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High-frequency domain wall excitations in magnetic garnet films with in-plane magnetization
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Magnetic garnet films of compositiort¥Bi);Fe;0;, and (LuBi);Fes04, are grown by liquid-phase epitaxy
on [110]- and[100]-oriented substrates of gadolinium gallium garnet, respectively. All fims have in-plane
magnetization. 180° and 90° domain walls in these films are studied by microwave technique. In addition to the
known low-frequency mode of wall translation new multiple resonant modes of both 90° and 180° domain
walls with very small linewidth4.2 MHz) are observed at frequencies near 1 GHz. Resonances are effectively
excited by an rf magnetic field which is parallel or perpendicular to the wall plane. Resonance frequencies are
shown to have nonlinear dispersion dependence on the mode number: they decrease with increasing in-plane
magnetic field normal to the wall plang50163-182606)03245-4

I. INTRODUCTION Constants of cubic, uniaxial, and orthorhombic anisotropies
K1, Ky, K, and the gyromagnetic ratio are determined from
Magnetic garnet films possessing in-plane magnetizatioferromagnetic resonan¢EMR) measurements, damping pa-
and small magnetic anisotropy represent an interesting clasametera from the FMR linewidth. Magnetization in the
of materials both for basic and applied research. In comparifilm plane was realized due to the appropriate choice of ma-
son to well studied garnet films with perpendicular magnetiterial parameters.
zation they are supposed to have additional types of elemen- To determine regions in the space of anisotropy param-
tary excitations related to domains, domain walls, and Blocteters K,K,,K;) corresponding to in-plane magnetization
lines. They may reveal more complicated nonlinear and chawe calculate the equilibrium position of the magnetization of
otic behavior. The combination of well controllable magnetica homogeneously magnetized film by minimizing the free
and optical properties make such crystals attractive for applienergy. The coordinate system for the casglaf]-oriented
cations in optical communications systems. Static and dyfilms is shown in Fig. 1. An appropriate system for the case
namic properties of magnetic domains and domain walls obf [100]-oriented films coincides with the usual cubic one,
in-plane magnetized garnet films are not so intensively studke., X, y, andz axes arg100], [010], and[001] directions,
ied in the past as films with large perpendicular anisotropyrespectively. Magnetization vect®t is defined by the polar
(bubble filmg). The theory of domain-wall excitations was angle # and the azimuthy:
developed for the case of bulk low-anisotropy uniaxial
ferromagnetsand for the case of crystals with cubic mag- M =Mg(sind cosp, sind sing, cog). (1)
netic anisotropy and an additional small uniaxial anisotrop
(as in pure yttrium iron garnet, YIG In addition to a well-
known low-frequency branch of wall translations, the exist- F=F,+F+F.+Fyq )
ence of high-frequency branches in the spectrum of the wall
excitations is predicted. These branches are of magnetostagensists of uniaxial anisotropy energy:
origin? or are related to the wall structutéJp to now only ]
low-frequency 180° domain-wall excitations were studied Fu=Ksir, 3
experimentally in YIG*® In this paper experimental results _ _ _ ]
on high-frequency resonant modes of 90° and 180° domain TABLE |. Material parameters of investigated garnet films.
walls in low-anisotropy{110]- and [100]-oriented bismuth-

¥The free-energy density

substituted garnet films with in-plane magnetization are preSamPle N& 1 2 8 Unit
sented. Orientation [110] [110] [100]
d 3.9 5.4 27  um
Il. SAMPLES AND EXPERIMENTAL TECHNIQUE Ky ~060  -061  -072  kym
" -260 —-1.90 -0.93 kJ/n
Bi-substituted yttrium and lutetium iron garnet films 0.54 0.69 KJ/M
(Bi:YIG and Bi:LIG) are grown by liquid-phase epitaxy on 13, 0.9 20 1.2
[110]- and [100]-oriented substrates of gadolinium gallium /- 28.2 28.2 282  MHz/mT

garnet. Compositions and parameters of investigated samples
are listed in Table I. Saturation magnetizatibh, is sup- ®Samples 1, 2 are of composition, ¥Bij sF6;0,, and sample 3 is
posed to be equal to that of pure YI;=1.49x10° A/m. Lay, Big gFe;015.
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FIG. 1. Coordinate system used to desciib&0]-oriented gar-
net films.

