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Electrical detection of unconventional transverse spin currents in obliquely magnetized thin films
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In a typical experiment in magnonics, thin films are magnetized in plane and spin waves only carry angular
momentum along their spatial propagation direction. Motivated by the experiments of Bozhko et al. [Phys. Rev.
Research 2, 023324 (2020)], we show theoretically that for obliquely magnetized thin films, exchange-dipolar
spin waves are accompanied by a transverse spin current. We propose an experiment to electrically detect this
transverse spin current with Pt strips on top of an yttrium iron garnet film, by comparing the induced spin current
for spin waves with opposite momenta. We predict the relative difference to be of the order 10~*, for magnetic
fields tilted at least 30° out of plane. This transverse spin current is the result of the long-range dipole-dipole
interaction and the inversion symmetry breaking of the interface.

DOLI: 10.1103/PhysRevB.101.220407

Introduction. Magnons, or spin waves, are able to transport
angular momentum over long distances along their propa-
gation direction [1,2]. This has opened the way to novel
signal processing devices which could replace conventional
electronic devices [3-5]. In recent years, multiple applications
have been explored, such as wave-based computing [6,7],
three-terminal transistors [8], logic gates [9,10], and novel
nonlinear effects [11,12].

The manipulation of spin waves is still an ongoing area
of research and a full toolbox for controlling spin waves is
yet to be developed [13]. In this Rapid Communication we
consider an alternative approach to control the spin current
in a magnetized thin film: by tilting the magnetic field out of
plane. This breaks the inversion symmetry and allows a spin
current to flow transverse to the propagation direction of the
spin waves, transporting angular momentum along the film
normal.

This mechanism for generating a transverse spin current
was first proposed by Bozhko e al. [14], who used a mi-
cromagnetic approach to calculate the exchange spin current
in a thin film of Y3Fe,(FeO4); (YIG), without considering
spin absorption at the boundaries. They argued that this spin
current is nonzero if the magnetic field is tilted out of plane.
However, this transverse spin current can only be detected
with an attached spin sink, such as a heavy-metal strip. The
interaction with the spin sink significantly influences the
physics of the problem. Moreover, only the transfer of angular
momentum by the exchange interaction was considered. The
dipole-dipole interaction is also capable of transporting angu-
lar momentum and therefore needs to be taken into account
for a complete description of this system.

In this Rapid Communication we propose an experiment
where the transverse spin current in an obliquely magnetized
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thin film is detected electrically. We consider, within linear
spin-wave theory, a thin ferromagnetic film with two leads
attached, which pick up the transverse spin current induced
by left- and right-moving spin waves via the inverse spin-Hall
effect (ISHE) [15]. A transverse spin current would transport
more angular momentum into the right spin sink than into
the left spin sink, or vice versa. This is equivalent to the
experimentally harder to realize system with leads attached to
the top and bottom. We propose to compare the spin current
picked up by the left and right lead, in order to exclude any
usual spin pumping effects, which are also present for an
in-plane magnetic field [16]. In order to further understand
the origin of the transverse spin current, we show in the
Supplemental Material [17] with a magnetostatic calculation
that the symmetry breaking at the interface is carried by the
dipole-dipole interaction.

Method. The setup we consider is a thin film of ferro-
magnetic YIG, where coherent spin waves are excited using
a coplanar waveguide [18], as depicted in Fig. 1. The wave
vector (k) of the excited magnons is controlled by the grating
of the antenna and the frequency (w) of the excited magnons
by the frequency of the driving field. To the right and left
of this antenna two platinum (Pt) leads are placed which
function as spin sinks via the inverse spin-Hall effect and
pick up the transverse spin current induced by the spin waves
with opposite momenta. The distance between the Pt leads
and the coplanar waveguide is assumed to be such that the
signal is strong enough to measure small variations. Structures
with a separation distance of 3 mm are possible [19], but the
magnon diffusion length of A = 9.4 um in YIG [1] indicates
that shorter distances would be preferable.

