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Stable magnetostatic solitons in yttrium iron garnet film waveguides
for tilted in-plane magnetic fields
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The possibility of nonlinear pulses generation in yttrium iron garnet thin films for arbitrary direction be-
tween waveguide and applied static in-plane magnetic field is considered. Up to now only the cases of in-plane
magnetic fields either perpendicular or parallel to the waveguide direction have been studied both experimen-
tally and theoretically. In the present paper it is shown that also for other affigsisles 0 or 90°) between a
waveguide and static in-plane magnetic field stable bright or @ekending on magnitude of magnetic field
solitons can be created.
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[. INTRODUCTION same time, in wide samples 1D solitons are in general
unstablé!!? and form metastable spin-wave bullets which
The investigation of magnetostatic envelope solitons indecay either after edge reflection or mutual interactiof.
yttrium iron garnet thin magnetic films is one of the “hot ~ We emphasize that the solitons in in-plane magnetized
topics” in physics nowadays. Advanced instrumentation forfilms are studied both theoretically and experimentally only
microwave pulse generation, detection, and analysis togethéor two particular cases when the pulse propagates along or
with a solid theoretical base has led to a growing interest irperpendicular to the magnetic field. Only very recently was
studying such localized objects. The definition “magneto-the general case of linear and nonlinear magnetostatic wave
static soliton” refers to a propagating pulse formed by largepropagation in wide samples investigatetbr a wide range
wavelength spin excitations which do not “feel” the ex- of angles between the propagation velocity and magnetic
change interaction. Therefore only the dipolar interactiondield. In this connection the natural question arises: why one
could be taken into account. Thus the processes are chara@ees not consider the nonlinear pulses in waveguides which
terized by the Landau-Lifshitz and magnetostatic equationsare not either parallel or perpendicular to the in-plane static
The linearized solutions of these equations were obtainethagnetic field. As we show below for each magnitude of the
by Damon and Eshbat®0 years ago for an arbitrary direc- internal magnetic field it is possible to choose the direction
tion between the wave vector of spin excitations and in-plang¢besides 0 or 90°) of the waveguide respect to the magnetic
magnetic field. The nature of those excitations has been aldeld direction for which the stable propagation of envelope
studied experimental§. The weakly nonlinear limit for the solitons is allowedsee the inset of Fig. 1 for a geometry of
mentioned equations also was considered for the particuldhe problem. We determine the limits for the magnitude of
cases when the wave vector of spin excitations is either pathe magnetic field, angle between waveguide, and magnetic
allel (backward volume wavesor perpendicular(surface field vector and pulse frequency necessary for the creation of
waves to the direction of the in-plane magnetic field. It was dark or bright envelope solitons. We also calculate their
found® that the envelope of spin excitations in both caseswvidths and propagation velocities and claim that such soli-
satisfies the two-dimensiondRD) nonlinear Schidinger tons can be experimentally observed.
(NLS) equation which permits well-known 1D soliton solu-
tions depending on the relative sign of dispersion and non- II. BASIC CONSIDERATION: LINEAR
linear terms. MAGNETOSTATIC WAVES
In full accordance with the theoretical predictions bright ) ) o
solitons have been observed for the nonlinear backward vol- The linear consideration is based upon the Damon-
ume wave cade’ (the in-plane field is directed parallel to Eshbach formulationand its generalization by Hurben and
the carrier wave vector and propagation velocity of the enP attf)'?' for the case of arbitrary angles between a wave vec-
velope soliton, while dark solitons are created in the case oftor k and static internal magnetic field,. Further we will
nonlinear surface wavés'® (the carrier wave vector and examine only the so-called “near-uniform” caskd<1, d
group velocity is perpendicular to the magnetic fieltt  stands for film thicknegsand derive the dispersion expan-
should be especially noted that all the mentioned solitons arsion over the parametéd up to second order. Therefore we
observed in narrow strips. In such geometries transverse irpresent here only the steps necessary for this purpose. Con-
stabilities do not develop and experiments show the stablsideration of the mentioned wave number range sufficiently
propagation of 1D solitons along the waveguides. At thesimplifies the calculations and, besides that, most of the ex-
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FIG. 1. Detun_lng of the pul§e frequen@y—wo_ vs an angle@_ Xl_—wz — W2 Xz——wz o2
between waveguide and static in-plane magnetic field for its differ- H H

ent magnitudeh= wy /wy, . Dashed and solid lines correspond to Thus from Eqs(3) we can write down a linear solution of
the dark and bright soliton cases, respectively. The inset shows tr\?qs (1) in the form?