cubic anisotropy energy fdrl10]-oriented films:

FC:% sSinfé(2 cogep—3 sirfd cosp—4 cogd sirfe)

4
and for[100Q] films:
Ky : .
Fo=7 (sirf26+ sint@ sirt2¢) (5)
and demagnetizing energy:
M2
Fd='u02 ® cod. (6)

Orthorhombic anisotropy energy vanishes faoQ] films,
while for [110]-oriented ones it reads

Fi=K;sirfé sirfe. (7)
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FIG. 2. Plane of cubic and uniaxial anisotropy parameters
(Q1, 1—Q) divided into regions with different equilibrium direc-
tions of magnetization fof100]-oriented films. Regions I, I, I,
and IV correspond to inequaliti€40), (11), (12), and(13), respec-
tively. Investigated Ly Biy gFe504, film (sample 3 is pointed out
by + symbol.

4(1-Q) 1 3
6:i00, C05290=3—Ql—§, (P:%, Tﬂ-’
—Q
Q:<0, Q;<1-Q<—-, (12)
=0, 1-0Q<Q;. (13

Note that for the last case Eq(l3) D=0 because
Foo=F,,=0. In the neighborhood of the critical poifit=0
the functionF (6, @)~ (1/2)F ,,6° and instead of Eq(9) the

Denoting derivatives by the respective subscripts the energynly condition F 9>0 has to be satisfied. Inequaliti€s0),

minimum is derived from equations,

Fy=F,=0, ®

and the following conditions have to be satisfied:

D=F4F po—F5,>0, Fy>0. 9

Solving Egs. (1)—(9) in terms of so-calledQ factors
Q=2K /oM 3, Qi=2K;/ oM, Q1 =2K,/ oM 3, one ob-
tains for[100]-oriented films:

T T 37
925, =0, > T
Ql>01 l_Q>_Ql! (10)
0_77 o 3
_El (P_ZyTy
Qi<0, 1-Q> 2 (11)

2 l

(12), and (12) correspond to the existence of an in-plane
component of the magnetization. They are graphically pre-
sented in Fig. 2 in thé1-Q,Q;) plane as regions I, Il, and
I, respectively. In region Ill the magnetization is tilted by
the angled, with respect to the film normal. Inequaliti3)
corresponds to the case of the well studied films with per-
pendicular magnetization. It is marked as region IV in Fig. 2.
In the overlap of regions | and IV two minima of the free
energy coexist. Our investigated sampléB3:LIG) shown
by a cross in Fig. 2 supports domains with in-plane magne-
tization parallel to th¢011] and[011] directions(region Il in
Fig. 2.

Similar solutions fo{110]-oriented films are of the form

3
6=0, Qi<§Q1, 1-Q<Q;—Qq, (14)
3
6=0, Q>3 Qu, 1—Q<%, (15
ar
0= ’ (P:O,’ﬂ', Qi>_Q11 1_Q>_le (16)

2
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FIG. 4. Sketch of the planar microwave antenna used to excite
- Q3 and detect domain wall resonances.

2) or at the anglep,~18° (sample 1. Appropriate points in
the QQ;Q; space are located in region(A, sample 2 and
<111 region IIl (@, sample 1 In the projection planes of Fig. 3,
11 I however, they appear in other regions.
[0 In a transmission polarizing microscope domain walls can
- be visualized due to the Faraday effect. Therefore, the walls
possess a large magnetization component perpendicular to
the film plane which is characteristic for Bloch walls. In
samples 2 and 3 Bloch lines dividing the wall into bright and
-1.3 QO 1. dark subdomains are observed.
' A planar excitation-detection structure—slot line and co-
planar waveguide—is used to study the domain wall re-
FIG. 3. Plane sections in the space of anisotropy parametef§Ponse to the high-frequency magnetic fleldee Fig. 4

