This can be understood in terms
of the surface magnetic charges with dipolar fields that point
in opposite directions on both sides of the film: When the
spin waves are right or left circularly polarized, only those
traveling in a particular direction can couple with the NWA
Kittel mode with a fixed circularly polarized component.

Although not treated here explicitly, we can draw some
conclusions about the DE modes in thick films as well. DE
modes propagating perpendicular to the magnetization can be
excited efficiently by interlayer dipolar coupling because they
are circularly polarized, but the excitation efficiency is very
different for the parallel and antiparallel configurations. Here,
we disregard the DE modes on the opposite side completely
now since the film is thick. From Eq. (26), the anisotropic
NWA generates the right (left) circularly polarized magnetic
fields propagating in (opposite to) the § direction determined
by mf (mE). With this in mind, DE modes of thick films
can be efficiently excited by dipolar interactions because they
are confined to a thin skin near the surface. However, the
exchange coupling can also do that, irrespective of the parallel
versus antiparallel configuration but with equal excitation
efficiency. The NWA therefore can be an efficient coupler
to excite short-wavelength DE modes that acquire by the
exchange interaction a significant group velocity.

2. Quantum description

We now formulate the interlayer dipolar coupling in second
quantization deriving the appropriate matrix elements from
the classical interactions. To make better contact with the
literature, we replace the magnetization M(r) by the spin
operators S(r) via M(r) — —th(r). After performing the
Holstein-Primakoff transformation [27,42], we linearize the
problem in the magnon operators and diagonalize the resulting
Hamiltonian by a Bogoliubov transformations [27,42-44].
The leading term of the interaction between NWA and film
then reads

3.SK ()

. (32
Ir —r|

A 2.0 1 2 ,
Hd = —Wwoy he— drSa(r)Bﬂ dr
47

with spin operators (for the time being for general film thick-
ness) [27,42,43]

§,(.0) = V23 Y (IO @) + MT ) (1),

ik
S5, 1) = V28 Y (M (0B, (1) + M” (0B (1)),  (33)

p
with y, § = {x, y}. Here & i is a magnon annihilation operator

with band index j in the film, and the Kittel mode of the
nanowire array is annihilated by Bg. Then

Hy = —poy iV MoM,

X Z(Ejk,KBjk&IT( +AxxBixéx +He) (34
K

in terms of

Bjk,K = ZEn / dr &' }k(r)(‘,@k‘w + Qk;m))JVK’

Ajk,K = ZFm / dr ek‘('mxe ~jk(r)(£k‘gm + Qk;m))e/‘/l(.

(35)
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Here, F,, = f,,(1 — e_k;‘m)h), //ij(l') =
NE = (mK, ;()T, and

Lm = ¢ "y <: _11>, (36)

and calligraphic letters denote matrices here and below.

Only terms with |k,| = k)(,’“) survive the spatial integration
in Eq. (35), which reflects the momentum conservation. In
the following, we focus again on the experimentally relevant
regime [21,22] of spin waves in the lowest branch j =0,
labeled in the following by “H” and the acoustic mode “K”

in the nanowire array. With M /l;’k = g ﬂeik",

MO (r), M7 (r)),

Hy=) (D§"By k('”)aK +Cy" By

m
+ A(dm)BH,fki"”&K + szm)BH,kj,m)&K +He), 37

in which

Dy = _Moyh%/MoMoFm/dxe " (m)(x)ﬂ,/VK

cy" = —poy MM%/d“Mwﬁwwmfﬂ“,

(m) — oy h2 v MyMyF,, /dxe o k(nx)(x)ﬂJVK

BY" = —poy >N/ MoMoF,, [ dx " Py ()TN,
(38)

with the spinor

_ £km _ £k
(g, (), g (%)) (39)

1 i
9=Q _J. (40)

The equilibrium magnetization of the NWA and film are
parallel to the Z direction. When they are antiparallel with
My || Hypp || 2and My || —2, mX should be replaced by —mX,
as before.

