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We investigate the dependence of the spin-wave resonance �SWR� spectra of Ga0.95Mn0.05As thin films on
the sample treatment. We find that for the external magnetic field perpendicular to the film plane, the SWR
spectrum of the as-grown thin films and the changes upon etching and short-term hydrogenation can be
quantitatively explained via a linear gradient in the uniaxial magnetic anisotropy field in growth direction. The
model also qualitatively explains the SWR spectra observed for the in-plane easy-axis orientation of the
external magnetic field. Furthermore, we observe a change in the effective surface spin pinning of the partially
hydrogenated sample, which results from the tail in the hydrogen-diffusion profile. The latter leads to a rapidly
changing hole concentration/magnetic anisotropy profile acting as a barrier for the spin-wave excitations.
Therefore, short-term hydrogenation constitutes a simple method to efficiently manipulate the surface spin
pinning.
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I. INTRODUCTION

Due to their particular magnetic and electronic properties
and their promising application spectrum in spintronic de-
vices, ferromagnetic semiconductors �FMS� are of continued
scientific interest.1–3 In Ga1−xMnxAs, the most prominent
representative of the class of III-V FMS, Mn substitution on
the Ga lattice site both introduces the localized magnetic
moment of the 3d5 electrons and acts as a relatively shallow
acceptor. Even though it is well substantiated that the holes
thus generated are mediating the ferromagnetic exchange
interaction,4 the details of this coupling—especially regard-
ing the magnetization dynamics—are still under debate.5

The magnetic anisotropy of Ga1−xMnxAs thin films in-
cluding the effects of strain, annealing, temperature, and
doping has been investigated extensively especially via fer-
romagnetic resonance �FMR�, with a review given in Ref. 6.
While the special case of a spatially uniform precession of
magnetization exists, in general, the precession amplitude
varies as a function of position which in turn is described via
spin-wave excitations �magnons� with nonzero wave vector
k. In magnetic resonance selectively amplified spin-wave ex-
citations fulfilling the boundary condition of the film can be
detected, which we will refer to as spin-wave resonances
�SWRs�. The original Kittel model7 for a homogeneous fer-
romagnetic thin film with pinned spins at the surfaces results
in SWRs exhibiting a separation of successive SWR modes
increasing proportionally to the mode index. However, for
Ga1−xMnxAs thin films with thicknesses of a few 100 nm
deviations from this Kittel mode-spacing behavior are gen-
erally reported.8–13 These deviations have been attributed to
the inhomogeneous magnetic properties of the Ga1−xMnxAs
thin films as well as to the specific surface spin pinning con-
ditions at the film surface and the film-substrate interface. In
detail, a constant SWR spacing of successive modes for the
external magnetic field oriented perpendicular to the film
plane has been attributed to the presence of an effective
uniaxial magnetic anisotropy field in the growth direction,

varying quadratically with the distance from the film
surface11 or with the distance from the center of the film,12,13

while a decreasing spacing has been attributed to a linear
gradient in the anisotropy field with its maximum absolute
value at the film surface.9 Furthermore, also the surface spin
pinning boundary conditions in Ga1−xMnxAs have been
heavily debated in the context of SWR �Refs. 9 and 11–13�
as well as light-induced magnetic precession5 investigations.

So far the mode spacings and the relative mode intensities
have always been explained via comparatively simple mod-
els for the uniaxial magnetic anisotropy profile and the sur-
face spin pinning conditions. We here apply a more sophis-
ticated analysis to this problem based on the discussion of
the SWR spectra of inhomogeneous bubble garnet films by
Hoekstra et al.14 From the model for the anisotropy profile of
Ga1−xMnxAs thin films developed here, we quantitatively de-
rive the solutions of the spin-wave equation fulfilling the
boundary condition of natural freedom. To investigate the
validity of the conclusions drawn from the analysis of the
as-grown thin film, we vary the thickness of the Ga1−xMnxAs
layer by etching and we are able to straightforwardly account
for the changes in the SWR spectrum observed.

An alternative approach to reduce the effective thickness
of the ferromagnetic layer is hydrogenation. Postgrowth hy-
drogenation switches the ferromagnetic semiconductor
Ga1−xMnxAs from ferromagnetic to a paramagnetic state via
passivation of Mn acceptors.15 A similar behavior upon hy-
drogenation has also been observed recently in Ga1−xMnxP.16

The incorporation of hydrogen induces a change in the ef-
fective oxidation state of the Mn atoms from +3 to +2, lead-
ing to a loss of holes mediating the magnetic order. Ferro-
magnetism and conductivity can be reactivated via
posthydrogenation annealing.16–19 It has been demonstrated
that this annealing leads to a partial depassivation and thus
enables an adjustment of the hole concentration as well as of
the related ferromagnetic properties, in particular the Curie
temperature and the magnetocrystalline anisotropy determin-
ing the orientations of the magnetic hard and easy
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axes.17,19,20 In this paper we take advantage of the property
that hydrogenation suppresses the ferromagnetism as if the
film would be removed by etching. The gradient in the hy-
drogen concentration—accompanied by a gradient in the
hole concentration—resulting from the in diffusion of hydro-
gen leads to a region with varying uniaxial magnetic aniso-
tropy field at the interface between the hydrogenated and the
unhydrogenated parts of the sample. This region serves as a
barrier for the spin-wave excitation and thus leads to an ef-
fective surface spin pinning which we will discuss in detail.
We find that no such region is formed during wet-chemical
etching, so that the spin waves remain free at the surface in
the as-grown and etched samples.