The spin dynamics are governed by the semiclassical
Landau-Lifshitz-Gilbert (LLG) equation
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FIG. 1. The setup considered, with a coplanar waveguide in the
middle, exciting spin waves in two opposite directions in a thin
ferromagnetic film with thickness d. Two heavy-metal leads pick up
the spin current induced by these left- and right-moving spin waves.
The magnetic field is tilted out of plane at an angle ¢y with the plane
and the magnetization has angle ¢,, with the plane.

where we describe YIG as a Heisenberg ferromagnet
with effective spin S, on a cubic lattice. Including both
the exchange and dipole-dipole interactions our effective
Hamiltonian [20] is
1
H=-3 ;J,jsi .S
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where the sums are over the lattice sites R;, with R;; = R; —
R; and R;; = R;;/|R;;|. We only consider nearest-neighbor
exchange interactions, so J;; = J for nearest neighbors and
0 otherwise. Here, i = 2up is the magnetic moment of the
spins, with up = eh/(2m,c) the Bohr magneton. H, is the
external magnetic field, which we take strong enough to fully
saturate the ferromagnet.

To the top of the thin film we attach a spin sink to detect the
spin waves, which introduces an interfacial Gilbert damping
ozL, which is only nonzero for sites at the top interface of
the ferromagnet [16]. The total Gilbert damping is then «; =
of + af, where of is the bulk Gilbert damping. Further-
more, h;(t) is the circularly polarized driving field, which we
take to be uniform throughout the film. Within linear spin-
wave theory, the LLG has been shown to be fully equivalent
to the nonequilibrium Green’s function formalism [21].

We consider a thin film, infinitely long in the y, z directions
and with a thickness d = Na in the x direction, where a is the
lattice constant and N is the number of layers. The magnetic
field is tilted at an angle ¢y with respect to the film, as shown
in Fig. 1. The magnetization is tilted by an angle ¢, as
determined by minimizing the energy given by Eq. (2) for a
classical, uniform spin configuration,

d
——[ — M,H, cos(¢y — ¢rr) — 27 M cos® ¢y ] =0, (3)
dpum
where M, = uS/a® is the saturation magnetization and
H, = [H.|.

We have two reference frames, one aligned with the thin
film as described above and one where the z axis is aligned
with the magnetization M. We work in the reference frame
of the lattice and rotate the spin operators, such that S; —
R, (¢m)Si, where R, (¢y) is a rotation around the y axis by

angle ¢y and S; are the rotated spin operators, with the i
component pointing along the magnetization M.

We linearize in the deviations from the ground state, b; =
%«/Z_S(S’;‘ + iS?) and assume translational invariance in the yz
plane. The equation of motion for b; becomes in frequency
space

G (@)W (@) = —hi (), )

where k = (ky, k;) and we have introduced the driving field
hi(0) = [(@), ..., (@), B (@), ..., K (@), (5)
N elements N elements

where I (w) = by + il_zy is the Fourier transform of the rotated
driving field. Furthermore, the magnon state vector is

'ﬁk(‘!)) = [bk(a)v xl)s ceey bk(a)v .XN),
b (@, x1), ..., b (@, x3)]7, (6)
and the inverse Green’s function is
Gy '(w) = 03(1 + ios0)w — o3 Hy., )
where we have introduced o3 = diag(1,...,1,—1,..., —1),
o = diag (o, ..., oy, 0, ..., ay), and
Ar B
Hye = ( : ) ®)
B, A;

which is the Hamiltonian matrix within linear spin-wave
theory, with the amplitude factors [Ag];; = Ar(x; — x;) and
[Bil;j = Br(x; — x;). The dispersion is obtained by diago-
nalizing the inverse Green’s function (4) in the absence of
damping and spin pumping. The full expressions for the am-
plitude factors Ay, By and the dispersions for different tilting
angles of the magnetic field are given in the Supplemental
Material [17].

From the equation of motion, Eq. (4), the total spin current
injected into the lead is obtained from the continuity equation
for the spin,

AT+ I+ ZI"IP PR ©)
J

The explicit form of the terms is given in the Supplemental
Material [17]. We find a source and sink term, providing
angular momentum via the driving field (I/') and dissipating
angular momentum to the lattice and the lead via the Gilbert
damping (/7). There are two ways angular momentum can
be transferred through the film. First, there is a spin current
transferring angular momentum between adjacent sites (% ;),
which is driven by the exchange interaction. The dipole- dlpole
interaction also transports angular momentum (Idlp 4Py put
because the dipole-dipole interaction is nonlocal, angular mo-
mentum is transferred from and to all other sites. It is therefore
not possible to write this as a local divergence and thus as a
current. Also note that the dipole-dipole interaction couples
the magnons to the lattice, which means that a nonzero dipole-
dipole contribution is accompanied by a transfer of angular
momentum from and to the lattice.

