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Simultaneous existence of two spin-wave modes in ultrathin Fe/Gaf301) films studied
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A double-peaked structure was observed in ithsitu Brillouin Light Scattering(BLS) spectra of a 6 A
thick epitaxial Fe/GaA®0)) film for values of an external magnetic fiett, applied along the hard in plane
direction, lower than a critical valukl,=0.9 kOe. This experimental finding is theoretically interpreted in
terms of a model which assumes a nonhomogeneous magnetic ground state characterized by the presence of
perperpendicular up/down stripe domains. For such a ground state, two spin-wave modes, namely an acoustic
and an optic mode, can exist. Upon increasing the field the magnetization tilts in the film plane, &hd for
=H, the ground state is homogeneous, thus allowing the existence of just a single spin-wave mode. The
frequencies of the two spin-wave modes were calculated and successfully compared with the experimental
data. The field dependence of the intensities of the corresponding two peaks that are present in the BLS spectra
was also estimated, providing further support to the above-mentioned interpretation.

DOI: 10.1103/PhysRevB.70.094422 PACS nuni®er75.70—i

I. INTRODUCTION patible with a homogeneous ground state. For this kind of

. . i system, the simplest and most natural explanation is to as-

Ferromagnetic-semiconductor heterostructures, like ultrag;me a perpendicularly magnetized up/down domain struc-
thin Fe/GaAg00D) films, have received considerable e (for such low values of film thickness, in-plane magne-

attentiod~* for their potential technological applications in tjized domains araot energetically favored-13. Another
new magnetoelectronic devicg8A sharp and well ordered possibility, a two sublattice spin arrangement, can be readily
interface, without any dead magnetic layer, can be obtaine@jisregarded because the splitting is only observable below a
as bcc Fe grows epitaxially on GaAs thanks to the smalkyitical value of the field and because it is hardly applicable
lattice mismatch(1.4%). Together with the expected cubic to an epitaxial iron film. Our assumption is therefore an up/
anisotropy of bulk bcc Fe, a strong in-plane uniaxial anisogown domain ground state. With increasing the magnetic
tropy has been found in ultrathin Fe/Ga@81) films, result-  field H, the magnetization of each domain gradually tilts in
ing from the atoming bonding at the interfat@he evolu-  the plane and, foH greater than a critical valuél,, the
tion of the latter anisotropy with film thickness has beenground state is homogeneously magnetized in-plane. Two
quantitatively analyzed by some of®%is a thoroughin situ  pranches are found fdt <H, and a singlguniform) mode
Brillouin scattering study of the dynamical magnetic proper-for H=H_.
ties of such films. At present arin situ high resolution mapping of the mag-
The same system Fe/Ga@1) has now been found to netization is outside the reach of conventional microscopic
display a very interesting phenomenon, for small iron thick-techniques. In the absence of detailed information on the
ness(te=6 A): below a critical fieldH.=0.9 kOein situ  actual domain structure and for the sake of generality, we are
BLS spectra show a “double-peak” structure, therefore regoing to assume a stripe domains structure. Such a one-
vealing the existence of two spin-wave modes fFbKH..  dimensional model has the advantage that the frequencies of
This feature is not completely new: it was already obsetvedthe spin-wave excitations can be easily evaluated and their
in Co/Au(111) films, for tc,=6 ML and H<H.~3 kOe. field dependence can be reproduced for different in-plane
However, the novelty of our contribution is twofold) The  directions.
experimental observation of the double-peak structure has The format of the paper is as follows: In Sec. Il the ex-
been done in two different samples and both upon increasingerimental details concerning the sample preparation and the
and decreasing the magnetic field. This confirms that th&LS technique are summarized. In Sec. lll the frequencies of
phenomenon can be well reproduced and rules out the poshe spin-wave excitations with respect to a nonhomogeneous
sibility it may be due to metastability effeci@.) We develop  ground state with up/down stripe domains are calculated us-
a theory which explains the field dependence of the observeitig the Landau-Lifshitz equations of motion. We also esti-
spin-wave frequencies as well as the intensities of the corremate the field dependence of the spin-wave intensity of the
sponding BLS peaks. two modes in the framework of a classical macroscopic
The starting point of our theory is that the observed split-model which relates the scattered intensity to the
ting of the spin-wave spectrum into two modes is not com-magnetization-dependent permittivity tensor. In Sec. IV the
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. I . presence of a double-peak structure is evident for applied
FIG. 1. In situ B“”m."n spectra taken from dge=6 A thick field values 0.4H < 0.9 kOe. In contrast, a single peak was
epitaxial Fe/GaA®O0)) film for different values of the external observed in the BLS spectra measured for magnetic field

