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Anomalous behavior of spin-wave resonances in Ga1ÀxMn xAs thin films
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We report ferromagnetic and spin-wave resonance absorption measurements on high quality epitaxially
grown Ga12xMnxAs thin films. We find that these films exhibit robust ferromagnetic long-range order, based
on the fact that up to seven resonances are detected at low temperatures, and the resonance structure survives
to temperatures close to the ferromagnetic transition. On the other hand, we observe a spin-wave dispersion,
which is linear in mode number, in qualitative contrast with the quadratic dispersion expected for homoge-
neous samples. We perform a detailed numerical analysis of the experimental data and provide analytical
calculations to demonstrate that such a linear dispersion is incompatible with uniform magnetic parameters.
Our theoretical analysis of the ferromagnetic resonance data, combined with the knowledge that strain-induced
anisotropy is definitely present in these films, suggests that a spatially dependent magnetic anisotropy is the
most likely reason behind the anomalous behavior observed.
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I. INTRODUCTION

There has been great deal of interest in elucidating
properties of Ga12xMnxAs and other diluted magnetic sem
conductors~DMS’s! during the past several years. The i
tense research on these materials is partly motivated by
fact that they hold promise as building blocks of ‘‘spi
tronic’’ semiconductor devices.1–3 Indeed, the incorporation
of magnetic properties in semiconductor heterostructu
can, in principle, lead to the development of new devices
manipulate both the spin and the charge degrees of free
of the carriers. Due to its compatibility with convention
electronic devices, Ga12xMnxAs is one of the most readily
usable alloy systems for exploring spintronic prototyp
However, these materials exhibit a series of fascinat
strong correlation phenomena that are not yet fully und
stood, such as a metal-insulator transition, field-induced
romagnetism, and magnetoresistance.3 Before any applica-
tions become possible, it is necessary to provide a deta
description of both electronic and magnetic structure a
properties of this class of materials. Investigating the m
netic properties of the ferromagnetic ground state
Ga12xMnxAs, with Curie temperatures as high asTc

;160 K, is therefore especially important.
Given the fact that DMS’s are synthesized in film form

using molecular-beam epitaxy~MBE!, ferromagnetic reso-
nance spectroscopy~FMR! is the most suitable experiment
probe for studying the dynamics of the ferromagnetic or
parameter, which also allows for the spectroscopy of
spin-wave excitations. FMR is a powerful technique to stu
magnetic properties in magnetic thin films4 and has already
been used by several groups in the magnetic characteriz
of the Ga12xMnxAs films.5,6 The same technique can be us
to obtain the resonance fields of the spin-wave modes
thin film. Extracting the various magnetic parameters infl
encing the spin excitations is essential for gaining comp
control of the magnetic properties of DMS films with an e
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on successful future applications, such as spin injection
manipulation.

The main objective of this paper is to provide a se
consistent picture of the properties of spin-wave excitatio
based on a comparison of experimental results and theo
cal calculations. The theory of spin-wave resonance~SWR!
has been developed four decades ago by Kittel,7 who also
pointed out that FMR measurements are capable of detec
several modes of the magnetic excitations in ferromagn
thin films. For an external magnetic field normal to the s
face of a homogeneous film he found the following res
nance condition for spin-waves pinned at its boundaries,

Hn5H02DS p

L D 2

@~n11!221#, ~1!

whereHn is the external field value~at fixed external radia-
tion frequency! where thenth SWR mode is observed,H0 is
the magnetic field that corresponds to the ferromagn
resonance,L is the sample thickness, and the constantD is
proportional to the stiffness constant defined in Sec. III.8

In this paper we report the observation of such SWR’s
Ga12xMnxAs. These experiments provide a direct proof f
true long-ranged ferromagnetic orderin Ga12xMnxAs. Sur-
prisingly, the spin-waves that we observe exhibit a somew
unusual behavior: We find a spin-wave spectrum withHn
;n. A recent work by Goennenweinet al.9 reportedHn
;n2/3. Both results are in qualitative disagreement with E
~1!, which states that for a homogeneous film the resona
field Hn of thenth mode should be proportional to;n2. We
trace back the origin of the anomalous dispersion to the m
netic properties of Ga12xMnxAs thin films, and find that in
order to understand the anomalous spin-wave dispersion,
crucial to allow the magnetic parameters inside the film
depend on the distance from the interface. In principle, s
inhomogeneity in the profile of magnetization, spin stiffne
or magnetic anisotropy9 could all result in such an anomaly
However, our experimental and theoretical results presen
©2004 The American Physical Society13-1
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in this paper point towards the presence of uniaxial anis
ropy and/or spin stiffness that depends on the distancez from
the surface of the film. More specifically, we find that o
resonance experiments can be well understood by assu
a uniaxial magnetic anisotropy with a quadratic depende
on the distancez from the Ga12xMnxAs/GaAs interface. The
presence of strong magnetic anisotropy in Ga12xMnxAs and
In12xMnxAs epitaxial films has already been clearly demo
strated by a series of experiments,10–13,5,6which also indicate
that the magnetic anisotropy depends on the lattice mism
between the substrate and the DMS layer.