divided into regions with different equilibrium directions of mag- The short-circuited slot line is used as rf input and the short-
netization for[110J-oriented films. Plane of cubic and uniaxial an- Circuited coplanar waveguide as monitor output. By shifting
isotropy parameters@;,1—Q) is the top plot, cubic and ortho- a sample across the antenna structure a single domain wall is
rhombic anisotropy parametersQ{,Q;) is the central and placed between the coplanar waveguide branch and the slot
orthorhombic, and uniaxial anisotropy parameteds,{— Q) plane line parallel to the slot. Another way for wall positioning is
is the bottom plot. Regions |, Il, and Ill correspond to inequalitiesto use a dc induction parallel to the magnetization in the
(16), (17), and(18), respectively. In the bottom plot region Ill co- domains which shifts the wall. After positioning of the wall
incides with the positiv1-Q) half-axis. Investigated films are thijs induction is switched off. The main exciting rf magnetic
pointed out by® (sample 1andA (sample 2. fields are indicated by double arrows. They are parallel to the
plane of the film which lies on top of the excitation structure.

T T 3 Q1
0=, ¢=7.5m Q<7 1-Q>Qi+Qy,
IIl. DOMAIN WALL RESONANCES IN  [110]-ORIENTED
17 GARNET FILMS
T 1 4Q, Single 180° straight plane domain walls are observed in
0= 5 ¢= *¢g, COS2pg=— 330, [110]-oriented garnet films. Only near the edge of the sample

strongly curved walls are sedsample 1. Closure domains
Q. 2 5 in the form of splitting wedges are also obserysdmple 2.
Q,<0, —<Q;<—Q;, 1-Q>-0Q;+-Q;. (18  The thickness of the wall image in a microscopesi8.5 um,
2 3 3 which is the resolution limit of the microscope. We have
The Space of anisotropy parameters is now three dimerpalculated the static structure of a Simple Bloch wall USing
sional. For graphical visualization projections onto the thredh€ technique of Ref. 7:
orthogonal planes @,,1-Q), (Q;.Q;), and @Q;,1-Q)
through the origin are usddee Fig. 3. To keep Fig. 3 clear,
only the regions of in-plane magnetization are shown. Re-
gions |, Il, and Ill correspond to solutiond6), (17), and
(18), respectively. Two investigated samples of Bi:YIG havewhere thex axis is normal to the wall plane and coincides
in-plane magnetization directed along {ld®1] axis (sample  with the [110] direction, ¢ is the angle between the magne-

X
coty=q sinhK, (19
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FIG. 5. Broad-band frequency sweep of a single domain wall

response i110]-oriented Bi-garnet film. FIG. 7. Frequency response of two coupled domain walls in

[110]-oriented Bi-garnet filn{sample 1. The distance between the

tization vector and thEOOT] direction, andA is the exchange walls is estimated to be about/m.

constant. The parametegsand A are given by In addition, the resonance frequencies are independent of

the location of the domain wall within the sample. Further-
more, they do not depend on the geometric form of the
sample.

In a further experiment two domain walls are placed in
the same exciting rf field simultaneougiyarallel to the slot
calculated value of the wall thickness parameteAi80.06  line, between the slot and the right branch of the coplanar
wm for sample 2for A an estimated value of>410 ' J/m  waveguid¢. The measured signal is found to be approxi-
is used. Notice that the exact solution for the pure Bloch mately twice as large as that for a single wall. If a dc induc-
wall with the above structure of E¢19) exists only when tion is applied in the film plane parallel to domain magneti-
the magnetization vector in domains is parallel to ff@@1]  zation the distance between the two walls decreases and a
direction. This requirement is fulfilled for sample 2, but not strong coupling occurs. Each domain wall resonance is split
for sample 1. into two coupled resonance modgee Fig. 7.

The measured frequency response of a single domain wall Another situation is realized by placing two walls parallel
shows a set of sharp resonanc¢egy. 5. When the wall is  to the slot line on each side of the slot simultaneously. The
removed out of the excitation region only resonant modesame resonance modes are observed in this case but the sig-
related to the FMR or domain modes are observed at highetal amplitude is much smaller than that for the case of a
frequencies. The linewidth of observed wall resonances isingle domain wall.
very small. The lowest measured value is 4.2 Midee Fig. If a static inductiorB, is applied perpendicular to the wall
6). Rotating the sample so that the wall is perpendicular tgplane the resonance frequencies decrease with increBging
the slot line we observe the same resonances. In this case t{eze Fig. 8 This behavior is similar to that observed for the
main exciting field is parallel to the wall plane. low-frequency wall resonances in YIG.

