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The magnetic properties of annealed, epitaxial Ga0.93Mn0.07As layers under tensile and compressive stress
have been investigated by X-band �9 GHz� and Q-band �35 GHz� ferromagnetic resonance �FMR� spectros-
copy. From the analysis of the linewidths of the uniform mode spectra the FMR Gilbert damping factor � has
been determined. At T=4 K we obtain a minimum damping factor of �=0.003 for the compressively stressed
layer. Its value is not isotropic. It has a minimum value for the easy axes orientations of the magnetic field and
increases with the measuring temperature. Its average value is for both type of films on the order of 0.01 in
spite of strong differences in the inhomogeneous linewidth which vary between 20 and 600 Oe for the layers
grown on GaAs and GaInAs substrates, respectively.
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I. INTRODUCTION

The magnetic properties of ferromagnetic Ga1−xMnxAs
thin films with Mn concentrations between x=0.03 and 0.08
have been studied in great detail in the recent years both
theoretically and experimentally. For recent reviews see
Refs. 1 and 2. A particularity of GaMnAs ferromagnetic thin
films as compared to conventional metal ferromagnetic thin
films is the predominance of the magnetocrystalline aniso-
tropy fields over the demagnetization fields. The strong an-
isotropy fields are not directly related to the crystal structure
of GaMnAs but are induced by the lattice mismatch between
the GaMnAs layers and the substrate material on which they
are grown. When grown on �100�GaAs substrates the differ-
ence in the lattice constants induces biaxial strains of �0.2%
which give rise to anisotropy fields of several 103 Oe. The
low value of the demagnetization fields ��300 Oe� is the
direct consequence of the small spin concentration in diluted
magnetic semiconductors �DMS� which for a 5% Mn doping
leads to a saturation magnetization of only 40 emu /cm3. As
the strain is related to the lattice mismatch it can be engi-
neered by choosing different substrate materials. The two
systems which have been investigated most often are
�100�GaAs substrates and �100�GaInAs partially relaxed
buffer layers. These two cases correspond to compressive
and tensile strained GaMnAs layers, respectively.3

The static micromagnetic properties of GaMnAs layers
can be determined by magnetization, transport, magneto-
optical and ferromagnetic resonance techniques. For the in-
vestigation of the magnetocrystalline anisotropies the ferro-
magnetic resonance spectroscopy �FMR� technique has been
shown to be particularly well adapted.2,4 The dynamics and
relaxation processes of the magnetization of such layers have
hardly been investigated up to now.5–7 The previous FMR
studies on this subject concerned either unusually low doped
GaMnAs layers5,7 or employed a single microwave
frequency6 which leads to an overestimation of the damping

factor. The knowledge and control of the relaxation pro-
cesses is in particular important for device applications as
they determine for example the critical currents necessary for
current induced magnetization switching. It is thus important
to determine the damping factor for state-of-the-art samples
with high Curie temperatures of TC�150 K, such as those
used in this work. Another motivation of this work is the
search for a potential anisotropy of the magnetization relax-
ation in a diluted ferromagnetic semiconductor in which the
magnetocrystalline anisotropies are strong and dominant
over the demagnetization contribution.

The intrinsic small angle magnetization relaxation is gen-
erally described by one parameter, the Gilbert damping co-
efficient �, which is defined by the Landau-Lifshitz-Gilbert
�LLG� equation of motion for the magnetization,

1

�
·

dM�

dt
= − �M� � H� eff� +

�

�
�M� �

ds�

dt
� , �1�

with M as the magnetization, Heff as the effective magnetic
field, � as the damping factor, � as the gyromagnetic ratio,
and s as the unit vector parallel to M.

The damping factor � is generally assumed to be a scalar
quantity.8,9 It is defined for small angle precession relaxation
which is the case of FMR experiments. This parameter can
be experimentally determined by FMR spectroscopy either
from the angular variation of the linewidth or from the varia-
tion of the uniform mode linewidth �Hpp with the micro-
wave frequency. In this second case the linewidth is given by

�Hpp��� = �Hinhom + �Hhom = �Hinhom +
2
	3

G

�2M
�, �2�

with �Hpp as the first derivative peak-to-peak linewidth of
the uniform mode of Lorentzian line shape, � as the angular
microwave frequency, and G as the Gilbert damping factor
from which the magnetization-independent damping factor �
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can be deduced as �=G /�M. In Eq. �2� it is assumed that the
magnetization and the applied magnetic field are collinear,
which is fulfilled for high symmetry directions in GaMnAs
such as �001�, �110�, and �100�. Otherwise a 1 /cos ��-�H�
term has to be added to Eq. �2�.8

�Hinhom is the inhomogeneous, frequency-independent
linewidth; it can be further decomposed in three contribu-
tions, related to the crystalline imperfection of the film:10

�Hinhom = 
 �Hr

��H

 · ��H + 
 �Hr

�	H

 · �	H + 
 �Hr

�Hint

 · �Hint.

