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Spin wave propagation through the interface between
two ferromagnets without/with Dzyaloshinskii—Moriya
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The analytical model is constructed for the description of the spin wave propagation through a system con-
sisting of two ferromagnets without and with the Dzyaloshinskii-Moriya interaction, separated by a flat inter-
face. The dependences of transmission and reflection coefficients of spin wave are found as a function of Dzya-
loshinskii—-Moriya constant which is known to be strongly temperature dependent, tending to a significant

increase at low temperature.
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Introduction

The Dzyaloshinskii-Moriya interaction (DMI) [1, 2],
also known as the antisymmetric exchange coupling, al-
lows to describe the numerous magnetic properties of
compounds with broken symmetry. Chiral, topological,
and non-reciprocal features of magnetic structures caused
by DMI are the subject of theoretical and experimental
studies. Studies of systems with non-collinear spin tex-
tures, such as chiral domain walls [3, 4], skyrmions [5-7],
skyrmion lattices [8-10], magnetic spirals [11] in ferro-
magnetic materials have a wide range of applications, for
example, in devices of spin-wave logic [12, 13], coding
bits for racetrack memory [14-16].

The contribution of DMI into the total energy of a fer-
romagnet increases significantly at low temperatures com-
pared to room temperature [15].

In this paper, the propagation of a spin wave is consid-
ered from ferromagnetic plate without DMI into the ferro-
magnetic plate with DMI, separated by a flat interface. The
dependences of transmission and reflection coefficients of
spin wave in this system are found as a function of DMI
constant and spin wave frequency.

2. Theory and calculation

The system consists of two semi-infinitely long uniaxial
ferromagnets, which are characterized by saturation mag-

netizations M, and M,, the exchange stiffness constant
A (x), AS¥(x) and the uniaxial magnetic anisotropy con-
stants of ferromagnets and interface K;(x), K,(x), and
K'(x), correspondingly. Those ferromagnets contact along
the plane YOZ. The external homogeneous constant mag-
netic field H, is directed along the direction of the easy
axis OZ (Fig. 1).

The Landau-Lifshitz equations without dissipation in
first and second ferromagnet have the form
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where M, and M, are the magnetization vectors in the
first and second ferromagnets, respectively, y is the gyro-
magnetic ratio, p, is the vacuum permeability, Hfj)f and
H® are the effective magnetic field strength in the first
and second ferromagnet, respectively:
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Fig. 1. A schematic image of the system of two semi-infinite ferro-
magnetic media FM-1 and FM-2 separated by the interface of thick-
ness & which is much less than the spin wave length. The SW
normally incidents on the interface with the wave vector k, and
reflects with the wave vector —k,. Transmitted SW has the wave
vector k,. D represents DMI vector.

The total energy of the system is as follows:
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A(x) is the parameter of uniform exchange interaction at
the interface between the ferromagnets. It is a function of
the x coordinate, which is zero inside the both ferromagnets
and essentially nonzero inside the interface, A(x)= A3(x),
where §(x) is the Dirac delta function. Vectors n,, n, are
the unit vectors directed along the axes of uniaxial mag-
netic anisotropy, e,, e, are orts of the OX and OZ axes.

A =lim,,  A%(X), A% =lim,_, AZ(X) are the ex-
change stiffness constants in first and second ferromagnet
at distances much greater than the interface thickness 6.
D is Dzyaloshinskii—-Moriya constant.

We consider the same directions of anisotropy for both
ferromagnets and the interface n; =n, =n, here OZ is cho-
sen parallel to the vectors n,, n,. The normal to the interface
between two ferromagnets is parallel to the OX axis. Hg')
is internal homogeneous constant magnetic field directed
along the direction of the easy axis.

The magnetization vector can be represented as
M, =My + m,, where M, is the saturation magnetization
of the first ferromagnet, m, is the small deviation magneti-
zation from the ground state. Similar considerations are
valid for the magnetization vector M, in the second ferro-
magnet: M, =Mg, +m,, where Mg, is the saturation
magnetization of the second ferromagnet, m, is the small
deviation magnetization from the ground state.

Two ferromagnets with the same parameters
Mo = Mg =My, A = A = A,, K=K, =K are con-
sidered except that there is no DMI in the first of them, and
there is nonzero DM in the second one.