II. EXPERIMENTAL DETAILS

Ga1−xMnxAs films with Mn concentrations 0.04�x
�0.05 and thicknesses 100�d�330 nm were grown via
low-temperature molecular-beam epitaxy �LTMBE� on In-
mounted �001�-oriented semi-insulating GaAs substrates.21

The FMR measurements were performed with a Bruker ESP
300 electron-paramagnetic-resonance spectrometer with a
TE102 cavity at a constant microwave frequency of � /2�
�9.3 GHz, with the sample temperature adjusted to 5 K
using a liquid-He flow cryostat. For lock-in detection we
apply magnetic field modulation with amplitude of �0Hmod
=3.2 mT and frequency of fmod=100 kHz. We generally
find that samples that were grown at a low V/III flux ratio22

exhibit several SWR excitations with a decreasing separation
of successive SWR modes with increasing mode number. In
most samples the SWR pattern could be well described via a
linear gradient in the uniaxial anisotropy field in growth di-
rection as discussed in Ref. 9. Nonetheless, in some samples
the decreasing behavior of mode separation with mode num-
ber was less pronounced. Note that a constant mode separa-
tion would correspond to a parabolic gradient as described
by Rappoport et al.11 Since most samples exhibiting SWR
modes showed a similar spacing and also similar relative
intensities of the modes, we here exemplarily focus in a very
detailed analysis on one representative Ga1−xMnxAs thin film
with a Mn concentration of x=0.05 and a film thickness of
175 nm derived from high-resolution x-ray diffraction
�HRXRD�.

Figure 1 shows the FMR spectra of several pieces of the
same film etched to different thicknesses in a 38:1:1 by vol-
ume solution of water, hydrogen peroxide, and phosphoric
acid with the external magnetic field oriented perpendicular
to the film plane at 5 K. Due to lock-in detection and accom-
panied magnetic field modulation, each resonance is repre-
sented by the derivative of a microwave absorption line. As
already reported earlier9 the maximum observed resonance
field decreases linearly as a function of the etching depth
determined via a Dektak profilometer. Note that for an etch
depth of 130 nm—which is still well below the geometrical
sample thickness—no FMR could be observed anymore.
Thus we conclude that at least for the sample under consid-
eration, the ferromagnetic film thickness is smaller than the
geometric film thickness. As we will show below, this find-
ing is in perfect agreement with our simulations of the SWR

spectra. For comparison with the etched samples we sub-
jected another piece of sample to partial hydrogenation for 2
h via a remote direct current �dc� hydrogen plasma operated
at 0.9 mbar with the sample heated to 170 °C.15,16

III. SWR THEORY

The time-dependent evolution of the magnetization orien-
tation is described via the Landau-Lifshitz-Gilbert
equation,23,24

�M�

�t
= − �M� � ��0H� eff� +

G̃

�Msat
2 M� �

�M�

�t
, �1�

with the time t, the gyromagnetic ratio �=g�B /	, the g fac-
tor g, the Bohr magneton �B, the reduced Planck constant 	,

the magnetization M� , the saturation magnetization Msat, the
vacuum permeability �0, the effective magnetic field within

the ferromagnetic layer H� eff, and the Gilbert damping param-

eter G̃, which is also often taken into account via the dimen-
sionless phenomenological damping parameter25 


= G̃ / ��Msat�. In the following we will focus especially on the
first term on the right-hand side of Eq. �1� and neglect the
damping term, which determines the linewidth of the reso-

nance. The effective field H� eff in the first term is given by

H� eff = H� + H� aniso
e�M +

D

�0Msat
�2M� + h� rf, �2�

where H� is the external magnetic field, D=2A /Msat is the

exchange constant with the exchange stiffness A, and h� rf is
the driving radio-frequency �rf� field of the microwave. The

anisotropy field H� aniso
e�M , in general, is a function of the mag-

netization orientation e�M =M� /Msat= �
x ,
y ,
z� with the di-
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FIG. 1. FMR spectra at 5 K with the external magnetic field
oriented perpendicular to the film plane of Ga0.95Mn0.05As thin
films etched to different thicknesses in a 38:1:1 by volume solution
of H2O, H2O2, and H3PO4. For clarity, the individual spectra are
shifted vertically.
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rection cosines 
i of e�M along the Cartesian axes, i
� �x ,y ,z�. It can be derived from the free-energy volume
density,

F = − Keff
001
z

2 −
1

2
Kc1

�
z
4 −

1

2
Kc1

� �
x
4 + 
y

4� �3�

via26,44,45

�0H� aniso
e�M = −

1

Msat
�e�M

F , �4�

where �e�M
= ��
x

,�
y
,�
z

� is the vector differential operator
with respect to the components of the unit vector e�M. The
effective uniaxial anisotropy parameter in the growth direc-
tion Keff

001=Ku
001− 1

2�0Msat
2 is composed of the uniaxial mag-

netocrystalline component Ku
001 and the demagnetization

contribution 1
2�0Msat

2 . The origin of Ku
001 is the compressive

epitaxial strain of the Ga1−xMnxAs layer grown pseudomor-
phically on the GaAs substrate.27–29 Kc1

� and Kc1
� are the cubic

anisotropy parameters in growth direction and within the
film plane, respectively, which may differ due to the epitaxial
strain. Via Eq. �4� the anisotropy field as a function of mag-
netization orientation e�M thus can be derived to

�0H� aniso
e�M =

2Kc1
�

Msat
�
x

3e�x + 
y
3e�y� + �2Keff

001

Msat

z +

2Kc1
�

Msat

z

3�e�z,

�5�

where e�i, i� �x ,y ,z�, denote the unit vectors along the Car-
tesian axes.