We emphasize again that the couplings of the spin waves of
opposite momentum to the acoustic Kittel mode in the NWA
can be very different. When the wavelength is relatively short,

or |ky| 2 s/aex, the spin waves are nearly circularly polarized,

K ) g
m, . ~im,, . When substituted into D", the integral

: K
fdxek‘ L et 1)< ’1>(m’1‘<> —0 (4]
1)\

and DY ~ AY" ~ 0 in Eq. (38). This implies that the dipo-
lar interaction cannot couple spin waves with momentum
—|k{™|§ to the acoustic mode in the nanowire, while such
a restriction does not hold for waves with +[k{"|§. In other
words, the microwave field couples to short-wavelength spin
waves in thin films via a nanowire grating in a chiral manner.

As discussed above, the physical reason for this unexpected
selection rule is the asymmetry of the dipolar field generated

gz:l:k{.'") ()C) =

and

ot =~

FIG. 2. Chiral coupling of spin waves due to the interlayer dipo-
lar interaction for parallel and antiparallel magnetizations. The gray
and yellow regions denote the film and nanowire array. The red and
black arrows represent the direction of the soft magnetizations of the
film in parallel to the external field and NWA, respectively. The wavy
line with an arrow indicates the propagating direction of spin waves
that couple to the Kittel mode of the NWA.

by (circularly polarized) spin waves propagating normal to
the magnetization (||§). For a particular momentum g, ¥, the
dipolar field generated by the circular spin waves on the upper
side is

Bm) _ e L, / dx/e_w(iqyi —iqy)
AP (r) 2 —iqy  —lgyl

X(DMKK%@, 42)

which vanishes for negative g, but is finite for positive g,.
Therefore, only spin waves with positive (negative) g, can
couple (not couple) with the magnetization in the nanowire
array.

The different excitation configurations and the chiral cou-
pling are illustrated by Fig. 2. When the nanowire array is
fabricated on the upper surface of the film, irrespective of
whether the magnetizations in the film and nanowires are
parallel [Fig. 2(a)] or antiparallel [Fig. 2(b)], among the
short-wavelength spin waves only those with momentum Kk ||
(fy x n) (shown by the wavy line with an arrow) couple to
(are excited by) the acoustic NWA mode.

B. NWA-magnetic film exchange interaction

Both the static [45-47] and dynamic [19,20,48-50] inter-
layer exchange interaction between the NWA and magnetic
film can play a role in the coupling of short-wavelength spin
waves in magnetic bilayers [19,20,49]. Here we focus on the
dynamic exchange interaction, eventually moderated by spin
diffusion in a spacer layer [19,20,48,50,51]. Indeed, recent
experiments [20] show that for direct contact between Co
and YIG bilayers, the static interfacial exchange interaction
plays a dominant role by locking the interface magnetization
on both sides together. A 5-nm Cu space layer, on the other
hand, completely suppresses the static exchange interaction,
while the dynamic interaction mediated by the exchange of
nonequilibrium spin currents through the spacer remains [20].
A 1.5-nm AIO, layer suppresses both static and dynamic
exchange interactions [20]. Here, we assess the role of a
significant direct exchange interaction between the NWA and
film, but we do not discuss the dissipative dynamic coupling.
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The free energy due to an interfacial exchange interaction
density J can be written as [20,45-47]

Fo = / dr J§(x)M(r) - M(r)

:‘I/ddeM(-x:()vva)'M(x:Osyvz)' (43)

When J > 0 (J < 0), the interlayer exchange interaction is
antiferromagnetic (ferromagnetic). J can be calculated by first
principles [52] or fitted to experiments [19,20,22,45,46],

A. = Jy? / dydz8(x=0,v,2)-S(x =0,y,2). (44)

As above, §(x =0,y,z) and S(x =0, y, z) represent the low-
est spin wave subband in the film and the Kittel mode of the
NWA. The expansion into normal modes, Eq. (33),

I-Lx = Z {D(m :3]-1 k'"”“l( + C(m)/ng"(_m)&L

m

+A( ﬂH k(m)O{K + B("),BH k(m)O{K + H.c. } (45)

then contains the coefficients

D = 2]/ MoMy f,, Z i

km)

o (x= O)mO o (46)

—X Y
m) R

C" =20y MoMofn ) mg @=0mk,. (47

B=x,y
(m)
AL =20V oMo Y iy (= O (48)
=

B™ = 2]/ MoMy f,, Z mﬁ' ‘(x = O 5. (49)

_x)

For short-wavelength spin waves with nearly constant am-
plitude across a thin film, DI ~ C{" and A" ~ B{". The
expressions above hold when magnetizations in the NWA
and films are both parallel to the 2-direction. When they are
antiparallel, mf — —m)’,( in Egs. (46)—(49).