magnetic fieldH, applied within the film plane alonf-110], the : - .
hard in-plane direction. Two peaks, indicated by arrows, are simulff;1pp|led along both th¢100] and the[110] directions(not

taneously observed fdi=0.6 and 0.7 kOe. shown).

_ _ . THEORY
experimental results are presented and compared with the

predictions of the theoretical model. Finally, in Sec. V the As discussed in the Introduction, the observed splitting of
conclusions are drawn. Details about the calculation of thehe spin-wave spectrum into two modes is not compatible

spin-wave frequencies can be found in the Appendix. with a homogeneous ground state. In the absence of experi-
mental data about the actual spin configuration, we assume a
Il. EXPERIMENT simplified model with perpendicularly magnetized up/down

domains in the shape of parallel stripes of infinite length

Following the previous investigation of Fe/GaA80  along the in-plane field direction and with vanishing thick-
films with different thicknes$,in this work we focus our npess of the wall between opposite domaiisee Fig. 2
attention on 6 A thick Fe films, because for this particularwnhile more complicated up/dow¢or possibly canteddo-
thickness BLS spectra exhibit the double-peak structure demain patterns cannot in principle be ruled out, the former
scribed in the following. The reproducibility of the results gne-dimensional model for the nonhomogeneous ground
was checked studying two different samples with the sametate presents the advantage that the frequencies of the spin-
nominal thickness. The two iron films were grown on a Si-wave excitations can be easily evaluated using the theory of
doped GaA®O0l) single crystal in an ultrahigh-vacuum domain mode ferromagnetic resonan@FMR),17-2° and
(UHV) chamber, specially designed to allaw situ BLS  analytical results can be obtained for field applied in plane
measurementd** (background pressurex3107'°mban at  along high symmetry directions. Such a simple model turns
GHOST laboratory, Perugia University. Details about out to be a useful tool to reproduce the spin-wave behavior;
sample preparation and structural characterization can bigowever, one should not expect it to be entirely realistic or
found in Ref. 8 About 200 mW of monochromatic able to account for other properties of the system, like the
p-polarized light, from a solid state las€¥32 nm ling, was  domain wall structure, the spatial dependence of the demag-
focused onto the sample surface using a camera objective @ktization factors, as well as the domain width and its field
numerical aperture 2 and focal length 50 mm. The backscadependence.
tered light was analyzed by a Sandercock-type 3)-pass The free energy per unit volume of the system in Fig. 2 is
tandem Fabry-Pérot interferometérThe external dc mag- given by the sum of various contributions
netic field was applied parallel to the surface of the film and
perpendicular to the plane of incidence of light i.e., in the
so-called Damon-Eshbach geometry. BLS measurements of
the spin-wave frequency were performaditu at room tem-
perature as a function of both the intensity and the in-planevhere G, is the Zeeman energy term due to the external
direction of the applied magnetic field. Typical BLS spectrafield, Ggj, is the term due to demagnetization, whig, and
for such a film, taken with the magnetic field applied alongG,, are the terms due to uniaxial out-of-plane and in-plane
the hard in-plane directiop-110], are shown in Fig. 1. The anisotropies, respectively. One has