This paper is organized as follows. In Sec. II we pres
the experimental results for a group of as-grown and
nealed Ga12xMnxAs samples and discuss briefly the po
tion, intensity, and linewidth of the observed resonan
peaks. In Sec. III we present a general spin-wave equatio
motion that allows for the variation of the magnetization a
magnetic anisotropy along the film thickness, and discuss
numerical calculation for the position and intensity of t
resonance peaks. Finally, in Sec. IV we compare the exp
mental results with the theoretical calculations and disc
the possible explanations for the inhomogeneity of the m
netic anisotropy.

II. EXPERIMENTAL RESULTS

Recently, a systematic study of the fundamental FM
mode has been reported for a series of Ga12xMnxAs films
grown on various substrates.5 The dependence of the FMR
position on the angle between the applied magnetic field
the crystallographic axes of the sample was carefully do
mented, and detailed information has been obtained on
magnetic anisotropy and its variation with temperature. T
uniaxial and cubic anisotropies determined experiment
generally corroborate with earlier theoretical predictions.11,12

In this paper the same experimental technique is use
study SWR’s in thin Ga12xMnxAs films.

Although DMS’s have a very low concentration of ma
netic atoms, and these system are often described in term
percolation14 and impurity band models,15,16 it was possible
to observe SWR spectra with up to seven spin-wa
modes,9,17 demonstrating that real long-range order develo
in these materials.

The three Ga12xMnxAs thin films analyzed in this pape
have previously been studied by Sasakiet al., who observed
both the SWR and the FMR lines. Their initial work conce
trated on the uniform mode~the FMR line! and they used
this feature to investigate the overall magnetic anisotropy
Ga12xMnxAsilms.5 All the samples were grown by low
temperature MBE on semi-insulating GaAs substrates.
Mn concentrationx50.076 was determined by x-ray diffrac
tion, and the Curie temperature and dependence of mag
zation dependence on applied magnetic field and tempera
were obtained by superconducting quantum interference
vice ~SQUID! measurements. The FMR and SWR measu
ments were carried out using a 9.46 GHz microwave sp
trometer.

The dc magnetic fieldHext was oriented perpendicular t
the film plane~see Fig. 1!. As a result of the lattice mismatc
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between the substrate and the Ga12xMnxAs films, the
samples exhibit compressive strain in the sample pla
which leads to a strong uniaxial anisotropy. Consequently
the absence of the external field the magnetization lies in
plane parallel to the film. However, the applied static field
which FMR and SWR’s are observed is strong enough
align the magnetization perpendicular to the sample surfa

After measuring the SWR in the as-grown samples
annealed them for 60 min. As a result, the Curie tempera
Tc was increased by about;40% and the magnetization b
;25%. Table I summarizes some of the characteristic pr
erties of three representative Ga12xMnxAs samples. The val-
ues listed in the table were extracted from SQUID, FM

FIG. 1. Schematic diagram of the experimental geometry. T
Ga12xMnxAs film is grown on a thick GaAs substrate. A larg

constant magnetic fieldHW ext is applied in theẑ direction: HW extuuẑ.

This field produces a large magnetizationMW (z) which points pre-

dominantly in theẑ direction. Additionally, a small external micro

wave magnetic fieldhW'HW ext produces a small harmonically varyin

perturbation in magnetization,mW' ẑ.

TABLE I. Experimental parameters extracted from, and used
the theoretically analysis of, the spectra of three Ga0.924Mn0.076As
samples of different thicknesses, preannealing and postannea
Hmax is the resonance field of the highest~ferromagnetic resonance!
peak,M is the static magnetization measured by SQUID,Tc is the
critical temperature, andDH is the linewidth. When the width var-
ies with the mode number~see text!, the range of linewidths is
given.