geometry of the problem and dashed lines indicate the direction o '

a waveguide. The following film parameters are used in the calcu-

lations: film thicknessi=10 xm and value of the demagnetizing ® = (Ae™+Be e i(@=k) for |x|<9,
field Hy=1750 Oe. 2

peri_ments on the_ magnetostatic envelope solitons are made (D:Ce_k(x_d/z)e_i(wt_;z;) for x>9 (4)

having such carrier wave numbers. 2’
Examining an in-plane magnetized ferromagnetic film

with unpinned surface spins let us make the following defi- , - d

nitions: z is the direction of the internal static magnetic field, O =Dekx+dgmi(wt=k) for x<— >

r indicates the radius vector lying in the sample plane

(y, z), andxis a coordinate along the direction perpendicu-whereA, B, C, D are arbitrary constants at the present stage,
lar to the film plane. Then one can write down the Landau-

Lifshitz and magnetostatic equations - k?+ x1kS
K= 1+ Xl !
o —g[MxH], div (H+47M)=0, rot H=0. and let us recall that the two-dimensional vectars

(1) =(y, z) and E:(ky, k,) lie in the film plane andk
= IZHIE,
Hereg is a modulus of the gyromagnetic ratio for electrons, If «*>0, we deal with a so-called surface mode; other-
M is a magnetization density vector, aftlis an internal WiS€ k=iy—«“ and a volume mode exists. However, note
total magnetic field. Introducing the dynamical dimension-that due to the condition of “near uniformitykd<1 the
less quantitiesn=(Ni — N )/M, and hi=(H —Hqg)/H, the difference between these two modes is negligible.

. . . . ) e > The dispersion relation can be obtained from &g.if we
following equations are obtained in the linear limit oye1:  remember about the boundary conditions. Particularly the

functions ® and h,+4mm, should be continuous on the

dm, dm, boundaries-d/2 andd/2 of the film. The dispersion relation
- en(my— hy), TR ho, for both modes could be written as follows:
2
J J J 2k(x +1)KM—|<2X2+|<2+K2(X +1)2=0
&(thX‘i‘meX)‘FE(thy‘i‘mey)‘Fa(a)th):o, 1 eKd_e*Kd yA2 1 '

)
wherew,=gH, andwy =4mgM,. Definingh=gradb and  Working in the limitkd<1 and keeping only the terms up to

searching for the solution of E¢?) in periodical form over second order of this parameter the following expression is
t[i.e.,® andm, , being proportional to expfiwt)] we get  obtained:
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2 2
W= wot 4 k(ka wpk) — 3 kz(ka = wpkS)?
2
[OJV] 2 kZ 2
+4—0d ((qu—kay), (6)

where wg=w(k=0)= Jowy(wy+ wy). Then we get from
Eq. (6) the following expressions for the derivatives of
overk, andk,:

k ¢ k2
:a_w_ﬂ - _y+(2 + )_Z +04(kd)
Uy ﬁky 40)0 K ka2 W\ T Wy k2 1 ’
dw oy |k, 2 k§
Uz_z?_kz__4_w0 [?{wHE-F(ZwH-FwM)E
+(’)2(kd)],
. w m d k2 2 2
wyy—&—k)zl 4w0k kz (ZwM+wH)k (Za)H+wM)
+01<kd>],
) Po  wy d k2 2 2
wzz:W Gwg K| 12 (Za)M-I-wH)——(ZwH-I-wM)
z
+Oé(kd)],

2
—<2wH+wM>k—§

+ og(kd)] )

The higher approximation terng,; (kd) andOJ’(kd) are not
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au au au\ ) Fu ), du d%u
+v +v + 2 LW
gt Yoy oz 2 gy2 2 gz2 Viyoz
—N]u|?u=0. 8

All of the coefficients are defined by formulég) except the
nonlinear coefficienN which could be easily calculated tak-
ing into account that in the nonlinear case we have the fol-
lowing identity:

wM:47TgM0mZ.