In the following we will consider the special case of the

external magnetic field H� =He�z aligned along the z direction.
At sufficiently large magnetic fields—a condition that is ful-
filled in our SWR experiments—the magnetization will also
be aligned along the e�z direction, i.e., e�M = �0,0 ,1�, resulting

in �0H� aniso
001 =2�Keff

001+Kc1
� � /Msate�z.

Further on, we assume a variation in the magnetic prop-
erties only along the growth direction, i.e., z direction. Espe-
cially, we take into account an inhomogeneous anisotropy

field H� aniso
001 �z�=Haniso

001 �z�e�z. Therefore, the h� rf-induced excita-

tions of the magnetic moments can be described via M� �z�
=Mze�z+ m̃�z�e−i�t�e�x+ ie�y�, with a z-dependent rf magnetiza-
tion m̃�Msat within the film plane and Mz�Msat. Putting

this expression for M� �z� into Eq. �1� and neglecting the
damping term, we obtain the spin-wave equation,

D�z
2m̃�z� + 	− �0H − �0Haniso

001 �z� +
�

�

m̃�z� = 0, �6�

which has the form of the one-dimensional time-independent
Schrödinger equation of a particle with wave function ��z�
and mass m0 in a potential V�z�,

	2

2m0
�z

2��z� + �E − V�z����z� = 0, �7�

where m̃�z� corresponds to ��z�, D to 	2 /2m0, −�0H to the
energy E, and �0Haniso

001 �z�−� /� to V�z�.14,30,31 Consequently,
the resonance fields Hres,n �=eigenvalues� and the corre-

sponding spin-wave profile m̃n�z� �=eigenvectors� for a given
profile of the so-called uniform resonance

�0Hun
001�z� = �/� − �0Haniso

001 �z� �8�

can be determined via solving

D�z
2m̃�z� + �− �0H + �0Hun

001�z��m̃�z� = 0 �9�

in the same way as the energy eigenvalues En, and the cor-
responding wave functions �n�z� can be determined via solv-
ing Eq. �7� for a given potential profile V�z�. The meaning of
the uniform resonance profile can be visualized as follows. A
homogeneous film with a constant anisotropy field �0Haniso

001

throughout the layer exhibits a single so-called uniform reso-

nance at �0Hun
001 for H� perpendicular to the film plane, which

corresponds to an excitation of the magnetic moments de-
scribed by a constant m̃n�z�= m̃0 throughout the layer. If the
ferromagnetic film would consist of a sequence of uncoupled
ferromagnetic layers with varying �0Haniso

001 �z�, each layer
would be in resonance at a different external magnetic field
�0Hun

001�z�. Due to the exchange coupling of the magnetic
moments in neighboring magnetic layers described by D, the
uniform resonance is no longer a solution of the resonance
Eq. �6�, but the solution m̃n�z� has to be derived via the
formalism described in Sec. V.

As discussed in detail in Ref. 32, a spin-wave excitation
can be described in second quantization via creation and an-
nihilation Bose operators, resulting in the orthonormality of
the eigenvectors m̃n�z�. The intensity In with which an indi-
vidual spin wave m̃n�z� is excited in a SWR experiment can
be derived from Fermi’s golden rule to32,33

In 



�
0

L

m̃n�z�dz
2

�
0

L

�m̃n�z��2dz

, �10�

where z=0 corresponds to the film surface and z=L corre-
sponds to the film-substrate interface.

IV. SURFACE SPIN PINNING CONDITIONS

The pinning conditions of the spin wave correspond to the
boundary conditions imposed on the m̃n�z�. In the original
Puszkarski surface inhomogeneity model32 the ferromagnetic
thin film is composed of a sequence of layers of magnetic
moments each arranged in the �001� plane. Within each layer
the magnetic moments are aligned parallel and the spin wave
is formed by a continuous tilt of the magnetization orienta-
tion between neighboring layers along the e�z direction. Sur-
face spin pinning is caused by an effective surface anisotropy

field K� surf
Pus, which in the Puszkarski model �Pus� is present

exclusively in the two surface layers—i.e., the two layers at
the film surface and the film-substrate interface. Note that in
the following we use a slightly deviating definition for the
surface anisotropy field,31
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2K� surf

Msat
= aK� surf

Pus , �11�

where a denotes the separation between the neighboring lay-
ers of magnetic moments. According to Puszkarski32 the pin-
ning can be described by the surface parameter A� which is

connected with K� surf via34

A� = 1 −
g�B

S�aJMsat
2 M� · K� surf, �12�

where � denotes the number of nearest-neighbor magnetic
moments with spin S in neighboring layers and J denotes the