K,—4K, A

2 2
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A large wall thickness occurs in the films i;~K,. The
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FIG. 9. Plot of domain wall resonance frequency vs mode num-
bern at different thicknesses of the same garnet filftsample 1:
d=3.9um (O), 2 um (A), 1 wm (O).

FIG. 10. Plot of resonance frequency vs mode nunesf
high- and low-frequency modé$ and @, respectively of the wall
vibrations in a[110]-oriented film.

The observed multiple resonances are assumed to be dgeanding waves in Ref.)4 The pure Goldstone mode has
to the excitation of standing waves at frequencigsiefined  zero frequency ak=0. However, due to dipole forces in-
by the film thicknessd and the dispersion law: duced by sample edges a finite restoring fokcis created.
w,= wy(k,)=w(7n/d), where n=0,1,2,3... is the integer Thus the frequency of the pure translational mode is
mode number. It is not yet clear, whether mode countingoo=w(k=0)=(;</m)1/2 (m is the effective mass of the
should be started wittn=0 or n=1: this depends on the wall). On the other hand, the higher-order or flexural modes
pinning conditions at the film surfaces which are unknown.are mainly determined by the material parameters saturation
In the following we number the modes starting witlk=1, = magnetization and exchange and anisotropy constants. Their
keeping in mind that the first of the observed resonances mayequencies are therefore independent of the sample form.
be actually related to the uniform zero mode. It is furtherThese modes are measured in our experiments and are shown
assumed that both even and odd modes are observed equaby ® symbols in Fig. 10. The observed linear dependence of
well because exciting and detected fields of the used antenreir frequencies on the mode number is related to predicted
structure are strongly inhomogeneous. A further discussiotinear dispersion law of the Goldstone mdtfe.
of this point follows below. The standing wave assumption is In the Gilinskii mode both wall translations and oscilla-
supported by experiments to determine the dependence &ibns transverse to the wall plane are simultaneously in-
resonance frequencies on the film thickndssThese mea- volved. Therefore it can be excited by rf fields which are
surements are made after subsequent film etching in phosither perpendicular or parallel to the wall plane. The fre-
phoric acid. The increase of resonance frequencies with detuency gap of Gilinskii mode ;= w(k=0) for uniaxial fer-
creasingd is revealed in Fig. 9. In the same figure theromagnets is defined by the anisotropy parameter:
nonlinear dispersion dependence of the wall resonance freog= y2K /Mg it is usually very large compared 1@, of
guencies on mode number is presented. the Goldstone mod@ppropriate frequencies are of the order

Besides the high-frequency modes also the known lowef a few MHz for wy and about 1 GHz fowg). The Gilinskii
frequency modes of the same single domain wall are obmode follows a nonlinear dispersion law with
served in our experiments. Appropriate dispersion depend?w/dk?<0.23°
dence of the resonance frequency vs mode number is shown Additional branches of the wall excitation spectrum re-
in Fig. 10 for sample 2. Linear dispersion of the low- lated to the wall structure can exist. In ferromagnets with
frequency wall vibrations is clearly seen at low mode num-cubic and small additional uniaxial anisotrofs.g., in pure
bers similar to the previous observations of single wall reso¥Y1G) 180° walls consist of two subwalls of 71° and 109°.
nances related to the flexural wall vibrations in YiG. Breathing vibrations of a wall of this composition lead to a

Existing theories for low-anisotropy ferromagrfetSpre-  new branch of the spectrum. It is located at frequencies be-
dict several branches of the domain wall excitation spectrumiween the Goldstone mode and the Gilinskii m3dene ex-

In the pure uniaxial ferromagnet there exist a low-frequencyistence of a similar branch was predicted for zeNwall.*°
branch(Goldstone modeand the higher-frequency Gilinskii The above-mentioned theories of the domain wall excita-
branch. tion spectrum cannot be directly applied for the description