G:GH+Gdip+GZL+G2HV (1)
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HM_ . ) finds that the acoustic mode with frequensy is character-
Gy=- T[sm 01 COS ¢, + sin B, COS ], ized by dynamic fluctuations such that(t) +m(t)=0 and
my(t) +my(t) # 0. This corresponds to an out-of-phase preces-
T , T, , sion of the dynamic'momemlszll anq M, in the directjon
Guip = EMS[00801+ cosf,|“ + EMSNZZ[COSHF cosb,| paral!el to the domain _vvaII and an in-phase precession per-
pendicular to the domain wall. In contrast, for the optic mode
T o, ) ) . ) ) the precession parallel to the domain wall is in-phase and the
+ EMsNyy[S'” 61 Sin ¢y = sin 6, sin 5], precession perpendicular to the domain wall s
out-of-phasé?
Hereafter we give the expressions of the spin-wave

Gy, :_@[Cog 6, + cog 6,], (2) frequencie®® when the field is applied in-plane along the
2 hard axis, see Eq3), or the easy axis, see E@). In both
where M is the saturation magnetizatioh, is the external ~CaS€S one .ha$.1€: he=02 , ,
field applied within the film planéxy) along thex direction; Case (i): His along the hard in-plane axis. Féf<H,

=H,,, the minimum free energy is obtained fé§.= 7— 64,

K,, >0 is a uniaxial out-of-plane anisotropy that favors the ) . -
2 p by where sing;,.=H/Hg, The frequencies of the acoustic and

up/down spin alignment along, the normal to the film ;
plane; N,, is the demagnetization factor associated to the’Ptic modes are

up/down domain structure: since the stripes are assumed to HgioN Hy,
be parallel to the field directiofx axis), one hasN,,=0 and (0'19)?= | Hoym Hz(l - |_'| ) 1 ol
Nyy,=1-N_, In general, the static demagnetization fadty sat sat
is a function of the domain aspect ratidt (wherelL is the

domain width and the film thicknesgand of the rotational (0 1y)2=[H2, - HZ]{l + HaipNyy — Hz} (5)
permeability u.1"1821 For magnetic field applied along the sat ’

hard in-plane direction, the in-plane anisotropy contribution
to the free energy is written as

sat

respectively (y is the gyromagnetic factpr For H=H,
=Hg one hash=6,.=m/2: the stripe domain structure is
wiped out, and the film is homogeneously in-plane magne-
tized. The optic modéw™) disappears and the acoustic one

. ) ) ] o (w%) becomes the saturated, in-plane, uniféfmmode with
while for field applied along the easy in-plane direction frequency

Gyl =- %[sin2 6, Sir? ¢y + Sir? 6, Sir? ¢b,] (3)

i K
Gy =- %[sin2 6, COS ¢y +sir? 6,08 ¢y].  (4) (w/)?=[H = Hy]H - (Hz, —Hgp)]. (6)
o _ Case (ii): His along the easy in-plane axis. FAr<H,
In the former case the uniaxial in-plane anisotrdfy>0  =H_,~H,,, the ground state hag,=m- 6., where sinf,,

favors they direction (perpendicular to the field and to the =H/H_ and the frequencies of the acoustic and optic spin-
stripeg, and in the latter case it favors thxedirection(par-  wave excitations are

allel to the field and to the stripges 5

In terms of the free energy parameters, we define the out- (0'7)2= HeH {1 _ (ﬂ) ( _ HaipNy )]
of-plane anisotropy fielH,, =2K,, /M, the in-plane field sat ¢ H. He '
Hz=2K5 /Mg, and the dipolar fieldHg,=47Ms. It is cus-
tomary to introduce the quality fact@p=H,, /Hy, as the 2 :
ratio between the out-of-plane anisotropy fielg, , fpavoring (w71y)?= Hsch[l - (Hi) ] {1 + ﬂﬁﬁﬂ} .
the perpendicular directiofz), and the dipolar fieldH, ¢ ¢
favoring the film planéxy). In the case under study, we have For H=H =Hg,~H,, one hasf;.=6,,=m/2 and the fre-
Q<1. Finally, the saturation field is defined &k,=H,, quency of the uniform mode is
—HgipN, 1718

