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Neel-type domain wall excitation in perpendicular magnetization thin films
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Domain wall (DW) magnetic excitations in perpendicular magnetization thin films with a stripe domain
structure are investigated by means of a two-dimensional dynamic micromagnetic model. A thickness depen-
dent Nesl-type DW mode is evidenced for the longitudinal exciting configuration. The numerical dynamic
susceptibility spectra are first compared with those deduced from the extended wall-wave model of Sloncze-
wski, and are then nicely correlated with zero-field domain wall resonance measurements.
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The small amplitude spin dynamics of nonuniform mag-cated within the Nel part of the DW, excited by the pump-
netization distributions is a very attractive topic driven bothing field applied along the stripe direction, and experimen-
by basic research and potential applications in future storagelly evidenced.
media and microwave devicésn this context, the periodic The 2D dynamic micromagnetic model for computing the
stripe domains which appear in thin magnetic films with agynamic susceptibility tensoy is based on the solution in
perpendicular anisotropy represent a model system. Thge frequency domain of the Landau-Lifshitz-Gilbert equa-
h|gh-frequency spin dynamics of thln_ films Wlth_a low per- tion for magnetization motion linearized around the equilib-
pendicular anlsotropy(“\g<1,. whereQ is the quality factor  j,m configuratior?” The magnetic system is assumed in-
defined asQ=K/2mMs, with Ky the uniaxial anisotropy ariant along one directionz( axis), periodic along the
constant andMs th_e saturation magnetlzatleu_pportmg & second direction X axig), and of finite thickness along the
We"?‘k stripe domain strugtL?rw_a;s recently stud_|ed both ex- third direction / axis). The computations were performed
per!mentally and theoreucaIFy. As a conclgsmn, the ex- with the following magnetic parameters:mMg=145 G
perimental dynamic spectra exhibit multiple resonance — 1150 era/cri. th h t' M_Sl 5 107’
which are strongly dependent on the equilibrium micromag-"Y ergicm, the exchange consta o

erglcm, the gyromagnetic ratig=1.8 10 Oe s !, the

netic state and on the rf exciting field orientation. Dynamic™: ; B i i
micromagnetic simulations permitted one to reproduce com&ilPert damping parameter=0.02, and the film thickness

plex zero-field microwave permeability speétemd to iden- h=1.5um, which are representative of a single-crystal gar-
tify some excitations observed in ferromagnetic resonancg€t film. In order to ensure reliable micromagnetic simula-
(FMR) measurementsFor thin films with a large perpen- tions, a spatial discretization with mesh siz&x = Ay/4
dicular anisotropy Q>1), possessing nearly homogeneousandAy = Ag/2[Ay=(A/Ky)"?is the Bloch DW width pa-
domains with alternatively up-and-down magnetizationsrametef were used for this sample witQ=1.38.
separated by narrow domain walBW'’s),2 numerous stud- The static DW structure in the periodic stripe domain pat-
ies were devoted to domain wall resonan¢B¥VR’s).>1?  tern (zero-field periodP) is displayed in Fig. 1 within the
One of the main results is the existence of high-order DWR'gestricted cross-sectional arpa Po/12,Py/12]X[0,h] [Fig.
interpreted by Slonczewski in terms of flexural domain wall 1(a)]. Domains magnetized, respectively, along thg axis
(FDW) modes. His wall-wave modéFDW mode) (Ref. 9  (red areq and the—y axis (blue area are observed, sepa-
correctly described the experimental in-plane dc felhd rated by a DW which is shrinked in the film center. A so-
thicknes$? dependences of the DWR frequencies. Howevergalled twisted DW with a Bloch character in the film center
a large discrepancy subsists concerning the high-frequenaggnd a Nel character at the film surfaces is observed. The
FDW resonance for the thinnest fili&sIn addition, the the-  corresponding DW magnetization in-plafer twist) angle,
oretical relative FDW mode intensities differ from the ex- denotedy,, is plotted as a function of the reduced coordinate
perimental one&’ Lastly, the effect of the rf exciting field y/h (solid line) in Fig. 1(b) and compared with the one
orientation on the zero-field DWR spectra has never beenomputed from the Slonczewski's model in which the DW
guantitatively addressed. is considered as a zero-thickness membra@e-1).2 For
The purpose of this paper is to revisit, by means of ahis sample with a moderate DW aspect rdtiarA, = 4,
two-dimensional(2D) dynamic micromagnetic model, the the micromagnetic computation leads to a larggrvalue
small amplitude DW excitations occurring in perpendicularwith respect to Slonczewski’'s formalism including a simpli-
magnetization thin flms@>1) possessing a parallel stripe fied computation of the DW demagnetizing field as discussed
domain structure. Special attention is paid to the mode loin Ref. 13.
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FIG. 1. (Color) Static DW structure in a periodic stripe domain il 0.6 / 7 s
pattern.(a) Micromagnetic computation of the equilibrium configu- f \
ration. A color code images the normal magnetization component = 03 ﬂl N
m, . The positive values are in red, whereas the negative ones are ir {C} r._
blue. The arrows represent the magnetization components in the H
plane ©x,02) at the middle of the DW(b) Static DW azimuthal 0.0 . =
angle, along the film thickness. 0 F1UU 200 (I‘?ﬂul-{]) ) 400
requency z