Thickness Annealed T Hmax M Tc DH
~nm! ~K! ~Oes! Semu

cm3D ~K! ~Oes!

No 4 7820 17.9 65 200620
200 No 40 7600 9.4 65 170-200620

Yes 4 8700 25 95 120–220620
No 4 8350 17.5 65 230620

150 No 40 7920 9.4 65 230620
Yes 4 8820 23 90 180–230620
No 4 8110 17.5 65 150620

100 No 40 7740 9.4 65 200620
Yes 4 9050 25 100 110620
3-2
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ANOMALOUS BEHAVIOR OF SPIN-WAVE RESONANCES . . . PHYSICAL REVIEW B 69, 125213 ~2004!
and SWR measurements. Clearly, the annealing process
profound effect not only on the critical temperature and m
netization of the films, but also on practically all charact
istics of the ferromagnetic and SWR’s, including the te
perature and thickness dependence of the resonance po
and linewidth. In order to obtain more insight into the beha
ior of these materials, we now proceed to evaluate the ac
FMR spectra before and after annealing.

Figure 2 shows typical examples of the observed spec
The main trends and qualitative features of these data ca
effectively conveyed if the position and linewidth of th
resonance features are plotted as a function of themode num-
ber. We label the largest resonance at the highest field~the
uniform FMR mode! as n50, and the SWR modes asn
51,2,3, . . . , where the increasing mode index correspon
to decreasing resonance field. The results of this proce
are shown in Fig. 3. The distance between SWR modes
creases for thinner samples. This is in accordance with
simple picture that these resonances are standing wave
magnetization trapped between the two interfaces of a
form thin film and that the level spacing between success
standing wave modes increases with decreasing geome
size of the ‘‘resonator cavity.’’ However, from this simplist
picture also follows that the resonances must depend
dratically on the mode index, in accordance with Kitte
equation, ~1!. This expectation fails spectacularly in ou
Ga12xMnxAs thin films. As one can see in Fig. 3 for the 20
nm thick as-grown and annealed samples, in spite of the
that we are able to see as many as seven SWR’s, the S
mode positions as a function of the mode number do
follow the expected quadratic law. Instead, the resona

FIG. 2. ~a! FMR and SWR absorption spectra for as-grow
Ga0.924Mn0.076As samples of different thickness~100 nm, 150 nm,
and 200 nm! at T54 K. ~b! FMR and SWR spectra for the 200 nm
thick Ga0.924Mn0.076As sample for different temperatures, befo
and after annealing.
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fields Hn exhibit a linear dependenceon the mode indexn.
We can also compare the intensity of the resonances

Kittel’s predictions. However, to do that we have to keep
mind that the FMR measurement is done with a field mo
lation lock-in technique, which measures the derivative
the absorption as a function of the applied magnetic fie
The observed peak-to-peak heightDI n and peak-to-peak
width DHn of thenth resonance are related to its intensityI n
as18

I n;DI nDHn
2 . ~2!

It is rather striking that the linewidth behaves qualitative
differently for annealed and unannealed samples: For the
grown film the linewidth is independent ofn and its value is
DHn;200 Oe. For the annealed samples, on the other h
DHn decreases withn @see Fig. 3~b!#, which is a typical
behavior of metallic thin films.19 This change to more con
ventional behavior in the resonance linewidth corrobora
the observation that the annealed samples are more me
than the as-grown samples: resistivity decreases upon
nealing, consistent with an increase in the density of mob
charge carriers.20 On the other hand, the peak intensitiesre-
main anomalous despite the annealing. The extracted in
sitiesI n are shown in Fig. 3~c!. They follow a similar law for
both the annealed and unannealed samples, and the dec
of the successive intensities is much slower than theI n
}1/(n11)2 dependence predicted by Kittel.