Heisenberg exchange integral between them. For M� =Msate�z

and K� surf=Ksurfe�z the pinning is given by

��zm̃�/m̃ = �
2Ksurf

Msat
�D , �13�

where the “+” sign applies to the film surface and the “−”
sign applies to the film-substrate interface.31,35,36 Two gen-
eral cases can be distinguished. For A��1 �Ksurf�0� the
spins are pinned, while for A��1 �Ksurf�0� the spins are
unpinned. In addition, there are several special cases. For
A�=1 �Ksurf=0� the surface spins exhibit natural freedom.
This corresponds to the natural pinning condition of a sur-
face, which only takes into account the fact that due to the
reduced number of nearest neighbors, the spins at the surface
are freer than the internal spins within the film. In this case
�zm̃=0 has to be fulfilled at the surface. For A�=0 the natural
freedom of the surface spins is compensated and their pin-
ning becomes equal to internal spins.31 Finally, for A�= +�
and −� there is perfect freedom and perfect pinning, respec-
tively. In the following we will demonstrate that for the de-
scription of our experiments it is sufficient to generally as-
sume natural freedom, i.e., �zm̃=0 at both the surface of the
Ga1−xMnxAs layer and at the interface to the substrate.

V. SWR SIMULATION

To simulate our SWR measurements we subdivide the
ferromagnetic layer into four regions �compare Fig. 2�a��. �0�
0�z�z0: this region accounts for a reduction in the thick-
ness of the ferromagnetic layer by z0 via etching or complete
passivation. Consequently, z=0 denotes the surface of the
as-grown layer and z=z0 denotes the surface of the ferromag-
netic layer in the case where its thickness is reduced upon
postgrowth treatment. �I� z0�z�zI: in the case of the par-
tially hydrogenated sample our model includes at the surface
of the ferromagnetic layer this region of thickness LI=zI
−z0 with constant Haniso

001 �z�=Haniso,I
001 , which accounts for the

strongly inhomogeneous hydrogenation profile. Note that
Fig. 2�a� shows the profile of the so-called uniform reso-
nance �0Hun

001�z� introduced in Eq. �8�. The corresponding
profile of the anisotropy field is given by �0Haniso

001 �z�=� /�
−�0Hun

001�z�. �II� zI�z�zII: the corpus of the ferromagnetic
layer is described by a region of thickness LII=zII−zI, exhib-
iting a linear gradient in �0Haniso

001 �z�=G�z−zI�+C with slope
G. �III� zII�z�zIII=L: finally there is a region of thickness

LIII=zIII−zII with constant Haniso
001 �z�=Haniso,III

001 , which de-
scribes the magnetic properties of the ferromagnetic layer in
the vicinity of the interface to the substrate.

In regions I and III the solution of Eq. �6� results in a
spin-wave profile described by31

m̃n,I�z� = a cos�kn,Iz� + b sin�kn,Iz� �14�

and

m̃n,III�z� = e cos�kn,IIIz� + f sin�kn,IIIz� , �15�

respectively. Here kn,i denotes the effective wave vector in
region i which is given by37
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FIG. 2. �a� Uniform resonance field profile �0Hun
001�z� used for

the simulation of the SWR spectrum of the partially hydrogenated
sample. The profile is subdivided into several regions: �0� 0�z
�z0, fully passivated, ferromagnetism suppressed; �i� z0�z�zI,
partially passivated, �0Hun

001�z�=�0Hun,I
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001 . In the case of an etched sample the thickness
of region 0 corresponds to the etch depth and the thickness of re-
gion I, LI=0. �b� Schematic hydrogenation profile used to account
for the profile of the uniform resonance field in �a�.
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kn,i
2 =

1

D
�− �0Hres,n − �0Haniso,i

001 +
�

�
� �16�

for i� �I , III�. Substituting

x =
1

l
	�z − zI� +

1

G
��0H + C −

�

�
�
 �17�

with the characteristic length

l = �D

G
�1/3

�18�

in region II, Eq. �6� transforms into14,31

�x
2m̃�x� − xm̃�x� = 0. �19�

Consequently, the solution of Eq. �6� in region II is given by

m̃n,II�z� = c Ai�− l2kn,II
2 �z�� + d Bi�− l2kn,II

2 �z�� , �20�

with the Airy functions Ai�x� and Bi�x�, which exhibit oscil-
latory behavior for x�0. For x�0, Ai�x� �Bi�x�� exponen-
tially decreases �increases�. Note that the effective wave vec-
tor kn,II in region II exhibits a z dependence,

kn,II
2 �z� =

1

D
�− �0Hres,n − �G�z − zI� + C� +

�

�
� . �21�

The parameters a, b, c, d, e, and f can be derived from the
boundary conditions imposed by the assumption of natural
freedom �zm̃n,I�z� �z=z0

=0 and �zm̃n,III�z� �z=L=0, as well as the
continuity conditions m̃n,I�zI�= m̃n,II�zI�, �zm̃n,I�z� �z=zI
=�zm̃n,II�z� �z=zI

, m̃n,II�zII�= m̃n,III�zII�, and �zm̃n,II�z� �z=zII
=�zm̃n,III�z� �z=zII

. Finally the spin wave has to be normalized
according to

�
0

L

�m̃n�z��2dz = 1. �22�

This results in a set of curves An fulfilling these boundary
conditions, characterized by the different number of nodes
n−1 of the corresponding spin wave m̃n�z�. Each curve An is
given by a list of �l2kn,II

2 �zI� , l2kn,II
2 �zII��. The gradient in

Haniso
001 �z� imposes an additional restriction on the effective

wave vectors at the boundaries of region II,

l2kn,II
2 �zI� = l2kn,II

2 �zII� �
LII

l
, �23�

where the sign of the last term is + for G�0 �Fig. 3� and −
for G�0 �Fig. 4�.