The imaginary diagonal elements of the dynamic suscep-

tibility tensor averaged over the periodic celf; , i=x,y,z FIG. 2. (Color) Imaginary part of the diagonal elements of the
are displayed as a function of frequency in Fig. 2. The nudynamic susceptibility tensor as a function of frequen@y:x%, .
merical spectrgsolid line) exhibit two resonances both for (p) Xyy» and(c) x7,. The solid lines correspond to the 2D dynamic
Xxx and xy,, and one resonance for;,. The color insets micromagnetic simulations. The color maps represent the spatial
correspond to respective imaginary local susceptibility tensodistribution of the respective susceptibility tensor elem@miagi-
element}i(x,y), i=X,y,z at each resonance frequency. For hary par_l at each resonance frequency. The coordinate system, the
X;x [Fig. 2@)], the low-frequency resonance, notét, boundaries of_ maps, and the color code are the same as in(Big. 1
arises mainly from the spins located within the Bloch part 0fThe dashed lines display the FDW dynamic susceptlplllty spect_ra.
the DW due to the coupling between the exciting fiélg; , For ea.Ch flgxural moqe, tfyedepgnglence of thg dynamic suscepti-
and the predominant static DW magnetization component?IIIty .('.mag'nary partis plotted in insets. The insets labeled with

. . . I magnification factors correspond to weak signals.
m,. In this case, the imaginary local susceptibility is always
positive. For the high-frequency resonance, not2d the  (2). A noticeable result is the existence of an intensive reso-
important levels of the imaginary local susceptibility are nance, noted3), at 143 MHz for thex’, spectrum[Fig.
dominantly found within the DW, but in contrast to reso- 2(c)]. This absorption line results from the excitation of spins
nance(1), the sign of the imaginary local susceptibility alter- |ocated within the Nel parts of the DW, as demonstrated by
nates from negative to positive and again negative througkhe local susceptibility map.
the film thickness. Resonancis and(2) are observed atthe |t js instructive to compare these dynamic responses with
same frequencies fogy, [Fig. 2(b)], but the intensity of those computed by using the FDW model based on the Slon-
resonancel) is increased whereas that of resonaf@eis  czewski equationglimit of large Q).% The DW dynamics is
drastically reduced. The map of the local susceptibilities inthen described by two degrees of freedamthe wall dis-
dicates that all the spins of the DW contribute to these resoplacement in thex direction; andy, the azimuthal angle of
nances due to the coupling betwe#m; , and the static DW  the magnetizatiorM evaluated at the middle of the wall
magnetization in-plane componembg andm,. Similarly to  from the z axis. For parallel stripe domains, the FDW model
the x5 element, the sign of the local susceptibility remainstreats small amplitude DW oscillations about the equilibrium
positive for resonancél) and varies from negative to posi- depending on the coordinate y along the film normal and on
tive and conversely along the film thickness for resonance wave vectok parallel to the film plane. These FDW exci-
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tations are distinguished by the number of nodédn they L p— -
dependence di. By considering only the uniform mode os- T O =1 Hm
cillations (k,=0, k,= =+ 27/P),° the diagonal elements of 3 \3 ]
the dynamic susceptibility tensor averaged over the whole *CJ e
thickness have been computed by extending the procedure bm © 27
described in Ref. 12, and are given by <¥o05 L
bad
L {e@) cosuo(e) - Ao(n(8) 39
XX 8 ohi, 7 mPy Ry,
(e(&) sinyo(§)) 00, 100 200
Xzz— — = (1)
8 shy¢ , Frequency (MHz)