FIG. 3. Experimentally observedT54 K SWR mode positions
~a!, linewidths ~b!, and peak intensities~c! for the 200 nm thick
Ga0.924Mn0.076As sample before~open circles! and after ~open
squares! annealing as a function of mode indexn. ~a! The solid lines
show the linear fitting for the experimental data.~c! The dotted line
connects the theoretical result for the normalized peak intensi
Note that this calculation was donewith no fitting parameters~see
text!. Odd modes are not observed experimentally, as their am
tudes are much smaller compared to those of the even modes
3-3
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Clearly, based on the qualitative and quantitative exp
mental observations made above, the Ga12xMnxAs films do
not behave as homogeneous ferromagnetic thin films.
first attempt to explain this behavior is due to Sas
et al.17,21 who, inspired by the work of Portis,22 suggested a
picture where the magnetization inside the ferromagn
thin film is not homogeneous in the direction perpendicu
to the plane of the film. Although such inhomogeneity cou
explain qualitatively the linear dependence of success
SWR positions onn, the gradient of composition required t
fit the data is unrealistically large, and recent neutron refl
tivity measurements23 do not support this degree of variatio
of magnetization across the sample. An alternative mode
therefore needed for comparing experiment and theory.
present such a theoretical analysis in the following sect
which will retain in spirit the approach of Refs. 17 and 21.
that we also propose inhomogeneity in magnetic parame
along the thickness of the sample as the main reason be
the observed anomalous behavior of the SWR positio
However, in our theoretical framework—in addition to a gr
dient of magnetization—we also allow for a variation
magnetic anisotropy and spin stiffness. One of the attrac
features of our approach is that—once the anisotropy pro
has been determined to fit the resonance positions—it all
for a parameter-free evaluationof the normalized peak in
tensities@see the points connected by dashed lines in F
3~c!. The results are in excellent agreement with those
tracted from the experiment forboth as-grown and anneale
samples.24 This agreement in particular gives us confiden
that the theoretical model and numerical analysis which
present below gives an essentially accurate description o
FMR and SWR experiments in Ga12xMnxAs.

III. THEORETICAL APPROACH

A. Semiclassical spin-wave equations

It is well accepted that the magnetism of Ga12xMnxAs is
due to indirect interaction between Mn spins mediated
holes.15,25–27Although this system contains considerable p
sitional disorder—which, combined with spin-orbit effec
may lead to noncollinear ground states27,28—it appears that
on larger length scales, relevant for the long wavelength
lective modes of the ferromagnetic order parameter, th
DMS materials behave as conventional ferromagnets.29 In
the following we will therefore neglect many of the comp
cations which are not relevant when dealing with sp
waves, and we shall employ the usual semiclassical eq
tions of motion to study spin-wave excitations in the abse
of damping.30

The first step to derive the semiclassical equations of m
tion is to construct the free-energy functional for the mag
tization M¢ (r ). For temperatures below the transition tem
peratureTC this can be expressed as

F~M¢ !5E
V
d3r

A

M2
u“M¢ u21E

V
d3r

K

M2
uM¢ •uW u2

2E
V
d3r ~H¢ ext22pM¢ !•M¢ . ~3!
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In Eq. ~3!, M5uM¢ u denotes the magnetization of the samp
at temperatureT, andHextuuẑ is the applied dc magnetic field
Every integration runs over the volumeV of the film. Note
that the free-energy functional in Eq.~3! only describes
transversefluctuations of the magnetization, and the longit
dinal fluctuations are assumed to be negligible,M5uM¢ u
5constant.

The first term in Eq.~3! is an exchange free energy, wit
A(r ) denoting the spin-wave stiffness, while the second te
represents—depending on the sign ofK(r )—a uniaxial or an
in-plane anisotropy energy with respect to directionuW . The
primary source of the anisotropyK is the strain field due to
the lattice mismatch between the GaAs substrate and the
romagnetic Ga12xMnxAs film.31 Since the Ga12xMnxAs
films discussed throughout this paper were deposited
GaAs, they have an in-plane easy axis which correspond
uW 5(0,0,1) and positiveK. We have not included other cubi
anisotropy terms in Eq.~3! because at temperatures they a
small compared touKu. Finally, the last term in Eq.~3! is the
Zeeman free energy together with the demagnetization
ergy. Note that all coefficients in Eq.~3! depend on tempera
ture T, and onspatial coordinates.

Given the material specifics detailed above, the semic
sical equations of motion can be written as follows:

dM¢ ~rW,t !

dt
52uguM¢ ~rW,t !3H¢ tot~rW,t !. ~4!