In the following we will apply this model to simulate the
SWR spectra of the as-grown sample, the sample etched for
20 s, and the partially hydrogenated sample. Furthermore, we
will show that the change in surface spin pinning observed
upon partial hydrogenation can be explained by the presence
of a surface layer �I� which corresponds to a region with
strongly inhomogeneous hydrogenation profile. The latter in-
duces a �0Haniso

001 �z� profile, which is strongly inhomogeneous
on a length scale below the characteristic length l and thus
can be described by an average constant �0Haniso

001 �z�
=�0Haniso,I

001 =� /�−�0Hun,I
001.

VI. AS-GROWN SAMPLE

Figure 3�a� shows the SWR spectrum measured in the
as-grown sample at 5 K for the external magnetic field ori-
ented perpendicular to the sample plane. The spectrum in
Fig. 3�a� exhibits at least six spin-wave resonance excitations
of continuously decreasing intensity and decreasing spacing
labeled with a running index n=1,2 , . . . ,6. A similar spec-
trum has already been traced back to the presence of a linear
gradient in Haniso

001 �z�.9 Here we quantitatively reproduce the
spectrum via the model derived in Secs. III–V. For the as-
grown sample �i.e., the SWR in Fig. 3�a�� we use LI=0, LII
=99 nm, LIII=6 nm, G=3.9 mT /nm, C=−597 mT,
�0Haniso,III

001 =−211 mT, D=16 Tnm2, and l=16.0 nm.
For the �0Hun

001�z� profile shown in Fig. 3�c�, the pairs of
effective wave vectors �l2kn,II

2 �zI� , l2kn,II
2 �zII�� fulfilling the

boundary condition of natural freedom for a different number
of nodes �n−1� are given by the curves An in Fig. 3�b�.
Furthermore, the straight diagonal line represents the restric-
tion additionally imposed by Eq. �23�. Thus the solutions
�l2kn,II

2 �zI� , l2kn,II
2 �zII�� fulfilling both restrictions are obtained

from the intersection points labeled with n. Figure 3�c� dis-
plays the corresponding spin-wave excitations m̃n�z� plotted
at their respective resonance field �0Hres,n. The �0Hres,n are
derived via insertion of kn,II�zI� into Eq. �21�. For each posi-
tion z the effective wave vector is given by

kn�z� =� 1

D
��0Hun

001�z� − �0Hres,n� . �24�

Hence, as long as �0Hun
001�z���0Hres,n, kn�z� is real and

m̃n�z� exhibits oscillatory behavior, while for �0Hun
001�z�

��0Hres,n, kn�z� becomes imaginary and m̃n�z� consequently
decreases exponentially. A localization of the modes in the
vicinity of the film surface together with an exponential de-
crease toward the film-substrate interface can be observed for
n=1–3, while for n�4 the oscillatory behavior of m̃n�z�
extends over the complete thickness of the ferromagnetic
film and the corresponding modes thus can be considered as
volume modes. The dashed curve in Fig. 3�a� represents the
SWR spectrum calculated from a superposition of the deriva-
tives of Lorentzian curves at resonance positions �0Hres,n
multiplied by the respective intensities In calculated from Eq.
�10� and a peak-to-peak linewidth of �0�Hp.p.=14 mT. Both
the resonance positions and the relative intensities are well
reproduced by our simulation. Note that the maximum ob-
served resonance field �0Hres,1=863 mT is �=64 mT
smaller than the uniform resonance field at the surface of the
film �0Hun

001�0�=927 mT derived from our SWR simulation.
Therefore, care should be taken at the extraction of aniso-
tropy fields from an anisotropic SWR pattern since the as-
sumption that the resonance field of the first SWR corre-
sponds to the field of the uniform resonance often is not
justified.13

We attribute the gradient in the magnetic properties to the
presence of a gradient in hole concentration p. Electrochemi-
cal capacitance voltage �ECV� profiling and Raman spectros-
copy in Ga1−xMnxAs thin films similar to the one studied
here have shown that p monotonically decreases from its
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maximum value near the sample surface to the
Ga1−xMnxAs /GaAs interface.38,39 This could be due to diffu-
sion and/or rearrangement of Mn interstitials40,41 during and
just after the growth with the sample still loaded in the MBE
chamber.