with (v(€))=Jgv(£)d(&) for any given functionv, ¢ FIG. 3. Imaginary part of the dynamic susceptibility tensor ele-

=y/h, e the amplitude of the dynamic azimuthal variation, ment x5, as a function of frequency for}various film thicknesses.

E:Ef—o C, ' cosm\é, q=Ay7, ,7:2“;_0 C, cOSm\E, The resonance line is associated with theNgpe DW mode. The

sh :b‘h /8M< i=x.z and &h —_5h J47M inset represents the thickness dependence of the resonance fre-
rf, i Ot Sy 7 M4 rf,y— rf,y S-

N , . . qguency computed by the dynamic micromagnetic modall
The coefficientsC, andC, ' are the solutions of the linear circles and by the FDW modelopen circles

system
the resonance frequency and line intensity. The FDW model
B+iawl il C Hn (inset in Fig. 3 also predicts a rapid decrease of the reso-
o~ L~ P = t}, 2 nance frequency for the=1 mode with increasing film
il —(B "+iawl)| LC H

thickness, but the resonance frequencies are overestimated
with respect to the dynamic micromagnetic model. In this

where the matriceB andB’ depend on the static DW struc- " .
P thickness range, the resonance frequencies ofi th@ and 2

ture and profiles of static and dynamic demagnetizin o . . .
fieldgg(é)l is thgunity matrix. and the )\//ectoH;” and'_?t are gmodes also decrease with increasing film thickrtéss.

related, respectively, to the normal and in-plane components ThesedZD_t?]yB?/\rlnéc mlcromagnetnc sn”?ulatlodns havt?] b?en
of the exciting fieldsh,; . In practice, systent?) truncated at compared wi measurements performed over the ire-
32x32 (B,B’, and! are 16< 16 matrices ane,C’,H", and quency range 0—300 MHz by using a wideband resonance

Ht are vectors of size 16s solved for each reduced angular spectrometer with nonresonant microstrip transmission line.
¢ ~ A M The investigated sample is a single-crystal garnet film
requencyw, w=4m7yMgw.

y - Y5 -89 17638058 1401, grown by liquid phase epitaxy on a
The dynamic susceptibility spectra computed by the FDW(:I_ll)-oriented substrate of gadolinium gallium garnet. The

model are also reported in Fig.(@ashed ling With respect  yaterial parameters correspond to those used in the dynamic
to the.mlcromagnenc simulations, several commepts can b§usceptibi|ity computations except the damping parameter.
made:(i) three resonances =0, 1, 2) are also predicted by The parallel stripe domains were generated after a special
the FDW model, but the resonance frequencies are shiftef|y  treatment* The experimental P, value (P,

towards higher frequencie_(sii) The intensities of then=0 ~ 4.3 um) measured by means of a polarizing microscope
and 1 modes are, respectively, of the same order of magnjy,< found to be in very good agreement with the one de-
tude than those of resonancgly and (3). In contrast, the duced from static micromagnetic simulations P