Hereg is the gyromagnetic ratio, which we approximate
that of the Mn core spins,g'ge52mB /\. H¢ tot(rW,t) denotes
the total effective magnetic field, which can be obtained
taking the functional derivative of the free-energy function
Eq. ~3!, with respect to the magnetization,H¢ tot(rW,t)
52dF($M¢ %)/dM¢ (rW,t). The result atT50 K is

H¢ tot~rW,t !52L¹2M¢ ~rW,t !2
2K

M
ẑ1H¢ ext24pM¢ , ~5!

where we assumed that the exchange constantL52A/M2

does not depend on the spatial coordinate. The first term
Eq. ~5! is usually called the exchange field, while the seco
term defines the uniaxial anisotropy field,HW a522K/Mẑ.
To compute the spin-wave spectrum for a field parallel toẑ
we expand the magnetization around its equilibrium va
and orientationMẑ and, as we mentioned before, we allo
for transverse deviations only:M¢ 5Mẑ1m¢ (rW,t). Assuming
periodic time dependence and plane wave character of th
magnetization in thex and y directions,m¢ (rW,t)5@mx(z) x̂
1my(z) ŷ#eivteikxx1 ikyy, one obtains the following equatio
of motion for m1(z)[mx(z)1 imy(z) in the long wave-
length limit kx ,ky→0:

H 2LM
d2

dz2
14pM ~z!2Ha~z!2L

d2M ~z!

dz2 J m1~z!

5S Hext2
v r

g Dm1~z!, ~6!
3-4
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where v r is the frequency of the microwave radiation.
course of the derivation of Eq. 6 we assumed that only
magnetic anisotropy and the magnetization vary along thz
direction ~growth direction! @Ha5Ha(z) and M5M (z)],
but @as already mentioned after Eq.~5!# that L(z)5L is
constant. While these assumptions need not be valid in g
eral, we will show below that the experimental data on o
DMS films can be well explained by the presence of a s
tially dependent anisotropy field.9 As mentioned before, a
spatially varying magnetization can also reproduce qua
tively the main features of the data,13 but if one allows only
M (z) to vary, we now find by numerically solving Eq.~6! an
unrealistic solution that cannot reproduce quantitatively
experimental SWR spectrum. There is yet another poss
ity, that the exchange constant is itself spatially depend
L5L(z). Given thatL depends on the carrier concentr
tion, a scenario with az-dependent exchange constant wou
in principle, be consistent with recent experiments of Koe
et al.32 While we cannot exclude this possibility, we expe
that this would give a spectrum similar to that of the spatia
nonuniform magnetization, and therefore a very large spa
dependence of the carrier concentration would be neede
explain the experimental data. We therefore classify this p
sibility, together with that of spatially dependent magnetiz
tion, assubdominantmechanisms, which would at most pla
a secondary role in explaining the features of our resona
experiments. The versatility of our numerical analysis
clearly evident in evaluating the different scenarios discus
above: our numerical scheme allows us to check all th
scenarios against our resonance absorption data and the
straints set by other experiments, and select the most vi
one for explaining our FMR and SWR measurements.

It is interesting that Eq.~6! has the form of a one
dimensional Schro¨dinger equation for an electron in a qua
tum well. Specifically, if we compare the coefficients of E
~6! with the Schro¨dinger equation, we can see th
\2/@2LM (z)# is formally analogous to the electron mass~in
our case it may depend on the positionz if M varies with
position!, and 4pM (z)2Ha(z)2L(d2M (z)/dz2) is the
analog of the potential energy. Having solved Eq.~6!, we can
compute the intensitiesI n of each mode as33

I n}

U E
0

L

mn
1~z!dzU2

E
0

L

umn
1~z!u2dz

, ~7!

where the integration runs over the ferromagnetic film thi
ness.

B. Boundary conditions and intensity of SWR

To solve Eq.~6!, it is crucial to establish the boundar
conditions for SWR. While different boundary conditions d
not affect thepositionsof the resonances in an essential wa
the intensityof the SWR peaks strongly depends on them
is therefore important to choose the appropriate bound
conditions.
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The question of boundary conditions has been debated
a rather long time in the literature and, to our knowledge,
general agreement has been reached. Different authors34–36

treat the boundary-condition problem in different ways, a
assume different boundary conditions appropriate to the s
cific sample which they are studying.

Equation ~6! must be, in general, solved together wi
macroscopic Maxwell equations. Ament and Rado37 argued
that in the absence of any magnetic anisotropy the spin-w
solutions should satisfy so-called free~or antinode! boundary
conditions (dm1(z)/dz50 atz50 andz5L). On the other
hand, Pincus38 pointed out that Ament and Rado have n
treated properly the discontinuity of the space at the surf
of the film. Pincus~and also previously Kittel39! indicated
that at the interface an additional term, proportional to
gradient of the magnetization at the surface@not included in
Eq. ~6!# is also allowed by symmetry, and that this term c
lead to the pinning of spin-waves at the boundaries. Furth
more, Pincus observed that free boundary condions
never be appropriate when there is surface anisotropy.
also showed that an antiferromagnetic oxide layer on
surface of a film can give rise to a surface anisotropy wh
pins the spins at the end points@mn

1(z50)50 and mn
1(z

5L)50]. Finally, Pincus and Kittel have shown that it
more appropriate to use the so-calleddynamic boundary
conditions,38,39 which for the lowest-lying modes effectivel
reduce to pinned boundary conditions.