C. Energy spectra of coupled NWA-spin-wave modes

With established interlayer dipolar and exchange coupling
between the lowest-branch spin waves in the film and acoustic
mode in the nanowire array, we can compute the energy
spectra of the coupled system.

1. Dominant interlayer dipolar coupling: Anticrossings

We first focus on the interlayer dipolar interaction, as-
suming that the interlayer exchange interaction is efficiently
suppressed by a thin spacer [19,20]. We then may use the
approximate selection rule found in Sec. III A: when |k}'| =
s/aex, the interlayer dipolar coupling between the acous-
tic mode in the nanowire array and the short-wavelength
spin waves is chiral. This simplifies the analysis since one
only needs to consider the dipolar coupling between Bka""’

and a&x. For a particular ky(m), the Hamiltonian of this

subspace reads

3 p ot
HK™) = (1/2) (B - 0% By %)
~ (m) (m) ~
wHk)@ Bd 0 Cd ﬂHkém)
| B e 0 ay
0o ™ & 0N | AN
d Hk(™ d HK™
C;m) 0 B;m) WK oK

(50)
where @ and wg are the energies of the lowest-branch
spin waves with momentum k;m>y and the NWA Kittel mode,
respectively. When |Bg”)| K By, wx, terms with B;’") may

be disregarded from the rotating-wave approximation, and the
Hamiltonian is simplified to the quadratic form

m w C™\ (B
A (k! ))—(ﬂka, )(wHk” d (%"«f )>, 1)

C(m) WK K

with the frequencies

Opgyym + 0K

~ 2
a)Hkgu) — WK 2
. +./(———— c)”,

(52)

|CL(1'”)| is the coupling strength between the short-wavelength
spin waves in the film and the acoustic mode in the nanowire
array, which governs the anticrossing with splitting of 2|C[(1m)|
between these modes at the resonance @Hkim) =wg. In
Sec. IV, we calculate this coupling strength for experimental
conditions in Refs. [21,22], which can be used to understand
the experiments [21,22] without having to invoke interface
exchange.

2. Dominant interlayer exchange coupling:
In-plane standing wave

When the interlayer exchange is active, we need to ad-
ditionally consider the couplings between &g, ,BHk<m>, and

ﬂH g At resonance wg = wy 1 = a) , the Hamiltonian

becomes
0 o
w,, Cn Dy ax
~ (&5 BT At ol 0 A
H~ (OlK, B s B (m)) Cn o, 0 /BHki”” s
Hk H—k 0 N
D m 0 W,y '3 ka)(»'")

(53)

where C,, = CY"” + C" and D,, = DY + D). Its eigenval-
ues are
0

W) =,
@ = @) — /|Cul? + 1D 2, (54)
w3 = @ + v/ |Col? + D%,

with corresponding eigenfunctions
Wl = (07 _Dm/Cma 1)a
V2 = (=V|Cnl?* + |Dy|? /Dy, Ci/Din, 1), (55

|Cnl* + 1D |* /Dy Ca/ Dy, 1)
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FIG. 3. Calculated anticrossing between Kittel mode wg of a
Co nanowire array and spin waves wy ;=4 in YIG film. The cross
at uoH, ~ 0.012 T labels the crossing of uncoupled modes. The
interlayer coupling generates an anticrossing gap with hybridized
branches w. (the red and blue curves). The inset is a trace of the
corresponding experimental microwave absorption maxima [22].

When the interlayer exchange interaction is much larger
than the dipolar one, C,, & D,,. In this situation, the first
eigenfunction in Eq. (55) corresponds to the in-plane standing
wave in the film, which arises from the linear superposition of
the two spin waves with opposite momenta.

IV. MATERIAL AND DEVICE PARAMETER DEPENDENCE

In this section, we illustrate the expressions we produced
above and demonstrate the magnitude of the effect by specif-
ically considering coupling between a nanowire array and a

12 [ ‘

(a) K GH,~0.012 T —&— |
< 1F 0.05T --3-- |
= | K™ gH,~0012 T —6— |
S 0.05T

Es 08t IC™), uoH,=0.012 T ]
Q [ B ]
= 0610 h=20 nm
hd it d=132 nm

=04 | a=180 nm |
= BMy=11 T
02 & € ]
(§\{*X
oL )
mode m

thin film for the Co or Ni NWAs fabricated on YIG films. This
system has been studied experimentally in Refs. [21,22], and
we use the parameters from these papers.