The flat spin wave (SW) is considered further in both
ferromagnets. The magnetization vectors of the incident and
reflected waves can be represented as the following solution
of the linearized Landau-Lifshitz Egs. (1) and (2) in the
first ferromagnet [18]:

4
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where Ay, R are the amplitudes of the incident and reflect-
ed SW, respectively, k; is the wave number of the incident
SW, @q; =const, @y =const, o, is the frequency of the
SW in the first ferromagnet.

The magnetization components for SW transmitted into
the second ferromagnet can be represented as the following
solution of the linearized Landau-Lifshitz Egs. (1), (2) in
the second ferromagnet [16]

ax = Ay c0s (KX —m,t),

My, = Ay sin(Kyx —o,t), ©)
where A, is the amplitude of the SW transmitted into the se-
cond medium, k, is the wave number of a spin wave in the
second ferromagnet, o, is the frequency of the SW in the
second ferromagnet.

The dispersion relation for SW in the first ferromagnet
without the DMI has the form [18]

o (k) = (Aek +gH M +K)2+ (Ae k2 + poH M +K) 6)
1{Kg Mo X HoH 0 Ho| Aex®1 +HoHg My .
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The dispersion relation for SW in the second ferromag-
net with the DMI has the form [19]
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The boundary conditions are used to find the coeffi-
cients of transmission and reflection of SW at the interface
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Substituting small deviations of the magnetization from
the ground state, we can write the boundary conditions in
the form:
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After substituting the components of the magnetization
(4), (5) in the boundary conditions (9), the following equa-
tions are obtained:

_Aexkl(AO sin@g; - RSin(f’m)_ AA, + A(Ab COS Qg + RCOS%l) =0,
Ak (Ag COSpo; — R COS gy )+ A( Ay Sin gy + RsiN Gy ) =0,

A( Ay oS gy + RCOS gy ) — AA, =0,

(10)

Ay ko Ay + A Aysin gy + Rsingy; )— DA, =0.

It follows from the boundary conditions (10) that o, = ®, = ®.

Dependence of k; on w has the form:
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where the condition should be satisfied
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Dependence of k, on o was obtained from (7).

The expression for the square of the reflection coef-
ficient R=R/A, has the form as follows from the sys-
tem (10)
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The expression for the square of the transmission coef-
ficient A, = A, /A, has the form as follows from the sys-
tem (10)
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3. Results and Discussion

The material parameters are represented in Table 1 for
analysing the Ex. (13) for SW transmission from ferromag-
net without DMI into the ferromagnet with DMI.

Table 1. The material parameters of thulium iron garnet
(TmsFes04,, TMIG) for analysing the SW transmission from ferro-
magnet without DMI into the ferromagnet with DMI

Values of material parameters

M, =10°, A/m [20]
H{) =795.8 A/m

K =11.88, kI/m® [21]
A, =2.3,pim [22]

A=0.1J/m?

The dependences of the SW transmission coefficient
AZ on the Dzyaloshinskii-Moriya constant D are repre-
sented in Fig. 2.
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Fig. 2. Dependence of the SW transmission coefficient Azz on the
Dzyaloshinskii-Moriya constant D; curves are plotted for different
values of frequency o, GHz: 70 (1), 65 (2), 60 (3), 55 (4), 50 (5).

The intensity of transmitted SW A2 decreases with in-
creasing D. The results of this paper illustrate that it is pos-
sible to control SW transmission coefficient from ferro-
magnet without DMI into ferromagnet with DMI by means
of changing the temperature as the DMI constant D depends
significantly on temperature trending to significant increase
at low temperature [15].

Conclusions

Boundary conditions (8) for the Landau-Lifshitz equa-
tion are obtained at the interface between a ferromagnet
without DMI and a ferromagnet with DMI. The reflection
and transmission coefficients are calculated for the SW
passing through the interface between a ferromagnet
without DMI and a ferromagnet with DMI taking into
account these boundary conditions. The dependences of
transmission and reflection coefficients of spin wave on
Dzyaloshinskii—-Moriya constant confirms that SW control
in magnonic devices can be achieved by changing tem-
perature because the DMI constant is known to be strongly
temperature dependent.