We believe that in the case of Ga12xMnxAs films one
must also usepinnedboundary conditions. This is becaus
first, there is a strong strain field present in these films t
generates a large anisotropy field, and second, we expe
strong surface-induced anisotropy in the vicinity of the s
face due to the strong spin-orbit coupling in Ga12xMnxAs,
which would also pin the spin-waves.40 Fortunately, our nu-
merical analysis allows us to try different boundary con
tions. We were unable to obtain a good fit to the peak int
sities when we used unpinned or partially unpinn
boundary conditions. Pinned boundary conditions, on
other hand, gave very good agreement with the measu
SWR spectra. This is illustrated in Fig. 4, where we show o
best fits with pinned and unpinned boundary conditions
the SWR spectra for an as-grown 200 nm sample aT
54 K.

Typical solutions for pinned boundary conditions and t
corresponding intensities are shown in Fig. 5. The inten
of odd modes is suppressed, because of the cancellatio
the regions withm1.0 andm1,0, respectively. In fact, in
Fig. 4 the odd modes are barely visible, and only peaks
sociated with theeven modescan be observed.

The low-energy spin~standing! waves tend to be localized
around the region with higher magnetic anisotropy. Qual
tively speaking, this is because we have thenegativeof the
spatially dependent uniaxial anisotropy acting as the eff
tive trapping potential for the modes, and therefore it
easier to create spin-waves where the anisotropy is large.
smaller values ofL, spin-waves tend to be more localize
around the large anisotropy points. On the other hand, s
3-5
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T. G. RAPPOPORTet al. PHYSICAL REVIEW B 69, 125213 ~2004!
waves with higher energies will be extended over the wh
sample thickness, and their energy will not depend linea
on n.

IV. NUMERICAL RESULTS AND DISCUSSION

We solved Eq.~6! numerically, and varied the exchang
parameterL and the profiles of the anisotropy fieldHa(z)
@or the magnetizationM (z)] to obtain a best fit to the ex
perimental spectra. From these calculations we conclu
that to explain a linear variation of the resonance fields,Hn
;n, the changes ofHa(z) @or M (z)] must be substantia

FIG. 4. The derivative of the absorption of the SWR as a fu
tion of applied dc magnetic field for an as-grown 200 n
Ga12xMnxAs film. The solid lines represent the experimental da
and the dashed lines show our theoretical results for the mag
anisotropy profile of Eq.~8!. The upper/lower panels show the r
sults of our computations for pinned/unpinned boundary conditio

FIG. 5. Illustration of the functional form of three spin-wav
modes withn50, 1, and 2~solid, dashed, and dotted lines! for the
as-grownL5200 nm sample atT54 K. We used an exchange con
stantL53000 nm2 anda50.8. The rescaled anisotropy profile
marked by open circles. Distances are measured in units ofL. In the
inset we show the calculated intensitiesI n of the modes in the main
figure.
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across the whole depth of the sample. For profiles where
variation of Ha(z) @or M (z)] is only near the surface, the
resonance positions show always a quadratic behavior,Hn
;n2. This can be easily understood from the analogy of E
~6! with the Schro¨edinger equation, since in this case t
potential V(z) is similar to that of a rectangular quantu
well and the eigenmodes are therefore quadratically se
rated.

As discussed in the preceding section, the spatial varia
of the magnetization and the exchange constant are subd
nant processes. On the other hand, we were able to ob
quantitative agreement with the experimental data allow
the magnetic anisotropy fieldHa5Ha(z) to vary across the
sample while keeping the magnetization constant,M (z)
5constant. Therefore, in the discussion that follows, w
shall mostly focus to the case of az-dependent anisotropy
field, Ha5Ha(z), and assumeM5constant.

The computed SWR spectrum depends on the spe
shape of the anisotropy profileHa(z). We found, in particu-
lar, that a linear dependence ofHa on z, Ha(z);z, is clearly
in disagreement with our experimental data.