�3�

These three terms were introduced to take into account a
slight mosaic structure of the metallic thin films defined by
the polar angles �� , 	� and their distributions ��� , �	�,
expressed in the first two terms in Eq. �3�, and a distribution
of the internal anisotropy fields Hint—the last term of Eq. �3�.
In the case of homoepitaxial III-V films obtained by
molecular-beam epitaxy �MBE� growth like GaMnAs on
GaAs, films of high crystalline quality are obtained and only
the third component ��Hint� is expected to play an important
role.

Practically, the variation of the FMR linewidth with the
microwave frequency can be measured with resonant-cavity
systems at different frequencies between 9 and 35 GHz; the
minimum requirement—used also in this work—is the use of
two frequencies. We disposed in this work of 9 and 35 GHz
spectrometers. The linewidth is decomposed in a frequency-
independent inhomogeneous part and a linear frequency-
dependent homogeneously broadened part. For most materi-
als the inhomogeneous fraction of the linewidth is strongly
sample dependent and depends further on the interface qual-
ity and the presence of cap layers. It can be smaller but also
much larger than the intrinsic linewidth. In Ga0.95Mn0.05As
single films total X-band linewidths between 100 and 1000
Oe have been encountered. These observations indicate al-
ready the importance of inhomogeneous broadening. The ho-
mogeneous linewidth will depend on the intrinsic sample
properties. This approach supposes that the inhomogeneous
linewidth is frequency independent and the homogenous
linewidth linear dependent on the frequency, two assump-
tions generally valid for high symmetry orientations of the
applied field for which the magnetization is parallel to the
magnetic field.

It should be underlined that in diluted magnetic semicon-
ductor �DMS� materials like GaMnAs the damping param-
eter is not only determined by the sample composition xMn.

5

It is expected to depend as well on �i� the magnetic compen-
sation which will vary with the growth conditions, �ii� the
�hole� carrier concentration responsible for the ferromagnetic
Mn-Mn interaction which is influenced by the presence of
native donor defects like arsenic antisite defects or Mn inter-
stitial ions,11 and �iii� the valence-band structure, sensitive to
the strain in the film. Due to the high out-of-plane and in-
plane anisotropy of the magnetic parameters12 which further
vary with the applied field and the temperature a rather com-
plex situation with an anisotropic and temperature-dependent
damping factor can be expected in GaMnAs.

Whereas the FMR Gilbert damping factor has been deter-
mined for many metallic ferromagnetic thin films8 only three
experimental FMR studies have been published for GaMnAs
thin films up to now.5–7 In Refs. 5 and 7 low doped GaMnAs
layers with a critical temperature of 80 K which do not cor-
respond to the high-quality standard layers available today
were studied. In the other work6 higher doped layers were
investigated but the experiments were limited to a single
microwave frequency �9 GHz� and thus no frequency depen-
dence could be studied. In this work we present the results of
FMR studies at 9 and 35 GHz on two high quality GaMnAs
layers with optimum critical temperatures: one is a compres-
sively strained layer grown on a GaAs buffer layer and the
other a tensile strained layer grown on a �Ga,In�As buffer
layer. Due to the opposite sign of the strains the easy axis of
magnetization is in-plane �100� in the first case and out-of-
plane �001� in the second. The GaMnAs layers have been
annealed ex situ after their growth in order to reduce the
electrical and magnetic compensation, to homogenize the
layers and to increase the Curie temperature to �130 K.
Such annealings have become a standard procedure for im-
proving the magnetic properties of low-temperature
molecular-beam epitaxy �LTMBE� grown GaMnAs films. In-
deed, the low growth temperature required to incorporate the
high Mn concentration without the formation of precipitates
gives rise to native defect the concentration of which can be
strongly reduced by the annealing.

II. EXPERIMENTAL DETAILS

A first sample consisting of a Ga0.93Mn0.07As layer of 50
nm thickness has been grown at 250 °C by low-temperature
molecular-beam epitaxy on a semi-insulating �100� oriented
GaAs substrate. A thin GaAs buffer layer has been grown
before the deposition of the magnetic layer. The second
sample, a 50-nm-thick Ga0.93Mn0.07As layer, has been grown
under very similar conditions on a partially relaxed �100�
Ga0.902In0.098As buffer layer; for more details see Ref. 13.
After the growth the structure was thermally annealed at
250 °C for 1 h under air or nitrogen gas flow. The Curie
temperatures were 157 K and 130 K, respectively. Based on
conductivity measurements the hole concentration is esti-
mated in the 1020 cm−3 range.