A. Co nanowire array

The lattice constant of the Co nanowire array is a =
180 nm with wire thickness 2 = 20 nm and a width of d =
132 nm [21,22]. The magnetization uoMy = 1.1 T for the
Co and poMy = 0.177 T for the YIG films. The YIG film
is s = 20 nm thick [22] with spin-wave stiffness constant
Qex = 3 x 10719 m?2 [53].

1. Parallel configuration

A magnetic field H, can tune the Kittel mode wg in the
Co nanowires and particular spin waves wy K in the YIG
film to become degenerate [22]. With the above parameters
this happens for mode m = 4 around poH, ~ 0.012 T, as
labeled by the cross in Fig. 3. The coupling between these
two modes opens an anticrossing gap with two hybridized
branches w4, which is observed in the microwave reflection
spectra Sq; (cf. Figs. 1 and 3 in [22]), with absorption maxima
reproduced in the inset of Fig. 3. Figures 4(a) and 4(b) are
plots of the computed anticrossings when the magnetizations
in the nanowire array and film are parallel and antiparallel to
each other, respectively, as a function of the mode index m =
7/(k{™a) and for magnetic fields defined by the crossing
of the uncoupled modes. We plot the experimental m = 4
gap at field puoH; ~ 0.045 T and Mo || iy || Hypp || Z as a
cross in Fig. 4(a) for comparison with the theoretical ones
at woH; ~ 0.012 T and 0.05 T. The blue (red) solid curve
with squares (circles) describes the mode dependence of the
interlayer dipolar coupling between the lowest spin wave
subband with momentum k{"™§ (—k{™§) in the YIG film and
the FMR of the Co nanowire array. The precise position and

AN T my, T T
14T (b) gl g ]
P YL
N [ D/
Z12) [l ]
» s h=20 nm 1
"Q“‘O g d=132 nm ]
g : eX/">< a=180 nm
20671 P HoM(=1.1T
= 1oH,=0.012 T
— 04 N
02
(\m
0 = L C | \)
2 3 4 5 6 7 8

mode m

FIG. 4. Mode dependence of the interlayer dipolar and exchange couplings between Co nanowires and a YIG film for parallel (a) and
antiparallel (b) magnetizations. In (a) the blue (red) solid curve with squares (circles) represents the interlayer dipolar coupling between the
spin waves with momentum k{"’y (—k{"¥) in the film and the Kittel mode of the NWA for uoH, = 0.012 T, while the cyan dot-dashed
curve with diamonds denotes the interlayer exchange coupling (which is the same for spin-wave directions). Analogous curves are plotted for
noH, = 0.05 T (the exchange contribution does not depend on the field), The crosses in (a) and (b) denote one-half of the anticrossing gaps

observed in FMR experiments [22]. m is an even integer.
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magnitude of the anticrossing gap deviates between theory
and experiment [22], because it is sensitive to the device and
material parameters.

The coupling strength for the spin waves with positive
wave vector k(’”)y is much larger than that for the opposite

—k{™§ one when m >4, which corresponds to exchange
spin waves, conﬁrmmg that the chirality of the coupling
should be very significant in real systems. With increasing
the mode number, the coupling strength decreases. According
to Eq. (38), Cg(lm) « F, fi dx "% where F,, is the Fourier
component of the NWA magnetization dynamics, while the
integral represents the decay of the dipolar field inside the
film. The drop of the coupling with increasing m is caused by
the evanescent decay of the dipolar field and not by the form
factor F,, sin(k)(,’”)d /2). In the presence of a nonmagnetic
insertion with thickness §, the overlap integral

- 0 0
(m) (m) (o _m (m)
f dx " ——/ dx ") = ¢ ".“5/ dx el . (56)
—s—8 —s —s

So the inserted layer exponentially suppresses the interlayer
dipolar coupling by e k"9, However, this effect is rather
inefficient for § = 1 nm and a wavelength 27 / k}(,’”) = 100 nm,
ie., k}(,'")S =7 /50 ~ 0.06.