However, we could obtain an excellent fit by assuming
quadratic dependence onz, Ha(z);z2. More specifically,
both of the following profiles fit the experimental data rath
well:

Ha~z!5Haexp~2az2/L2! ~8!

5Ha~12az2/L2!, ~9!

whereL is the thickness of the film,a;0.75 is a dimension-
less fitting parameter, and the maximum value of the anis
ropy field, Ha(0), hasbeen extracted from the analysis
the main FMR resonance.5 Since we can obtain the value o
the saturation magnetizationM from accurate SQUID mea
surements, we end up with only two fitting parameters,a
and the stiffnessA ~or equivalently, the exchange consta
L).

The origin of the linear behavior onn can be easily un-
derstood from the formal analogy with the Schro¨dinger equa-
tion and the energy spectrum of the harmonic oscillator:
long as the difference between the resonance fieldHn and the
maximum value of the anisotropy fielduHa(0)u2Hn is small
compared tov r /g, we expect the corresponding wave fun
tion m1(z) to be well approximated by the Hermite func
tions and to have a linear behavior;n. This condition is
well satisfied for the experimentally observed spin-wa
resonance fields.

In order to study the anisotropy profile, we focused on
200 nm sample, because this sample exhibited the lar
number of resonance peaks. First, we chose our param
to fit the 4 K data~Fig. 6!: Having obtained the magnetiza
tion M517.9 emu/cm3 from SQUID experiments, and th
magnetic anisotropy fieldHa54.400 Oe from the angula
dependence of the main FMR resonance line, we adju
L530006300 mn2 anda50.75 to obtain the best fit which
corresponds to a spin stiffnessA50.4 meV/Å. For the spec-
trum measured at 40 K in the as-grown sample we obtai
a very good fit with thesameexchange constantL and a,
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but replacing Ha(0) by the measured 40 K anisotrop
Ha

40K(0)54.200 Oe and magnetizationM40K59.4 emu/
cm3. In both cases the SWR spectra~and thus the resonanc
fields Hn) exhibit aquasilineardependence onn.

Annealing of Ga12xMnxAs has various—presently no
entirely understood—effects. First, the saturation magnet
tion increases upon annealing. Furthermore, Ruther
backscattering experiments suggest20 that the primary pro-
cess resulting from annealing is the diffusion of interstit
Mn ions out of the film. Since interstitial Mn takes awa
carriers from the hole band, annealing results probably in
increase of the carrier density, and the resulting carrier den
sity is most likelyinhomogeneous. Since both the anisotrop
and the exchange energy are sensitive to the carrier den
annealing is expected to change the value of bothHa and
L,11 and it may also change their profiles.

Consequently, it is natural to expect that the SWR spe
observed on annealed specimens will require fitting par
eters that are different from the ones used for the as-gr
sample. Nevertheless, we were able to obtain a good fit to
experimental SWR by keeping the profile unchangeda
50.75), adjusting the anisotropy fieldHa

anneal(0)55300 Oe
and usingL51225 nm2. Surprisingly, this value of ex-
change constantL corresponds to the same value of the st
ness parameterA as in the as-grown sample.

V. CONCLUSIONS

We have analyzed the experimental FMR and SWR sp
tra of thin Ga12xMnxAs films grown on GaAs substrates b
low-temperature MBE technique. We compared the exp
mentally observed resonance positions and intensities
theoretical calculations. The experimental results are cle
inconsistent with the assumption of a homogene
Ga12xMnxAs film. After solving the semiclassical equation
of motion and using independent experimental data for

FIG. 6. Comparison between theoretical~solid lines! and experi-
mental~symbols! data for the 200 nm sample. Two different tem
peratures for the as-grown sample and one temperature for th
nealed sample are considered. The saturation magnetization
from SQUID measurements is used in the theoretical approach
12521
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magnetic anisotropy and magnetization, we have shown
a nearly quadraticz dependence of the uniaxial anisotrop
Ha(z)2Ha(0);z2 could adequately explain the positio
and intensity of the experimental data. An inhomogene
magnetization could also lead to similar effects. Howev
the spatial variation and the magnitude of magnetizat
needed to explain the experimental data is incompatible w
the experiments. Spatial variation of the magnetization,
observed in Ref. 23 play a secondary role in the SWR sp
tra. From our numerical analysis we also concluded that
observed spin-waves are pinned at the surfaces of the
As a consequence of pinning, the intensity ofn5odd spin-
wave modes is suppressed and the experimentally obse
spectra consist of even modes only.