Then substituting in Eq(6) the expansion ofn, in a weakly
nonlinear limitm,=1—|u|%2 and using the expression fiir
from Refs. 16,3, and 4 we get in the large wavelength limit
(kd=<1)

_ Jw
dlul?

WHwW\m

C)

e 4oy

k—0, |u|—0 [ul—0

Let us mention that if the carrier wave vector is parallel or
perpendicular to the static internal magnetic field, the coeffi-
cientsv, andw ,are equal to zerd* But for arbitrary angles
betweenk and Ho that is not the case. Therefore we should
introduce a new frame of reference in order to vanish the
nondiagonal term with coefficienby,. This could be done
rotating the frame of referengez by the angled:

é=zcosd+ysind, mn=ycosd—zsind, (10
where
(I)”
tg29=2—""—. (1)
W7z~ Wyy

Then from Egs(8)—(11) we obtain the following nonlinear
equation:
1 d%u

au u aul 1 %

presented here because of their rather cumbrous form, but we

use them in the calculation as far as the leading terms in
expressiong7) vanish in the vicinity of some points, e.g.,

ky=0 ork,=0.

I1l. WEAKLY NONLINEAR LIMIT: SOLITON SOLUTIONS
Defining a wave envelope,
mx+imy=u-e‘i(“’“'zr‘),

and following the well-known modulation approa€fi the
nonlinear equation for wave envelopéds derived(we redi-

rect the reader for details of obtaining this equation to the

+ 2
i vl&g v2g, 2R(9§2 28(9_ N|u|?u=0,
(12)
where
R=w},C0S ¥+ 2w}, oSV sinY + wy, SINF Y,
S= w},sif9— 2w}, cosd sind+ wy, cosd,  (13)
v1=v,C08¥+vysind, wv,=v,sind—v,cosd.
(14
Afterwards in the moving frame of reference
&1=&—vit,  m=m—uat,
we come to the 2D nonlinear Scliiager equation
au 1 ou 1 é%u )
—+=-R—+= S— N|u[?u=0 (15
"2 aEs an

recent paper, Ref. 4 where the full procedure is well de-and can write down its 1D brlght or dark soliton solutions

scribed:

assuming that the soliton envelope is a function only of the
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variables¢; andt (thus the soliton propagates along a spatialObviously there exist also trivial solutiong=0 and ¢

axis £ with a velocityv,). If NR<0, we have bright soliton =90° which will not be considered as long as they corre-
with envelope spond to the well-studied cases of bright backward volume

wave and dark surface wave solitons, respectively. Further
& using the condition20) and definitions for the dispersion
[ul =|u|maxsecf{ K}’ (16 coefficient(13) we get expressions fa# andR as functions
of the expansion parametkd:

while in the casé\ R>0, a dark soliton solution is permitted:

o WM /_ wH
17 S|n0—\/wM+wH\1 wH+kad

2

1-Ac . &
|U|=|U|ma,‘lT+l tanh[x] ,

(23
where A denotes the contrast of dark solitgi A=1, one oy(oy—oy) d
has a black dark soliton and gray dark otherwiaad the R= ——— K
soliton width A is defined for both cases in the same way: 2Voy(oyt oy)
RIY2 1 As long as the nonlinear coefficieNtaccording to Eq(9) is
== —. (18) always negative the possibility of the appearance of dark or
NI [Ulmax bright solitons depends on the sign of the dispersion coeffi-
Now we shall discuss the question of the stability of thesecient R. In view of the second relation in E¢23) we can
1D solitons. conclude that bright solitons appeardaf; < wy while dark
solitons could be created for larger magnetic fieldg
IV. STABLE SOLITONS IN WAVEGUIDES FOR TILTED >wy . From Egs.(18) and (6) we are also able to get the
MAGNETIC FIELDS expressions for the soliton width and detuning of the pulse
frequency, respectively:
As is well known 1D soliton solution&l6) and(17) of the
2D NLS equation are not stable to the transverse modula- d [2| oy — o]
tions with wave numbers ©«x<«k.. According to recent A= Iul oukd
results(see, e.g., Ref. 12«.~ 1/A; thus, if the limits of the max H (24