In the following, the equilibrium values of the polar and (0l7)?=[H+Hy[H - (Hy, — Hgp) + Ha]. (8)
azimuthal angles, obtained by minimizing the free energy
Eq. (1), will be denoted by the suffixe!” The frequencies of
the spin-wave excitations are evaludfe® by the Landau- IV. RESULTS AND DISCUSSION
Lifshitz equations of motiorisee the Appendix for detajls
Two modes, denoted by* (acoustic modeand w™ (optic
mode, are found forH <H. and a singlguniforn??) mode In Fig. 3 the measured spin-wave frequencies are plotted
for H=H_. It is worth noticing that, despite their names, as a function of the intensity of the in-plane applied magnetic
neither of the two modes is fully in-phase or fully out-of- field H. When the field is parallel to the hard in-plane direc-
phase: their peculiar character is disclosed by the analysis d¢on [-110] [Fig. 3@)], two spin-wave modes are observed
the eigenvectors associated to the two mddda.fact, as- for 0.4<H<0.9 kOe. No differences in frequency, within
suming the external magnetic field to be parallel to the experimental error, are found upon increasing or decreasing
direction (along which the domains are infinitely lopgne the field intensity, thus ruling out the possibility of metasta-

A. Spin-wave frequencies
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201 =4 A and 100 A. Ast, increases, the out-of-plane single-

i ion anisotropyK, , strongly decreases, while the dipolar field
Haip=47Ms, favoring in-plane magnetization, increases;
moreover, a biaxial in-plane anisotropy, favoring {fi®0]
and[01Q] crystallographic axes, gradually develops. For the
sample withte,=6 A, only the data at fields high enough for
the magnetization to be homogeneous and in-plane, were
used to obtain the fit. The dipolar field was estimated to be
Haip=17 kOe?> the out-of-plane anisotropy fieldH,,
=13.9 kOe and the in-plane anisotropy fiéld,=0.9 kOe?®
Using these parameters, the demagnetization fadfpwas
self-consistently calculatétfor different values of the do-
main aspect ratid./t. The variation of the domain size with
the applied field intensity, and thus the corrections to the
frequency due to such variations, were neglected as being of
a higher ordet’-18

The best overall agreement between theory and experi-
ment was found assuming for the static demagnetization fac-
tor the valueN,,=0.76. Such an assumption, although it cor-
responds to a probably too low aspect ratics nevertheless
able to justify the presence of domains in the system in spite
of the fact that, for the considered iron thickneéss=6 A,
one has H,, <Hg, (quality factor Q<1). In fact,
for the onset of up/down stripe domains, the condition
H2, —HgipN,,>0 has to be satisfied. As a further support to
the domain hypothesis, it is worth observing that in epitaxial
Co/Pt multilayers a perpendicul@up/down stripe domain
structure was indeed experimentally observed at remanence
by magnetic force microscopy, while torque magnetometry
measurements, providinQ<1, had suggested a preference
for in-plane orientation of the magnetizatiéh.

Note that the two modes are well observable only for the
case of field applied along the hard in-plane directibiy.
3(a)]. Otherwise[see Figs. &) and 3c)] one has a consid-
erable shrinking of the coexistence region of the two modes
and moreover metastability phenomena are likely to occur
since the energy of the stripe domain ground state is close to
that of a homogeneous in-plane configuration.

Spin-wave Frequency (GHz)

Spin-wave Frequency (GHz)

15+

[y
o
T T

o,

Spin-wave Frequency (GHz)

Applied Field (kOe)

FIG. 3. Full-line curves: frequencies of the acoustic), optic B. Light scattering intensities

(w7), and unifprm(w) mode, as a function of the in-plane fiet For the experimental backscattering geomekiyin-plane
calculated usingi;=0.9 kOe,Hy, =13.9 kOe,Hqpp=17 kOe,N;; - hargje] to thex axis and scattering plane perpendiculatio
=0.76 (Hsq=0.98 kOg, for three different casesa) field applied o incigent light hagp-polarization(the optical wave vector
parallel to the Sg'pesl anf_all?jrﬁglll(_)], dthe hal‘lm: 'n'p:]ane O.“reCt'on d and the optical incident electric field, have onlyy andz
(see Egs(5) and (6)); (b) field applied parallel to the stripes an components while the scattered light has-polarization.