The Goldstone mode corresponds to pure wall translationsf the present experiments and therefore we analyze the re-
or flexural wall vibrations. It is effectively excited by rf sults qualitatively. In our case the walls have no subwalls
fields parallel to the magnetization in the domains. The modand their structure, Eq(19), is similar to that of simple
possesses an asymmetric dispersion lak) #wo(—k).>®  Bloch walls in uniaxial ferromagnets. Therefore, breathing
Due to this asymmetry both even and odd modes are stronghlyall vibrations are unlikely to occur. In addition, the experi-
excited(see the discussion of the asymmetry for the case ofnents show that wall resonances are effectively excited by rf
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FIG. 12. Plot of resonance frequency vs mode numbédor
fields which are either parallel or perpendicular to the wall180° and 90° domain walls if.00]-oriented films.
plane. Therefore the observed resonances are supposed to be
related to the excitation of the Gilinskii mode or its analog
for the material concerned. The observed nonlinear depeny; . .
: X omain walls. All resonance modes seen in the top of the
dence of the appropriate resonance frequencies on the moge

) o . : . figure disappear when the wall is removed from the excita-
number(Fig. 9 qualitatively agrees with the predicted dis- .. . . .
persion law of the Gilinskii modé&3° An improved estima- tion region by a small dc inductiof0.1 mT). Only the

tion of the frequency aap of the Gilinskii mode has recentl FMR peak is observed in that case. The lowest domain wall
9 Yy gap : Yresonance at the frequency of 0.91 GHz is characterized by a
been made for the case of a pure Bloch wall in bulk ferro- : : Do
X i P . ) .~ small linewidth of about 4.5 MHz like in the case [df10]-
magnet with cubic and uniaxial magnetic amSOtrOp'es'oriented films. Similar resonances are observed for 90°
we=(2y/M)[K(K,—K,)]¥? (Ref. 11. It yields the value '

of w/27=310 MHz for sample 2 in a qualitative agreementwa”S’ but at lower frequencies. The dispersion of resonance
with the measured value 560 MHz. In sample 1 the domair];requen.Cy vs mode num.ber for. both .1800 and 90° wa_IIs IS
walls are not of the Bloch-wall type. and therefore the aboveShOWn n Fig. 12. A non_llnear dispersion Igw for bqth kinds
expression does not apply in this c'ase of walls is reve_aled as is the case a0 fllms_. No influ-

' ence of Bloch lines on all the above spectra is found.

For [100]-oriented films the estimation of the frequency
gap of the Gilinskii mode of a 180° Bloch wall is
IV. RESONANCES OF 90° AND 180° DOMAIN WALLS we=(y/M)[2K (2K ,—K)]*? (Ref. 1D. It yields a fre-

IN [100-ORIENTED GARNET FILMS quency of 250 MHz for sample 3, the measured frequency is

910 MHz. The reason for this discrepancy is not yet known.
Two different kinds of straight plane domain walls are

observed in[100]-oriented samples: 180° walls parallel to

the [011] and[011] directions and 90° walls parallel to the V. CONCLUSIONS

[OlO_] and [001] direc_tions. The domain wall thickness vis- Low-anisotropy magnetic garnet films with in-plane mag-

ible in a microscope is about 0.5 tqun and larger than that  etization are suitable materials for the investigation of a
for [110]-oriented films: for 90° walls it is a little bit larger yariety of branches of elementary and nonlinear excitations
than for 180° walls. The calculated structure of 180° domaing|ated to domains, domain walls, and Bloch lines. The
walls is formally described by Eq19) with q and A re-  yresent experiments show that in addition to the well-known
placed byq; andA;: low-frequency mode of domain wall translatior@exural)

vibrations there exists a new higher-frequency mode with

Ky+4K, 2A

P=———e—, Al= (21)  quite a different nonlinear dispersion law. These modes are
2(K1—2Ky) Ki—2K, promising for applications in integrated optics, e.g., for high-
Expressions describing the structure of 90° walls are of thd"eduency light modulation.
form:
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