intensity of then=2 mode is one order of magnitude weaker _ 4 4 wm). Figure 4 displays the theoretical and experimen-

with respect to the resonan@®. (iii) The reduced resonance o gerivative rf power absorptionsP, /df versus frequency

linewidths Af,/f, (full width at half maximt;mAfr and  for two orientations of stripe domains with respect to the
resonance frequencl;) exceed by about 50% those cOm- icrostrip line, respectively, paralléFig. 4a] and perpen-

puted by the micromagnetic modeiv) The local suscepti- iy ar[Fig. 4(b)] to it. Due to the microstrip line symmetry,
bility profiles xii(y), i=x.y,z (insets in Fig. 2computed by  he exciting fieldsh,; possesses two components for each
the FDW model are in qualitative agreement with those dep,mping configuration; a large in-plane one perpendicular to
duceo! from the micromagnetic simulations and. gvaluated ahe microstrip line k or z axis and a weaker one perpen-
the middle of the DW. For tha=2 mode, the position of the  gicylar to the film § axis). The experimental spectra reveal
two nodes along the y axis is very close to the one computegiaarly two magnetic resonances for each exciting configu-
for resonance(2). The dynamic azimuthal variatios (€  ration. The theoretical microwave power, absorbed per

=€’ —i€") is an odd function with respect to the film center it volume is computed from the general expression
(moden=1), but the local susceptibility is an even function

in agreement with the micromagnetic simulati¢resonance dm
(3] Pa=|{ ohr-

Let us focus on the Na-type DW resonance). Figure 3 el
shows the numericak;, spectrum for different film thick- where( )., means spatial average over the periodic cell. A
nesses. Increasing film thickness yields a decrease both véry good agreement is found between the experimental and

dt

timeaverage
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were computed by using a Gilbert damping parameter value
a=0.036 far in excess with respect to the one deduced from
FMR measurements performed over the frequency range
S 6—12 GHz in the saturated statequency dependence of
Y the perpendicular resonance figld =0.002. This questions
! % once again the validity of the phenomenological Gilbert dis-
¥ /2 sipation term. Though different explanations were proposed
: : for interpreting such discrepanci¢the effect of the relax-
theo. ational dynamics of the magnetization modutti$® the fre-
——= exp. qguency dependence af (Ref. 13], this problem still re-
mains open.
T — In summary, DW magnetic excitations in perpendicular
o I magnetization thin films with a stripe domain structure were
[
/Jz '

@ 1

dPa/df (arb. units)

investigated by using a 2D dynamic micromagnetic model.
‘ . The orientation of the rf pumping field with respect to the
0 100 200 300 stripe direction determines the selection rules for excitation
Frequency (MHz) of the three possible DW modes. For the longitudinal con-

figuration (pumping field along the stripe directipra Neel-

FIG. 4. Comparison between computeslid lines and experi-  type DW mode is clearly pointed out whose features were
mental (dashed lines zero-field DWR derivative spectra for a analyzed in thethickness, frequengyplane. The analytical
single-crystal garnet film(a) stripe domains parallel to the micros- Ep\w model of Slonczewski also predicts three DW modes
trip line (z axis), and (b) stripe domains £ axis) perpendicular to 5 provides a good estimation of the thickness dependence
the microstrip line § axis). of the Neel-type DWR frequency. However, significant dis-

crepanciegline positions, intensities, linewidthexist with
theoretical line positions which allows an unambiguous asfespect to the micromagnetic simulations. Experimental
signment of the experimental lines. In particular, the high-zero-field DWR spectra performed on a single-crystal garnet
frequency resonance observed for stripe domains perpefitm are very nicely reproduced by the dynamic micromag-
dicular to the microstrip line, corresponds to théeNgpe  netic model, provided that the damping parameter is suitably
DW mode. It must be mentioned that the theoretical spectrahosen.
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