along [100Q], the intermediate in-plane directiofg) field applied N L .
. . o Then its intensity is proportional to the square modulus of
llel to the st d al 10, th -pl direct . - .
parallel to the stripes and alorig10}, the easy in-plane direction the x component of the polarizatio®® induced in the

(see Eqgs(7) and(8). Open circles: experimental data. film 29-33

bility effects. In contrast, a single spin-wave mode is ob- Vo , )
served forH=0.9 kOe. When the field is applied along ei- 47Px= M (D[~ KE/ sin f cos ~ 2G44ME COSbe(Sir” G

ther the intermediatg100] or the easy[11(] in-plane — 02 6)] + MY (H)[2G M E) sin 6, — KEZ] + (1)
directions[see Figs. @) and 3c), respectively, a single

spin-wave mode is experimentally observed at any investi- X[KEYsir? O+ 2G,4M(Ef sin O4(sir? 6, — cog 6,)],
gated field intensity. The full-line curves in Fig. 3 are the (9)

theoretical spin-wave frequencies. The Hamiltonian param-

eters for the calculations were deduced from previous experiwhere K and G,, denote the first- and second-ordeom-
mental work on Fe/GaA601) films2 where a detailed fit of plex) magneto-optic coupling coefficients, respectively. For
the BLS data was made for a whole set of samples witlthe film with up/down domains, we assume thaf(t)
different values of the iron thickness, ranging betwéen =mj(t)+m5(t) (a=x,y,X) since the size of the laser spot is
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much greater than the lateral size of the domé&#iEaking  be observed since its intensity, though always vanishing in
into account that),,=0 and sind;o;=H/H.=h and express- the H— 0" limit, is expected to increase &bincreases and
ing the dynamic fluctuations of the magnetization in terms ofto reach a maximum just d.. Another stringent require-
the fluctuations of the angle coordinatég*(t), A¢*(t) de- ment for the simultaneous observation of two modes is that
fined in the Appendix, we obtain the competing out-of-plane anisotropy fielth, and easy-

_ y ) , oo plane dipolar anisotropy fieltl, are of comparable magni-
4mPy = AT ([~ KEh(1 ~h%) - 2G,ME(L -h)(2h"- 1] tyde and thatH,, —HgN,,>0, so that a perpendicularly

+ A (D[ 2G4 ME/N? — KE?h] + AG* (0] - KEVh® magnetized up/down_ domain structure is energetically fa-
o vored for H—0". This seems just to be the case of the
= 2G4 MEN(2h* = 1)]. (100 Fe/GaAs films withte,=6 A. In fact, for higher Fe thick-

The field dependence of the intensities of the two modes cai®>s: °n€ hablg>H, ., S0 that a hom_ogeneous m-p_lane
now be estimated taking into account that the eigenvecto agljenzed ground state is realized, while, upon redum_ng the
e thickness, one would expéd,<H,, and a single spin-

associated with the acoustic mode is characterized b ) .
AG(1)=A¢ ()=0 while the optic mode hasAg'(t) ave mode to be excited with respect to a homogeneous,
— A ()=0. perpendicularly magnetized metf_:lstable state.

We hope that the results of this paper can stimulate other
experimental groups to directly visualize the domain pattern,
Oé.g. using magnetic microscopy techniques as a function of
%he external magnetic field intensiy/This should be donim
situ, because the magnetic anisotropy is strongly affected by
the presence of a protective overlayer, so that formation of
magnetic domains can be prevented.