VII. ETCHED SAMPLE

Due to the linear gradient in �0Haniso
001 �z� in the as-grown

Ga1−xMnxAs film, a reduction in the thickness of the ferro-

magnetic layer via etching will lead to a reduction in �0Hun
001

at the surface of the film �Figs. 3�c� and 3�f��. Therefore, also
the spin-wave excitations �0Hres,n are expected to follow this
shift to smaller magnetic fields, which indeed is observed in
the SWR spectrum of the etched samples �Figs. 1 and 3�d��.
Furthermore, the spin-wave excitations still monotonically
decrease in intensity In with increasing mode index n. In the
following we discuss the simulation of the SWR spectrum of
the sample etched for 20 s by an etch depth of 35�10 nm
�Fig. 1�. The dashed curve in Fig. 3�d� represents the result
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FIG. 3. �Color online� Experimental �full curves� and simulated �dashed curves� SWR spectra for H� � �001� perpendicular to the film plane
of �a� the as-grown, �d� the etched, and �g� the partially hydrogenated samples. In �b�, �e�, and �h� the pairs of effective wave vectors
�l2kn,II

2 �zI� , l2kn,II
2 �zII�� fulfilling the boundary condition of natural freedom for the �0Hun

001�z� profiles displayed as thick solid black lines in �c�,
�f�, and �i�, respectively, are represented by the set of curves An. The straight diagonal line in �b�, �e�, and �h� represents restriction �23�
additionally imposed by the linear gradient in Haniso

001 �z�. From the intersection points the solutions of the spin wave equation �Eq. �6�� are
derived with the spin-wave excitations m̃n�z� plotted at the positions of the corresponding resonance field �0Hres,n indicated by thin dashed
lines in �c�, �f�, and �i�.
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of a simulation �Figs. 3�e� and 3�f�� with LI=0, LII=48 nm,
LIII=6 nm, G=3.9 mT /nm, C=−398 mT, �0Haniso,III

001 =
−101 mT, D=6 T nm2, l=11.5 nm, and �0�Hp.p.=17 mT.
The reduction in both LII and C accounts for the reduction in
the thickness of the ferromagnetic layer by 51 nm upon etch-
ing, which is in reasonable agreement with the etch depth of
35�10 nm determined via mechanical profilometry. In our
simulation we assume a constant exchange parameter D
throughout the ferromagnetic layer. Since the etched sample
exhibits a significantly reduced D compared to the as-grown

one, this assumption has to be regarded as an approximation.
Also, the fact that we have to assume a different �0Haniso,III

001

for the etched sample could be associated with an inhomo-
geneous profile in D. Consequently, these adaptations of pa-
rameters for the etched sample impart an impression for the
limitations of our model and the uncertainties also inherent
to the other parameters, e.g., the thicknesses of the different
layers. Nevertheless, except for these issues, the SWR spec-
trum of the etched sample can be explained by the model—
with the same gradient G—as already applied successfully to

FIG. 4. �Color online� Experimental �full curves� and simulated �dashed curves� SWR spectra for H� � �010� within the film plane of �a�
the as-grown, �d� the etched, and �g� the partially hydrogenated samples. The straight vertical lines point out the SWR spacing of the
simulated spectra. For better comparison with the experimental data they are also shown shifted horizontally. In �b�, �e�, and �h� the pairs of
effective wave vectors �l2kn,II

2 �zI� , l2kn,II
2 �zII�� fulfilling the boundary condition of natural freedom for the �0Hun

001�z� profiles displayed as thick
solid black lines in �c�, �f�, and �i�, respectively, are represented by the set of curves An. The straight vertical line in �b�, �e�, and �h� represents
restriction �23� additionally imposed by the linear gradient in Haniso

001 �z�. From the intersection points the solutions of the spin wave equation
�Eq. �28�� are derived with the spin-wave excitations m̃n�z� plotted at the positions of the corresponding resonance field �0Hres,n indicated by
thin dashed lines in �c�, �f�, and �i�.
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the as-grown sample, taking into account a reduction in the
sample thickness by 51 nm upon etching.

VIII. PARTIALLY HYDROGENATED SAMPLE

An alternative approach to reduce the thickness of the
ferromagnetic layer is postgrowth hydrogenation.15,17 For in-
creasing hydrogenation time we would expect the movement
of a front into the sample separating a fully passivated para-
magnetic layer from an unpassivated ferromagnetic one.42

Therefore, short-time hydrogenation should lead to similar
changes in the SWR spectrum as a reduction in sample thick-
ness via etching. Indeed, upon short-time hydrogenation the
spin-wave resonances are also shifted to smaller magnetic
fields �Fig. 3�g��. However, in contrast to the as-grown and
the etched samples their intensities In exhibit an alternating
behavior, which is indicative of a change in effective surface
spin pinning. In our model we are able to reproduce this
change in effective surface spin pinning via introducing an
additional layer �I� with thickness LI=10 nm and anisotropy
field �0Haniso,I

001 =−71 mT �Fig. 3�i��. Furthermore, in our
simulation of the partially hydrogenated sample �Figs. 3�h�
and 3�i�� we used LII=67 nm, LIII=6 nm, G=3.9 mT /nm,
C=−472 mT, �0Haniso,III

001 =−36 mT, D=5.9 Tnm2, l
=11.5 nm, and �0�Hpp=14 mT. Here, the reduction in both
LII and C corresponds to a fully passivated region in the
vicinity of the surface of thickness L0=22 nm, as well as the
presence of the additional layer �I� with reduced anisotropy
field.