transverse variable, are less than the soliton width, insta-

bilities do not develop and 1D soliton solutiofi®) and(17) oo _“v ®wm @M (kd)2
would be stable. When one has a fully spatial transverse o3 oyt oy oy— oy '

variable »; the above condition means that narrow samples ) ) _ )
should be used. In our case we have the mixed varigple While the soliton propagation velocity could be given by
— »—uv,t, and therefore also the condition for the time- SIMPle approximate formula

dependent part has to be introducegt, <A, and in the case

- de [OJV]
1)2:0, (19) V=0, 2 V CUM+(UH. (25)

transverse instabilities do not develop even for an infinite

time. Thus besides the conditi¢hl) we get from Eqs(14) It s_hould be noted Fhat our perturbative approach is vio-
and(19) an additional condition on the stable soliton param-/ated if o,—wy . Besides that, we have the following re-
eters: striction on the internal static magnetic fieldy;>0.3w), .

Otherwise the threshold for three-magnon processes is
vy reached and the localized nonlinear wave will decay ragidly.
tang = o (20 As we see all of the quantitie$, w-w,, andA specifying
‘ the soliton are functions dfd andh=wy/wy, . Thus it is
Afterwards, in view of both condition14) and (20) we  possible to plow-w, andA as functions of9 for differenth
finally obtain the following equality: (see Figs. 1 and)2
In Fig. 1 we present how to choose the sample geometry
(in other words how to choose an anglébetween the wave-
guide and static magnetic figldnd frequency of the applied
pulse for varioush=wy/wy in order to create a bright or
Solving Eq.(21) as an expansion over the small parameteidark soliton, while in Fig. 2 we show the dependence of the

kd we simply come to the following expression for the anglesoliton width on the geometry of the problem and static mag-
¢ between the carrier wave vectéir and static magnetic netic field. In both cases the curves are limited because of the

n
yz _ UyUz

” no 2 2°
Wy~ @y, VU

w

(21)

field: restriction of “near uniformity” kd<1 and the following
parameters for the YIG film are used=10 pgm and wy,
o / oy 3o+ wy) =1750 Oe. Note thgt bright soIitlons appear \{vhen the angle
sing=—1/ 1+ 5 >—kd|. (22 between the waveguide and static magnetic field is less than
oyt o 3(wi—wy) 45°. Besides that, the detuning of the pulse should be posi-
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FIG. 2. Dependence of the envelope soliton width on the anglénset of Fig. 2 could cause a reflection of the carrier wave
6 between waveguide direction and in-plane magnetic field for its(wave vectonZ) which will change the group velocity, thus
different value. Dashed and solid lines indicate dark and brigmdestroying the,soliton. To avoid such a possibility V\'/e pro-
soliton cases, respeCt.ively' As. in the previous fighrew, / M pose to use tube like magnetic waveguige=e Fig. 3. Then
Hyw=1750 Oe, film thickness is equal t=10 um, and, besides o oo rier wave will not be reflected and, besides that, the
that, the relative amplitude of the soliton is taken as fOHOWS:condition of quasi one dimensionality still holds. Let us
|Umay =0-1. make the following choice of parameters of the problem:
Lo ; tube diametel.=0.5 mm, film thicknessd=10 um, and
tive mbororl]er to create dark solitons. For the purpose of Cregj/L<k< 1/d. Thus the near-uniformity conditiogd<1 i
ating bright solitons the angles should be larger than 45° . . o . ;
detugningghas to be negativge 9 anst|II valid and simultaneously consideration of the sample as

' locally flat is allowed, proving thus the approximate validity
of solutions like Eq.(4).
V. CONCLUSIONS AND POSSIBLE

EXPERIMENTAL SETUP
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