The decrease of the coupling with magnetic field in

Fig. 4(a) can be understood as follows. For relatively short-
(m)

. R . k™ .
wavelength spin waves with /i, ~ ifny, , Eq. (38) gives

C" ~ =2p0y v MoMo (,,,)(1 — g (i — i),
(57)
(m) <rn)
For s/aex S |ky| S 1/s the amplitudes méx and 7/, in the

film do not depend strongly on the field, in contrast to the
NWA Kittel mode. Specifically,

—(mf —imK) = (F'* = F N a/@hd),  (58)
in which ¥ =#H app MZNXX)/( aop T MgNyy). When
Ny > Ny, and M > H, aop* F ~ MZNXX/(Happ+M~NVy)
decreases with Hg,, and so does the interlayer dipolar
coupling.

We also present the interlayer exchange coupling C{™
for direct contact between the Co NWA and the YIG film
by the cyan dot-dashed curve with diamonds in Fig. 4(a),
with an interlayer exchange coupling constant J = 200 1.J/m?
[20]. Without a spacer layer, the interlayer exchange coupling
wins over the dipolar interaction for the sample geome-

tries considered here. The decrease can be understood from
R jm
C&Y in Eq. (47): g, , g, , my

, and m do not depend
strongly on mode number, but we find a decreasing |CM] o
|sin(k;,”‘)d /2)/m| with increasing m. Cé)’(”) can also become

oscillatory as a function of m (refer to Sec. IV B below).

2. Antiparallel configuration

Assuming that g || Hypp || 2 and My || —2, M§ becomes
negative and mf is replaced by —mX when calculating
the interlayer dipolar and exchange couplings. The results
in Fig. 4(b) for uoH, = 0.012 T show a strong enhance-
ment of the magnitude and chirality of the dipolar coupling

at the cost of a reduced exchange interaction, which is

. h=20nmm ‘uH ~0.015 T, k™ —5— |
0.5 0 p
< 7N\ d=258 nm m>_e_
5 i a=600 nm 0.11T, kYm)— -3-
ZO04F N\gMg=0.6 T (™) 0015 T
Ez
© 03¢
o
=}
E<02
<2
0.1
0 L ! ! ! ! !

mode m

FIG. 5. Mode dependences of the interlayer dipolar and ex-
change couplings between a Ni NWA and YIG film when mag-
netizations and applied field are all parallel along the wires. The
blue solid curve with squares and the red solid curve with circles
represent the interlayer dipolar couplings for the spin waves with
momenta k{"§ and —k{"§, respectively, for poH, = 0.015 T. The
green dashed curve with squares is the interlayer dipolar coupling
for positive momenta and woH, = 0.11 T. The cyan dot-dashed
curve with diamonds denotes the interlayer exchange coupling for
momenta +k™§ when poH, = 0.015 T. The crosses are one-half of
the mode splittings observed by FMR [22].

caused by|mX — im_;(| < |mf + im_;ﬂ; see Eq. (9). The cross in
Fig. 4(b) indicates the experimental splitting for the antiparal-
lel configuration (at magnetic field woH, = 0.015 T), which
is larger than for the parallel configuration as predicted by
the dipolar model. A treatment of a possible exchange-spring
magnetization texture in the noncollinear and antiparallel
configurations [22] is beyond of the scope of this work.

B. Ni nanowire array

Experiments have also been carried out on a Ni NWA with
a (relatively large) lattice constant @ = 600 nm, and a thick-
ness and width of 7 = 20 nm and d = 258 nm, respectively,
and with a thin spacer of 1 nm between Ni wires and the YIG
substrate [21,22]. The Ni saturated magnetization is puoMy =
0.6 T [22]. For these parameters, the factor ~sin(ky(,’")d /2)
causes a nonmonotonous dependence of the interlayer dipolar
coupling; see Fig. 5. For uoH, = 0.015 T, the asymmetry in
the coupling of the Kittel mode to spin waves propagating
into opposite directions is strong; for m > 4, the chirality
is almost perfect. For larger uoH, = 0.11 T, the interlayer
dipolar coupling is suppressed for the same reason as for the
Co NWA discussed above.

The interlayer exchange coupling is also shown in Fig. 5
for an exchange interaction strength J = 30 uJ/m? [22],
which is smaller than the dipolar one.