The measurable quantity is the angular momentum ab-
sorbed by the spin sink in the attached lead, which is
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TABLE I. Parameters for YIG used in the numerical calculations
in this work. Note that S follows from S = M,a®/ .

Quantity Value

N 400

a 12.376 A [22]
S 142

A M, 1750 G [23]
J 1.60 K [24]
of 7 x 107 [25]
ot 7 x 1073 [25]
H, 2500 Oe
h, by 0.01H,

proportional to the voltage generated by the ISHE, and is
given by

I¥ (k, w) = 2" Im[bj (x1)3, b (x1)]. (10)

We are interested in the relative difference between the spin
currents induced by the left- and right-moving spin waves in
order to show a transverse spin transport, which we define as

12 (k, 0) — I*(—k, w)

Al o) = e, @) |1k, ]|

1D

3

Below, we consider this quantity in detail.

Results. The parameters used throughout this work are
summarized in Table I. In Fig. 2 we show the difference
between the spin current induced by left- and right-moving
spin waves for different tilting angles of the magnetic field.
For a magnetic field either completely in or out of plane
there is no difference between the left and right lead (not
shown). As we tilt the magnetic field out of plane a small
difference becomes visible, which peaks at A = 1.25 x 107*
for ¢y = 60° and 2.5 < k < 12.5 um~'. As the tilting angle
is further increased, the distribution of A shifts slightly, with
the most notable change the movement of the maximum,
which moves towards smaller wave vectors. We found that the
relative difference A increases linearly with the bulk Gilbert
damping constant. In order to measure this effect it might

(b)

5 10 15 5 10
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therefore be beneficial to use a YIG thin film with deliberately
introduced impurities such as rare-earth ions, to increase the
damping [26], or even use a different ferromagnetic material
with a higher Gilbert damping.

Numerically, we found that the relative difference A is
nonzero even when the exchange coupling is artificially turned
off, which indicates that only the dipole-dipole interaction is
responsible for this effect. In the Supplemental Material [17]
we show a full magnetostatic derivation of the eigenmodes for
an obliquely magnetized thin film with only dipole-dipole in-
teractions. Even though the energies are inversion symmetric,
we find that the eigenmodes explicitly depend on

k, sin(2¢u), (12)

which introduces an asymmetry between left- and right-
moving spin waves if the magnetic field is tilted out of plane.
A complete description of this problem also requires the
inclusion of the exchange coupling, as was done in our numer-
ical calculations. However, ignoring the exchange coupling
allows us to demonstrate that the origin of the asymmetry
between left- and right-moving spin waves lies in the the
long-range dipole-dipole interaction carrying the inversion
symmetry breaking of the interface.

Bozhko er al. [14] suggested a partial-wave picture to ex-
plain the transverse spin current. They reason that the profile
along the film normal is made up by two partial waves, which
have opposite momenta +k, and equal frequency w if the film
is magnetized in plane, thus canceling any transfer of angular
momentum or energy. As the magnetic field is tilted out of
plane, the two partial waves would, in this picture, no longer
have opposite momenta, but still have the same frequencies.
This would then allow for angular momentum transfer, but
not energy transfer. With the magnetostatic calculation we are
able to show that this picture is incomplete: The amplitudes of
the two partial waves are asymmetric, not their momenta. This
therefore allows both energy and angular momentum transfer,
which we have confirmed numerically by evaluating (d,E).

We found numerically that the region in k space where the
relative difference A is significant has a lower bound related
to the thickness of the thin film. Decreasing the thickness
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FIG. 2. The relative difference A between the spin current induced by left- and right-moving spin waves, as defined in Eq. (11), as a
function of k and w, for three different tilting angles of the magnetic field. The spin waves travel parallel to the in-plane projection of the
magnetic field, such that k = kZ. (a) ¢pu = 30°, ¢u = 18°, (b) ¢y = 60°, ¢y = 40°, and (c) ¢pn = 80°, ¢y = 64°. The peak difference is
Ak =7.5 um™', w = 4 GHz) = 1.25 x 107, when the field is tilted at an angle ¢; = 60°. For a magnetic field completely in or out of plane
(not shown) there is no discernible difference.
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FIG. 3. Relative difference between the spin current induced by
left- and right-moving spin waves, A, as defined in Eq. (11), as a
function of magnetic field tilt angle ¢y, for  corresponding to the
lowest mode in the spin-wave dispersion and fixed k = 7.5 um™!
(solid line). Also shown is the frequency of the lowest mode as a
function of the tilt angle (dashed line).