The nonmonotonic behavior of the intensities In can be
qualitatively understood in terms of Fig. 3�i�. For pinned
spins, the additional half-wave oscillation in m̃n coming
about for an increase in the mode index n by 1 has either
only positive or only negative values. Thus, it alternately
gives a positive or negative contribution to the total intensity
integral �10�. In contrast, for free spins the additional half
wave always assumes both positive and negative values,
leading to a continuous monotonic behavior. Note that in our
simulation the pinning does not result from an a priori as-
sumption of a change in surface spin pinning but from the
introduction of the additional layer �I� with reduced Hun,I,
which serves as a “barrier” for m̃n�z� �surface layer model�.
The assumption of natural freedom—i.e., �zm̃=0—at both
surfaces of the ferromagnetic layer is still valid. Neverthe-
less, the change in surface spin pinning could alternatively
be expressed also in the surface anisotropy model, taking
into account the surface anisotropy field,31

2Ksurf

Msat
= − LI��0Hun,I�zI� − �0Hun,II�zI�� = + 4.0 T nm.

�25�

The origin of a surface layer �I� is illustrated in Fig. 2. In
our model we divide the hydrogenation profile into a fully
passivated region �0�, a partially hydrogenated region �I� cor-
responding to the tail in the hydrogenation profile, and an
unpassivated region �II and III�.42 In the fully passivated re-
gion ferromagnetism will be suppressed completely, while in
the unpassivated region magnetic properties will remain un-

changed. The partially hydrogenated tail will lead to a region
with rapidly changing hole concentration and thus rapidly
changing uniaxial anisotropy field Haniso

001 �z�. In our model we
describe this region �I� in the most simple approximation via
a steplike magnetic anisotropy profile with Haniso,I

001 �zI�
�Haniso,II

001 �zI� /2=C /2. This approximation is possible since
the large exchange stiffness in Ga1−xMnxAs averages out
fluctuations in the anisotropy field on the length scale of the
characteristic length l=11.5 nm. This is also obvious from
the smoothness of the spin-wave profiles m̃n�z� in spite of the
discontinuities in Hun

001�z� �Figs. 3�c�, 3�f�, and 3�i��. Conse-
quently, we can model the SWR spectrum of the sample
hydrogenated for 2 h by the hydrogenation profile shown in
Fig. 2�b� with a fully passivated region of thickness L0
=22 nm followed by a decline in H extending over �L1
=10 nm. This decline leads to a region of rapidly decreasing
Hun

001�z� acting as a barrier for the spin-wave excitations.
Therefore, short-time hydrogenation constitutes a simple
method to efficiently manipulate the effective surface spin
pinning.

IX. SWR FOR IN-PLANE MAGNETIC FIELDS

For H� oriented along arbitrary directions the solution of
Eq. �1� becomes quite challenging. On one hand the torques
in two orthogonal directions in general are not equal and the

precession of M� about H� eff therefore becomes elliptical. On
the other hand the equilibrium orientation of magnetization

M� equ in general deviates from the orientation of H� and thus a
priori is unknown. This is even further complicated in the
presence of an inhomogeneous Haniso

001 �z� which leads to an

additional z dependence of M� equ. To simplify the evaluation

of the in-plane SWR we will assume that H� is oriented along

a magnetic easy axis so that M� equ�H� is fulfilled, which is the

case for H� � �010�. Then a homogeneous film with a magnetic
anisotropy given by the free-energy density �3� would exhibit
a ferromagnetic resonance at the uniform resonance field,6,31

�0Hun,homogeneous
� =

Keff
001

Msat
−

2Kc1
�

Msat
+���

�
�2

+ �Keff
001

Msat
�2

.

�26�

To obtain a rough estimate for the gradient in �0Hun
� of the

Ga0.95Mn0.05As layers under investigation, in the following
we neglect the influence of the cubic anisotropy contribu-
tions in Eq. �26� and use the approximations

�0Hun
� �z� �

1

2
�0Haniso

001 �z� +���

�
�2

+ 	1

2
�0Haniso

001 �z�
2

�
�

�
− �G�z − zI� + C� �27�

shown in Figs. 4�c�, 4�f�, and 4�i�. There, �0Hun
� �z� in region

II is averaged by a linear gradient with the resulting effective
G given in the figure. At this, we derived the values for
�0Hun

� �zI� and �0Hun
� �zII� via insertion of �0Haniso

001 �zI� and
�0Haniso

001 �zII� from the perpendicular resonance scenario dis-
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cussed above �Figs. 3�c�, 3�f�, and 3�i�� into Eq. �27�, respec-
tively. Note that we thus relied on the same �0Haniso

001 �z� pro-
files for the evaluation of �0Hun

� �z� as for �0Hun
001�z� above.