Acoustic mode with frequeney". The intensityl*(H) of
the light scattered by the acoustic mode has a maximum f
H— H, since the fluctuations become very large. For zer
field the intensity is zerol*(0)=0, sinceA# (t)=0 and the
coefficients of the %" angle fluctuations are zero fdr=0.
For H— +o, the intensity vanishes;(H)— 0, since, upon
increasingH aboveH,, the o* mode evolves into the uni-
form mode w and the fluctuations progressively decrease.
This behavior fol*(H) is similar to that of a perpendicularly
magnetized uniform filni? The authors gratefully acknowledge financial support

Optic mode with frequenay™. ForH=H_, the intensity of  from the Italian Ministery for the Instruction, University and
the light scattered by the optic mode is z&rH.,)=0, since  ResearchMIUR), under Projects Nos. PRIN 2003025857
AG (1)=A¢*(t)=0 and the coefficient of th&a¢ (t) angle and FIRB RBNEQ17XSW. This work was performed in the
fluctuation is zero foh=1. For zero field, the intensity(0)  framework of the joint CNR-MIUR programmg.egge 16/
can be finite provided that the second order magneto-opti¢0/2000, Fondo FISR
coupling coefficient is nonzer@,,# 0.

The field dependence of the intensity of both the acoustic APPENDIX: SPIN-WAVE FREQUENCIES
and the optic modes, as deduced from Ef), is qualita- ) o ] ) )
tively confirmed by the experimental spectra in Fig. 1. The _1he static equilibrium configuration of the system is ob-
intensity of the former mode exhibits a neat maximum fortained by minimizing the free enerdy, Eq. (1), with respect
field values sligtly lower thami.~0.9 kOe and then it van- to the polar and a2|'mu_thal variables while the frequencies of
ishes as the field is reduced below about 0.5 kOe. The opti{!® Spin-wave excitations are evaludfedly the Landau-
mode intensity, instead, shows a minimum approactigg  LifShitz equations of motion
in agreement with the theoretical predictions. A6y, y G dp,  y G

dt SiNG ,dy, dt  sin6 06, ,
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(A1)
V. CONCLUSIONS where G=2G/Mg. The small oscillations of the system in

In conclusion, we have shown that a double-peaked strugesponse to an external perturbation are obtained by expand-
ture is displayed by the Brillouin Light Scattering spectra ofing G in a Taylor series about its equilibrium valgg up to
Fe/GaA$001) films with te,.=6 A when the field is applied the second order. Next, assuming for the set of variables a
in-plane along the hard axis and is smaller than a criticaharmonic time dependence with frequeneynd introducing
value H,=0.9 kOe. The existence of two peaks in the BLSthe normal coordinates AF=A6;+A6, and A¢*
spectrum should be the general feature of a film with a per=A¢;*A¢, (Where A denotes a small variationthe equa-
pendicular domain structuréit is irrelevant whether the tions of motion can be rewritten in matrix form as
magnetization is canted or nof his feature disappears when A —iz 0 B Ag"
H=H, and the magnetization lies in the film plane. The
reason why the unravelling of such a two-peaked structure in iz C B 0 [|A¢"
the Brillouin light scattering spectra of ultrathin magnetic 0 B A -izll Ag
films is so rare might well be that many conditions have to B 0 iz C ||Ag
be simultaneously satisfied. In fact, the optic mode, with fre-
quencyw , has enough intensity in an appreciable range ofvhere z=wsin6,, and A*=G;1+G13 B*=G1,+ Gy C*
fields only if G44# 0 andH, are not too small. In contrast, =G,,*G,s. By Gjj= azg/axiax”e we denote the second par-
the acoustic mode, with frequenay’, has more chances to tial derivatives of the free energy with respect to the angular

=0, (A2)

094422-5



PINI et al. PHYSICAL REVIEW B 70, 094422(2004)

variables(X,;= 6, Xo=¢1, Xz=6, X4=¢,). The frequencies For H=H, the ground state is homogeneously in-plane
of the normal modes are obtained by imposing the conditioimagnetized(6,.=6,.=7/2 and N,,=1) and it results that
for nontriviality of the solutions of EqtA2), i.e., the vanish- A*=A"=G,,, B*=B™=0, andC*=C"=G,,, so that a single,

ing of the matrix determinant. uniform modé? is obtained, with frequenciw/ ¥)°=G11G».
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