C. Summary of the comparison with experiments

The present study was motivated by FMR experiments
that displayed anticrossings, i.e., strong coupling, between
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YIG film and NWA spin-wave modes [21,22]. The observed
splittings are shown by the crosses in Figs. 4 and 5, respec-
tively. The experimental values for the Ni system agree well
those expected from the dipolar coupling, but those for the
Co system are systematically smaller. The interlayer dipolar
[CY" in Eq. (38)] and exchange [Eq. (47)] couplings can both
act together or cancel each other in the gap formation. With
easy-plane anisotropy |m | > |my| in Egs. (8) and (9), I\
and |C, gf)| should be added (subtracted) when the interface ex-
change coupling is antiferromagnetic, J > 0 (ferromagnetic,
J < 0). The observed discrepancy between the experimental
and calculated dipolar gap in Fig. 4 is therefore consistent with
a ferromagnetic exchange interaction between YIG and Co
(but not Ni) through the thin spacer layer [19-22]. A dominant
interlayer dipolar interaction implies a chiral coupling. As
shown in Figs. 4 and 5, only the short-wavelength spin waves
propagating with momenta Kk || fa x n interact with the NWA
Kittel mode, where n is the unit vector normal to the interface.
A similar chiral feature is intrinsic to the Damon-Eshbach
surface mode that exists in sufficiently thick films [9] but not
in the ultrathin films considered here.

The micromagnetic calculations in the supplemental ma-
terial of Ref. [22] focus on perpendicular standing spin
waves interacting with the Kittel mode of YIG in a trilayer
Ni|YIG|Ni structure, which is not the experimental configu-
ration. Our model consists of in-plane spin waves interacting
with the Kittel mode of nanowire arrays from both Co and Ni.
Secondly, the model in [22] takes only the interlayer exchange
coupling into account, while we discuss the role of both inter-
layer dipolar and exchange couplings. Our results support a
dominant interlayer dipolar coupling, which is also necessary
to explain the chiral excitations found more recently [23].

V. CONCLUSION AND DISCUSSION

In conclusion, we demonstrate that spin waves can be
coherently excited in an ultrathin magnetic film in only one
direction by the dynamics in a magnetic proximity grating.
We focus on the limiting cases in which the applied magnetic
field and magnetizations in the film are either parallel or
antiparallel to the NWA magnetization and wire axis. We
report an unexpected chirality in the coupling that strongly
favors spin waves propagating perpendicular to the nanowires
with wave vector |k| = m /a (where m is an even integer and
a is the NWA lattice constant) [21,22]. The dipolar regime
can be enforced by inserting a nonmagnetic layer between
the YIG film and nanowires that suppresses the exchange
interaction more efficiently than the dipolar one [19,20,22].
The calculated coupling strength agrees well with the exper-
imental observations [22] for both parallel and antiparallel
configurations for Ni, suggesting that the interlayer dipolar
interaction plays a dominant role, while a ferromagnetic
RKKY or dynamic exchange coupling may remain in the
Co | YIG system. More work, especially including magnetic
texture and dynamic exchange, is necessary to confirm these
assertions. The spacer layer might also be instrumental to sup-
port an antiparallel magnetic configuration without associated
exchange-spring magnetization textures in the film.

The dipolar coupling is a classical interaction between
two magnetic bodies that has a relative longer range than
the (static) exchange interaction. In the present configuration,
both interactions are exponentially suppressed with distance
between the magnets, but on an atomic length scale and
that of the wavelength for exchange and dipolar coupling,
respectively. In ultrathin films without chiral surface waves,
the exchange coupling mixes the Kittel mode almost sym-
metrically with the spin waves in opposite directions, thereby
leading to in-plane standing waves by interference. In the
presence of spacer layers, the dynamic exchange interaction
competes as well, falling off on the scale of the spin-flip
diffusion length, which can be rather long-range when the
spacer is a clean simple metal such as copper [49].