Goennenweinet al. performed similar SWR measure
ments and also found spin-wave spectra that are incom
ible with having homogeneous Ga12xMnxAs films.9. They,
however, find thatHn}n2/3, consistent with a linearz depen-
dence of the anisotropy field,Ha(z)—Ha(0);z. This is in
qualitative contrast with our findings for the resonance fie
which scale asHn;n. Furthermore, Goennenweinet al. ap-
pear to have implicitly assumed free boundary conditio
which implies that both even and odd modes are observa
In contrast, we argue thatpinned boundary conditions are
more adequate for our samples, and we find that, again,
even modes can be observed.

There may be several mechanisms that produce inho
geneous magnetic parameters. The uniaxial anisotropy is
marily due to uniaxial strain field in the film that develop
due to the lattice mismatch between the substrate and
ferromagnetic film.10,5,11 In principle, an inhomogeneou
strain field could therefore produce an inhomogeneous
isotropy field Ha . However, in MBE grown samples th
strain usually relaxes suddenly, when the sample reach
critical thickness, where dislocations start to form and re
the strain. In these nonequilibrium MBE grown sample
however, there seems to be no strain field relaxation at
through dislocation formation: Even for micron thic
samples the measured in-plane lattice constant of the film
the same as that of the substrate.

One can also obtain inhomogeneous magnetic prope
by assuming an inhomogeneoushole concentration. Indeed,
annealing experiments support the notion that the domin
compensation effect is due to interstitial Mn ions, which a
as double donors and may also compensate the spin of
stitutional Mn. These interstitial Mn ions can diffuse out
the sample during the growth process, which takes usua
few hours and takes place at the same temperature as
annealing. As a result, it is quite possible that the concen
tion of charge carriers~related to that of Mn interstitials!
varies across the film. Since the exchange anisotropy
exchange constants are both related to the carrier density31,41

this can serve as a mechanism to produce az-dependent an-
isotropy field. Several recent experiments provide firm s
port for an inhomogeneous hole concentration: Koe
et al.32 find indications of gradients in both the carrier co
centration and Curie temperature of epitaxial Ga12xMnxAs
films. The presence of such gradients are also in accord
recent observations of interstitial Mn diffusion.20,42 The no-
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tion that Mn diffusion is a key process for annealing-induc
enhancement of magnetism has recently been backed u
annealing experiments on samplescapped43 with a few
monolayers of undoped GaAs, which would block the int
stitial Mn from diffusing out of the sample. Under thes
circumstances the annealing process gave no significan
crease in the Curie temperature. We believe that these ex
mental results, together with our resonance measurem
and the theoretical arguments given above provide solid s
port for our calculation that a gradient in the magnetic p
rameters must be present in Ga12xMnxAs.

We also studied the linewidth of the observed resonan
For the as-grown samples the SWR linewidths do not dep
on the mode number. This behavior hints that the relaxa
is due to spin-orbit coupling.27 Indeed, the measured~rather
large! resonance width is compatible with the presence o
relatively large random anisotropy.

For the annealed samples, on the other hand, the linew
decreases with increasing mode number, which is chara
istic to eddy current relaxation in metallic samples.19 This
behavior is consistent with the results of annealing exp
ments, since for higher carrier densities the random ani
ropy effects become less important, and at the same time
sample becomes more metallic. It also underscores the
that there is a significant physical difference between
grown and annealed samples, going beyond quantita
changes in the values of saturation magnetization and
Curie temperature. It is interesting that—although we mi
expect a different magnetic anisotropy profile for the a
nealed samples due to the change in magnetic properties
, i

sk

J

u

c

n
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in the hole concentration after annealing—our theoreti
analysis obtains a good agreement with the experimenta
sults using it the same magnetic anisotropy profile as for
as-grown sample. The reasons for such robustness of
anisotropy profile are not presently understood. Since
variation of elastic and/or magnetic properties across
Ga12xMnxAs film can have important consequences in
future spintronics applications, a more detailed experime
and theoretical analysis is necessary to understand and
trol the magnetic properties of these thin ferromagnetic l
ers. One way to obtain more information about the effects
the surface anisotropy is to perform FMR measurement
symmetric three-layer structures GaAs/Ga12xMnxAs/GaAs
and compare them with the previously obtained results
systematic study of the thickness and annealing time dep
dence of similarly grown samples would be also importan
understand the origin of the observed gradient of comp
tion.
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