=

I. Dzyaloshinsky, Phys. Status Solidi 46, 763 (1971).

. T. Moriya, Phys. Rev. 120, 91 (1960).

J. P. Tetienne, T. Hingant, L. J. Martinez, S. Rohart,

A. Thiaville, L. H. Diez, K. Garcia, J. P. Adam, J. V. Kim,

J.F. Roch, I. M. Miron, G. Gaudin, L. Vila, B. Ocker,

D. Ravelosona, and V. Jacques, Nat. Commun. 6, 6733

(2015).

4. L. Caretta, M. Mann, F. Bittner, K. Ueda, B. Pfau, C. M.
Gunther, P. Hessing, A. Churikova, C. Klose, M. Schneider,
D. Engel, C. Marcus, D. Bono, K. Bagschik, S. Eisebitt, and
G. S. D. Beach, Nat. Nanotechnol. 13, 1154 (2018).

5. M. T. Birch, D. Cortés-Ortufio, L. A. Turnbull, M. N. Wilson,

F. Grof3, N. Trager, A. Laurenson, N. Bukin, S. H. Moody,

M. Weigand, G. Schiitz, H. Popescu, R. Fan, P. Steadman,

J. A. T. Verezhak, G. Balakrishnan, J. C. Loudon,

w N

534

10.

11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

21.

22.

A. C. Twitchett-Harrison, O. Hovorka, H. Fangohr, F. Y. Ogrin,
J. Gréfe, and P. D. Hatton, Nat. Commun. 11, 1726 (2020).
M. G. Han, J. A. Garlow, Y. Kharkov, L. Camacho, R. Rov,
J. Sauceda, G. Vats, K. Kisslinger, T. Kato, O. Sushkov,
Y. Zhu, C. Ulrich, T. Séhnel, and J. Seidel, Sci. Adv. 6,
eaax2138 (2020).

Y. Tokura and N. Kanazawa, Chem. Rev. 121, 2857 (2020).
N. D. Khanh, T. Nakajima, X. Yu, S. Gao, K. Shibata,
M. Hirschberger, Y. Yamasaki, H. Sagayama, H. Nakao,
L. Peng, K. Nakajima, R. Takagi, Taka-hisa Arima, Y. Tokura,
and S. Seki, Nat. Nanotechnol. 15, 444 (2020).

J. Z&zvorka, F. Dittrich, Y. Ge, N. Kerber, K. Raab, T. Winkler,
K. Litzius, M. Veis, P. Virnau, and M. Klaui, Adv. Funct.
Mater. 30, 2004037 (2020).

M. Hirschberger, L. Spitz, T. Nomoto, T. Kurumaji, S. Gao,
J. Masell, T. Nakajima, A. Kikkawa, Y. Yamasaki, H. Sagayama,
H. Nakao, Y. Taguchi, R. Arita, T. H. Arima, and Y. Tokura,
Phys. Rev. Lett. 125, 76602 (2020).

T. Shang, E. Canévet, M. Morin, D. Sheptyakov, M. Teresa
Fernandez-Diaz, E. Pomjakushina, and M. Medarde, Sci.
Adv. 4, eaau6386 (2018).

O. Wojewoda, T. Hula, L. FlajSman, M. Vanatka, J. Gloss, J.
Holobradek, M. Staio, S. Stienen, L. Kérber, K. Schultheiss,
M. Schmid, H. Schultheiss, and M. Urbanek, Appl. Phys.
Lett. 117, 022405 (2020).

J. Lucassen, C. F. Schippers, M. A. Verheijen, P. Fritsch,
E. J. Geluk, B. Barcones, R. A. Duine, S. Wurmehl, H. J. M.
Swagten, B. Koopmans, and R. Lavrijsen, Phys. Rev. B 101,
064432 (2020).

R. Blasing, A. A. Khan, P. C. Filippou, C. Garg, F. Hameed,
J. Castrillon, and S. S. P. Parkin, Proc. IEEE 108, 1303 (2020).
S. Parkin and S. H. Yang, Nat. Nanotechnol. 10, 195 (2015).
T.Y.Yang, M. C. Yang, J. Li, and W. Kang, in: 57th ACM/IEEE
Des. Autom. Conf. (2020), p. 1.