The spin waves with the wave vector k in a thin film with
surface normal n are coherently exited by the NWA grating
with equilibrium magnetization along m and propagate domi-
nantly in the direction k || (fa x n) (but only for significantly
elliptic precession of either NWA or film magnetic modes).
This phenomenology agrees with the intrinsic chirality of
dipolar Damon-Eshbach surface modes in thick films [9].
However, the physics here is quite different, since there is no
intrinsic chirality in the spin waves of ultrathin magnetic films
with nearly constant amplitude over the film thickness. It is
rather the intrinsic chirality of the dipolar fields emanating the
wires that generates a chiral drive of nonchiral spin waves.
This directionality can be exploited in several ways [54], for
example to generate a heat conveyer belt [55-58] without the
need for surface states.

Finally, we would point out an electric analogy, viz. the
chiral coupling induced by rotating electric (rather than mag-
netic) dipoles. When excited close to a planar waveguide, the
chiral evanescent electromagnetic field unidirectionally ex-
cites surface plasmon polaritons [59], also referred to as “spin-
orbit interaction of light” [60]. There are large differences in
the physics that we will emphasize elsewhere, but note that
the dipolar field with momentum larger than w/c, with
and ¢ being the frequency and light velocity, is evanescent
on a subwavelength scale. Its chirality arises from the near-
field interference of the radiated fields from the vertical and
horizontal components of the ac electric field [59]. The circu-
larly polarized magnetic dipolar dynamics generates a purely
circularly polarized magnetic field [e.g., see Eq. (31)], while
the circularly polarized electric dipole results in an elliptically
polarized field by retardation [see Eq. (1) in Ref. [59]]. In spite
of this and other differences, the application perspective of the
chiral coupling found in plasmonics such as broadband optical
nanorouting [59,60] and polarization analyzers [61] should
stimulate similar activities in magnonics.
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APPENDIX A: GREEN FUNCTION TENSOR

Here we review the calculation of the demagnetizing field [32]

1

" 3 M, (r’
H) = —9 /ﬁdr’ (A)
4 [r—1r/|
in a thin magnetic film [33]. For a plane-wave modulation M, (r) = 1, (x)eY ek,
a0 1 0 ’ ~ ’ ’ - ’ iky ~ / ikZ ] —sgn(x—x")(x—x")|k| ik
Hy = 585 dx'| —m,(x")sgn(x — x") + M, (x )m + 1w, (x )Ik | e '8 Hetrri g (A2)
—s I (A
In matrix form,
HY(r) | . (x')
I:I;)(r) — ki / dx'4(x — x')| my(x) |, (A3)
A(r) - . ()
where
@ —ikTngn(x —x) —%sgn(x —x')
—|x—x iky ’ kS Kz /
G(x —x') = e kil —%sgn(x—x) — 3 _;Tku\ — 8in(x —x).I (A4)
ik / kyk, K2
—3sgn(x — x) ~ 30k, 3

is the Green function and .# is the unity tensor. The §;, function vanishes when x lies outside the magnetic film. The
demagnetization field HP naturally satisfies the electromagnetic boundary condition, i.e., continuity of the electromagnetic
fields and currents at the surface of the magnet [33].

APPENDIX B: HIGHER MAGNON SUBBANDS IN THIN FILMS

Here we estimate the effects of higher-order standing-wave modes on the spin waves in the lowest subband. Retaining only
the lowest-order modes in Eq. (12), we arrive at the secular equation

~ ky = k,
O+ toaki+3 3= 31k 0 ~500 — 5100
- ky ~ ky
—1+1kI0w & — Qy — okl — 3 500 + &y 0
ky ~ ky - 2
0 _7Q10 - ‘2_|Q10 o+ Qpy +aexky2v +aex(%) + % % - %|ky|Q11
ky ~ ky - 2
~30u0 + 5 Qi 0 —L+ LIklou B — 1 — ek? — e (2)’ — L
Mt 0
m_
x| .7 ] =0. B1
o (B1)
m_ |

With Eq. (13) we find Qg; = 0 and Qg = 2+/2s(e~ 015 + 1)/(k}s* + 7%). The matrix in Eq. (B1) can be directly diagonalized
by the Bogoliubov transformation [16]. We can use perturbation theory to estimate the importance of higher-order modes for our
film thicknesses. The second mode contributes to the one with amplitudes ¢; = kme /[20tex (7 /5)?]. For a grating with period
a = 180 nm [21,22], ky = 47 /a, while the thickness of the film is s = 20 nm. Then k,Qp; /2 = 0.208, aex (7T /5)* ~ 7.40, and

hence c¢; = 0.028, which can be safely disregarded.
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