Using the circular precession approximation we thus can

solve the spin-wave equation for H� � �010�,

D�z
2m̃�z� + �− �0H + �0Hun

� �z��m̃�z� = 0, �28�

as already outlined above for the perpendicular orientation of
the magnetic field. Figures 4�b�, 4�e�, and 4�h� again illus-
trate the graphical derivation of the sets of
�l2kn,II

2 �zI� , l2kn,II
2 �zII�� fulfilling both the boundary condition

of natural freedom—represented by the set of curves
An—and restriction �23� imposed by the gradient in
�0Hun

� �z�—represented by the straight diagonal lines. For
these solutions the spin-wave excitations m̃n�z� are plotted at
the positions of the corresponding resonance fields �0Hres,n
in Figs. 4�c�, 4�f�, and 4�i�. Finally, the dashed curves in
Figs. 4�a�, 4�d�, and 4�g� represent the resulting SWR spectra
with the intensities In calculated from Eq. �10� and
�0�Hp.p.=15, 18, and 15 mT for the as-grown, the etched,
and the partially hydrogenated samples, respectively. In com-
parison with experiment �full curves� we observe that for the
etched and partially hydrogenated samples the simulated
resonance fields are shifted to higher magnetic fields. This
offset as well as the deviations in relative intensities we at-
tribute to the influence of cubic anisotropy which has been
neglected. However, the horizontally shifted straight vertical
lines representing the resonance fields show that there is at
least qualitative agreement with the observed SWR spacing.
In this sense, we have shown that one and the same
�0Haniso

001 �z� is able to describe the SWR spectra observed for

both H� � �001� and H� � �010�.
Figures 5�a� and 5�b� compare the SWR spectra of the

as-grown, the etched, and the partially hydrogenated samples
for the external magnetic field oriented along the in-plane

directions �01̄1� and �010�, respectively. In Eq. �3� the �01̄1�
axis corresponds to a magnetic easy orientation of the
uniaxial and cubic anisotropy contributions perpendicular to
the film plane, −Keff

001
z
2 and − 1

2Kc1
�
z

4, respectively, and to a
magnetic hard orientation of the cubic anisotropy contribu-
tion within the film plane − 1

2Kc1
� �
x

4+
y
4�. Therefore, espe-

cially the circular precession approximation is no longer jus-
tified. Nevertheless, we would like to briefly discuss the
SWR spectra observed. The spectra of the as-grown sample
exhibit a similar behavior as reported recently by Liu et al.13

For H� � �010�, i.e., along the easy axis, the spectrum already
compared with the result of the SWR simulation in Fig. 4�a�
features at least three spin-wave resonances with approxi-

mately constant level spacing, while for H� � �01̄1� a single
resonance with high intensity accompanied by two much
weaker resonances at higher magnetic field can be distin-
guished. The latter could be associated with surface modes.13

Both upon etching and short-term hydrogenation the reso-

nance for H� � �010� moves to smaller and the main resonance

for H� � �01̄1� to larger magnetic fields. This is indicative of an
increase in the in-plane cubic anisotropy �0Hc1

� =2Kc1
� /Msat

upon a reduction in the layer thickness. Note that this obser-

vation is consistent with Thevenard et al.,20 who, in agree-
ment with the results of mean-field calculations4,43 for the
typical range of carrier concentration, found that �0Hc1

� in-
creases with decreasing hole density. Thus, the gradient in
hole density present in our samples with the maximum car-
rier concentration at the sample surface not only leads to the
gradient in �0Haniso

001 already discussed above but also to a
gradient in �0Hc1

� . In contrast to ��0Haniso
001 �z��, ��0Hc1

� �z�� ex-
hibits its minimum at the sample surface and increases with
depth z. While �0Hc1

� �z� has negligible influence on the SWR
spectra for the external magnetic field oriented perpendicular
to the film plane, it is expected to strongly influence the
SWR spectra for the external magnetic field aligned within
the film plane and thus can account for the deviations be-
tween the experiment and the SWR simulation in Fig. 4.
However, a more sophisticated micromagnetic model—

requiring neither M� equ�H� nor the circular precession approxi-
mation to be fulfilled—is needed to fully account for the
SWR observed for an arbitrary orientation of the magnetic
field.

X. CONCLUSIONS

In summary, we have compared the SWR spectrum of an
as-grown Ga0.95Mn0.05As sample with those obtained after
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FIG. 5. �a� In-plane SWR spectra for H� � �01̄1� and �b� H� � �010�.
Both upon etching and hydrogenation the main resonance shifts to

higher �lower� fields for H� � �01̄1� �H� � �010��, indicating an increase
in the in-plane cubic anisotropy field �0Hc1

� �z� from the surface to
the film-substrate interface.
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etching and short-term hydrogenation. Our elaborate model
quantitatively explains the SWR spectrum of the as-grown
sample for the external magnetic field oriented perpendicular
to the film plane and the changes upon sample treatment.
Both the SWR spacings and the relative intensities can be
reproduced via a linear gradient in the uniaxial magnetic an-
isotropy field in growth direction, which we attribute to the
presence of a gradient in the hole concentration. In addition,
upon short-time hydrogenation we observe a change in ef-
fective surface spin pinning which we attribute to the tail in
the hydrogen-diffusion profile. This region of rapidly de-
creasing hole concentration leads to a region of a rapidly
changing anisotropy profile acting as a barrier for the spin-
wave excitations. Consequently, short-time hydrogenation

constitutes an efficient method to manipulate the effective
surface spin pinning. Our model also semiquantitatively ex-
plains the spacing of the SWR observed for the external
magnetic field oriented along the magnetic easy axis within
the film plane. The remaining deviations between our model
and the experiment were attributed to the influence of cubic
anisotropy, the discussion of which is beyond the scope of
this paper.
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