The FMR measurements were performed with Bruker
X-band and Q-band spectrometers under standard conditions:
mW microwave power and 100 KHz field modulation. The
samples were measured at temperatures between 4 and 170
K. The angular variation of the FMR spectra was measured
in the two rotation planes �110� and �001�. The peak-to peak
linewidth of the first derivative spectra were obtained from a
line shape simulation. The value of the static magnetization
M�T� had been determined by a commercial superconducting
quantum interference device �SQUID� magnetometer. A typi-
cal hysteresis curve is shown in the inset of Fig. 8.

III. EXPERIMENTAL RESULTS

The saturation magnetizations of the two layers and the
magnetocrystalline anisotropy constants, which had been
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previously determined by SQUID and FMR measurements,
respectively, are given in Table I. The anisotropy constants
had been determined in the whole temperature range but for
clarity only its values at T=55 K and T=80 K are given in
Table I. We see that the dominant anisotropy constant K2�

are of different sign with −55000 erg /cm3 to
+91070 erg /cm3 and that the other three constants have
equally opposite signs in the two types of layers. The easy
axes of magnetization are the in-plane �100� and the out-of-
plane �001� direction, respectively. However the absolute
values of the total effective perpendicular anisotropy con-
stant Ku=K2�+K4� are less different for the two samples:
−46517 erg /cm3 and +57020 erg /cm3, respectively. More
detailed information on the measurements of these micro-
magnetic parameters will be published elsewhere.

For the GaMnAs/GaAs layers the peak-to-peak linewidth
of the first derivative uniform mode spectra has been
strongly reduced by the thermal annealing; in the nonan-
nealed sample the X-band linewidth was highly anisotropic
with values between 150 and 500 Oe at T=4 K. After an-
nealing it is reduced to a quasi-isotropic average value of 70
Oe at X band. Quite differently, for the GaMnAs/GaInAs
system the annealing process decreases the linewidth of the
GaMnAs layers only marginally. Although full angular de-
pendencies have been measured by FMR we will analyze
only the linewidth of the four high symmetry field orienta-
tions H � �001�, H � �100�, H � �1–10�, and H � �110� corre-
sponding to the hard and easy axes of magnetization. As will
be shown below, in spite of rather similar high critical tem-
peratures �157 K/130 K� the linewidths are drastically differ-
ent for the two cases.

A. GaMnAs on GaAs

In Figs. 1�a� and 1�b� we show typical low-temperature
FMR spectra at X-band and Q-band frequencies for the hard
�001�/intermediate �100� axis orientation of the applied mag-
netic field. The spectra are characterized by excellent signal-

to-noise ratios and well-defined line shapes. We see that at
both frequencies the line shape is close to a Lorentzian. In
addition to the main mode one low-intensity spin-wave reso-
nance is observed at both frequencies at lower fields �not
shown�.

The linewidth at X band �Fig. 2� is on the order of 50 to
75 Oe with a weak orientation and temperature dependence.
Above T
130 K, close to the critical temperature, the line-
width increases strongly. At Q band we observe a systematic
increase by a factor of 2 of the total linewidth �Fig. 3� with
an increased temperature and orientation dependence. As
generally observed in GaMnAs, the easy axis orientation
gives rise to the lowest linewidth. At Q band the line shape is
perfectly Lorentzian �Fig. 1�b��. These linewidths are among
the smallest ever reported for GaMnAs thin films, which
reflects the high crystalline and magnetic quality of the film.

To determine the damping factor � we have plotted the
frequency dependence of the linewidth for the different ori-

TABLE I. Micromagnetic parameters of the two samples studied
in this work: saturation magnetization Ms at T=4 K, critical tem-
perature TC, magnetocrystalline anisotropy constants of second and
fourth order K2�, K2�, K4�, and K4� at T=55 K and T=80 K,
respectively, and the orientation of the easy axis for magnetization.

Ga0.93Mn0.07As /GaAs Ga0.93Mn0.07As /Ga0.902In0.098As

Ms�T=4 K�=47 emu /cm3 Ms�T=4 K�=38 emu /cm3

TC=157 K �SQUID� TC=130 K �SQUID�

Anisotropy constants �T=80 K� Anisotropy constants �T=55 K�
K2�=−55000 erg /cm3 K2�= +91070 erg /cm3