shifts the distribution as seen in Fig. 2 towards larger wave
vectors. This can be traced to the fact that the long-wavelength
magnetostatic magnon modes are standing waves [17], with
wave vectors £k, where k, is proportional to k,. The standing
waves need to have a wave vector big enough to fit at least
one wavelength into the system, thus requiring that k, 2> k;,
where k;, = 2 /d. The reason for this coupling of the in-
plane and out-of-plane directions is the long-range nature
of the dipole-dipole interaction, ensuring that within our
system the divergence of the magnetic field is zero, i.e., V -
B = 0. The maximum value of A does not change depending
on the thickness of the film, only the location of the maximum.
We have confirmed this numerically for the range 60 < d <
480 nm. For even thinner films the maximum value of A
becomes lower.

Excitation of magnons is only possible for values of w
determined by the spin-wave dispersion, with a minimum
given by the lowest mode. We therefore show in Fig. 3 for
fixed k = 7.5 um~! the evolution of the relative spin-current
difference A as the magnetic field is tilted out of plane, with
a driving at frequency w corresponding to the lowest mode
in the spin-wave dispersion. Also shown is the frequency of
the lowest mode as a function of magnetic field tilt angle. It
is clear that up to some critical value of the magnetic field
angle A increases linearly, after which it falls off rapidly. It
is also clear that the lowest mode is capable of transferring
angular momentum along the film normal. This is contrary
to the statements made by Bozhko ef al. [14], who predicted
that the lowest mode, which has a uniform profile, would not
induce a transverse spin current. This is most likely due to the
fact that in their work only the exchange current is considered,
whereas we have taken all current contributions into account.
Another possible explanation is their expansion in eigenfunc-
tions of the second-order exchange operator, which might
have failed to properly take the dipole-dipole interaction into
account.

The different contributions to the transverse angular mo-
mentum transport, as defined in Eq. (9), are shown in Fig. 4
for left- and right-moving spin waves. We have set the bulk
and interface damping to zero in order to clearly show the

-k +k

)
|Driving
v v

FIG. 4. The different contributions to the transfer of angular mo-
mentum along the film normal, where [; = Z ; I;_, ; for the exchange
and dipole-dipole interaction. The damping plays a negligible role in
the transport of angular momentum, so it is turned off to illustrate
the effects of the other contributions. The thickness of the thin film is
reduced to N = 100 in order to better illustrate the variation through
the film. The magnetic field is tilted out of plane with angle ¢, = 60°
and the wave vector and driving frequency are fixed at k = 30 um™',
o =4 GHz.

exchange, dipole-dipole, and driving contributions to the
transfer of spins along the film normal. First, we can see that
there is a transport of angular momentum, even in the case
of no spin absorption at the boundary, which agrees with the
results by Bozhko er al. [14]. All contributions are zero in
the case of an in-plane magnetic field (not shown)—if no
spin sinks are attached. We can see that every contribution
switches sign between left- and right-moving spin waves, as
would be expected from symmetry. From this figure it is
clear that the exchange spin current is not the only way the
system transfers angular momentum. In fact, the contributions
from the dipole-dipole interaction are larger than those of the
exchange current. This shows that it is necessary to consider
both interactions in order to gain a full understanding of the
transport of angular momentum in the transverse direction.
Also note that since the dipole-dipole contribution is nonzero,
there is a finite torque on the system, which could be measured
in a cantilever experiment [27].

Conclusion and discussion. In this Rapid Communication
we have shown, using microscopic linear spin-wave theory,
that there is a flow of angular momentum, or spin current,
along the film normal in obliquely magnetized thin films. This
can be measured using an antenna-detector setup, where the
spin current induced by the left- and right-moving spin waves
will be different, proving the existence of a transverse spin
current. This effect can be used as a way to manipulate the
spin current flowing along the film normal, for example, by
controlling the magnetic field angle. We have also demon-
strated that this spin current is the result of the dipole-dipole
interactions in the film, which carry the inversion breaking at
the interface.

We have not considered explicitly the interactions of the
spin waves with the lattice. The dipole-dipole interactions
couple the magnons to the lattice and therefore angular
momentum can be transferred from and to the phonons,
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which can also transport angular momentum [28-30]. A more
complete description of the system should therefore include
these phonon-magnon interactions, but this is beyond the
scope of this Rapid Communication.
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