L. Caretta, E. Rosenberg, F. Biittner, T. Fakhrul, P. Gargiani,
M. Valvidares, Z. Chen, P. Reddy, D. A. Muller, C. A. Ross,
and G. S. D. Beach, Nat. Commun. 11, 1090 (2020).

A. l. Ahiezer, V. G. Baryahtar, and S. V. Peletminsky, Spin
Waves, Nauka, Moscow (1967).

J. H. Moon, S. M. Seo, K. J. Lee, K. W. Kim, J. Ryu, H. W.
Lee, R. D. McMichael, and M. D. Stiles, Phys. Rev. B 88,
184404 (2013).

C. O. Avci, A. Quindeau, C. F. Pai, M. Mann, L. Caretta,
A.S. Tang, M. C. Onbasli, C. A. Ross, and G. S. D. Beach,
Nat. Mater. 16, 309 (2017).

A. Quindeau, C. O. Avci, W. Liu, C. Sun, M. Mann, A. S.
Tang, M. C. Onbasli, D. Bono, P. M. Voyles, Y. Xu,
J. Robinson, G. S. D. Beach, and C. A. Ross, Adv. Electron.
Mater. 3, 1600376 (2017).

S. Ding, A. Ross, R. Lebrun, S. Becker, K. Lee, I. Boventer,
S. Das, Y. Kurokawa, S. Gupta, J. Yang, G. Jakob, and
M. Klaui, Phys. Rev. B 100, 100406 (2019).

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 6


https://doi.org/10.1002/pssb.2220460236
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1038/ncomms7733
https://doi.org/10.1038/s41565-018-0255-3
https://doi.org/10.1038/s41467-020-15474-8
https://doi.org/10.1126/sciadv.aax2138
https://doi.org/10.1021/acs.chemrev.0c00297
https://doi.org/10.1038/s41565-020-0684-7
https://doi.org/10.1002/adfm.202004037
https://doi.org/10.1002/adfm.202004037
https://doi.org/10.1103/PhysRevLett.125.076602
https://doi.org/10.1126/sciadv.aau6386
https://doi.org/10.1126/sciadv.aau6386
https://doi.org/10.1063/5.0013692
https://doi.org/10.1063/5.0013692
https://doi.org/10.1103/PhysRevB.101.064432
https://doi.org/10.1109/JPROC.2020.2975719
https://doi.org/10.1038/nnano.2015.41
https://doi.org/10.1038/s41467-020-14924-7
https://doi.org/10.1038/nmat4812
https://doi.org/10.1002/aelm.201600376
https://doi.org/10.1002/aelm.201600376
https://doi.org/10.1103/PhysRevB.100.100406

Spin wave propagation through the interface between two ferromagnets

MowmpeHHs cniHOBOT XBUAi Yepes iHTepdenc
OBox pbepomarHeTukiB 6e3 / i3 B3aemogieto
[aanowmnHcbkoro—Mopisa

Yu. Gorobets, O. Gorobets, I. Tiukavkina,
R. Gerasimenko

IToOynoBano aHANITHYHY MOJEIb JUISl OIKCY HMOMIUPEHHS CIIi-
HOBOT XBWJII 4epe3 CUCTEMY, L0 CKJIAJAEThCs 3 JBOX (hepoMarHe-

TUKIB 0e3 B3aeMopii Ta i3 B3aeMomiero [[3sutomuHcekoro-Mopis,
SKi po3fineHi inTepdeiicoM. 3HalieHO 3aIeXHOCTI KoedilieHTiB
NPOITYCKAaHHs Ta BIAOWTTS CMiHOBOI XBHII SIK (YHKIIT BiJ KOHC-
TaHTH J[3I0IMHCHKOT0—Mopis, SIKa CHIIBHO 3aJI€XKUTh BiJ TeM-
HepaTypy Ta Ma€ TeHAEHLIO 10 3HAYHOTO 301IbIICHHS IPU HU3b-
Kiif TeMmeparypi.

KurouoBi cioBa: (epomarHeTHk, CriHOBI XBHJI, B3aemomis JI3s-
JIOUMHCBKOr0—Mopis.
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