K2� =2617 erg /cm3 K2� =−2464 erg /cm3

K4�=8483 erg /cm3 K4�=−34050 erg /cm3

K2� =2590 erg /cm3 K2� =−1873 erg /cm3

Easy axis of magnetization Easy axis of magnetization

�100� 4 K�T�TC �001� 4 K�T�TC
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FIG. 1. �Color online� �a� X-band FMR spectrum of the
GaMnAs/GaAs film taken at T=20 K and for H � �001�; the peak-
to-peak linewidth is 60 Oe. The experimental spectrum is shown by
circles and the Lorentzian line shape simulation by a line. �b�
Q-band FMR spectrum of the GaMnAs/GaInAs film taken at T
=80 K and for H � �100�; the peak-to-peak linewidth is 120 Oe. The
experimental spectrum is shown by circles and the Lorentzian line
shape simulation by a line.
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entations and at various temperatures. An example is given
in Fig. 4 for T=80 K; this allows us to determine the inho-
mogeneous linewidth obtained from a linear extrapolation to
zero frequency and the damping factor from the slope. The
inhomogeneous linewidth at T=80 K is on the order of 30
Oe, i.e., 50% of the total linewidth at X band. This shows
that the approximation �Hinhom��Hhomo, which had been
previously used5 to deduce the damping factor from a single
�X-band� frequency measurement, is not fulfilled here.

The temperature dependence of the inhomogeneous line-
width is shown in Fig. 5. Similar trends as for the total line-
width in the nonannealed films are observed: the linewidth is
high at the lowest temperatures, decreases with increasing
temperatures up to 120 K, and increases again close to TC.

From the slope of the linewidth variation with microwave
frequency we obtain the damping factor � �Fig. 6�. Its high-

temperature value is on the order of 0.010 but we observe a
systematic, linear variation with the temperature and a factor
2 difference between the easy axis orientation �100� and the
hard axis orientation �001�.

B. GaMnAs on GaInAs

Similar measurements have been performed on the an-
nealed tensile strained layer. In tensile strained GaMnAs
films the easy axis of magnetization ��001�� coincides with
the strong uniaxial second-order anisotropy direction. For
that reason no FMR resonance can be observed at tempera-
tures below T=80 K for the easy axis orientation H � �001� at
X band. For the other three orientations the resonances can
be observed at X band in the whole temperature range 4 K to
TC. Due to the strong temperature dependence of the aniso-
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FIG. 2. �Color online� X-band peak-to-peak line widths for the
GaMnAs/GaAs film for the four main field orientations: H � �001�
�black squares�, H � �1–10� �olive lower triangles�, H � �110� �red
circles�, and H � �100� �blue upper triangles�.
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FIG. 3. �Color online� Q-band peak-to-peak line widths for the
GaMnAs/GaAs film for the four main field orientations: H � �001�
�black squares�, H � �1–10� �olive lower triangles�, H � �110� �red
circles�, and H � �100� �blue upper triangles�.
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FIG. 4. �Color online� Peak-to-peak linewidth at 9 and 35 GHz
for the GaMnAs/GaAs film; T=80 K and H � �001� �black squares�,
H � �1–10� �olive lower triangles�, H � �110� �red circles�, and
H � �100� �blue upper triangles�.
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FIG. 5. �Color online� GaMnAs/GaAs inhomogeneous linewidth
as a function of temperature for four orientations of the applied
field: H � �001� �black squares�, H � �1–10� �olive lower triangles�,
H � �110� �red circles�, and H � �100� �blue upper triangles�.
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tropy constants and the parallel decrease in the internal an-
isotropy fields the easy axis resonance becomes observable at
X band for temperatures above 80 K. In the films on GaInAs
much higher linewidth are encountered than in films on
GaAs, the values are up to ten times higher indicating a
strong inhomogeneity in this film. A second low field reso-
nance is systematically observed at X band and Q band; it is
equally attributed to a spin-wave resonance.

Figures 7�a� and 7�b� show typical FMR spectra at X band
and Q band, respectively. At both frequencies the line shape
can no longer be simulated by a Lorentzian but has changed
into a Gaussian line shape.

Contrary to the first case of GaMnAs/GaAs the X-band
linewidth varies monotonously in the whole temperature re-
gion �Fig. 8�. We observe a linewidth of �600 Oe at T
=4 K, which decreases only slowly with temperature; the
linewidth becomes minimal in the 100–140 K range. The
Curie temperature “seen” by the FMR spectroscopy is
slightly higher as compared to the one measured by SQUID
due to the presence of the applied magnetic field.

At low temperature the Q-band linewidth varies strongly
with the orientation of the applied field with values between
500 and 700 Oe. The lowest value is observed for the easy
axis orientation. They decrease at X band only slowly with
increasing temperature and increase once again when ap-
proaching the Curie temperature. At Q band the easy axis
FMR spectrum, which is also accompanied by a strong spin-
wave spectrum at lower fields, is observable in the whole
temperature range.

For this sample we observe especially at Q band a sys-
tematic difference between the cubic axes �100�, �001� line-
width and the one for the in-plane �110� and �1–10� field
orientations �Fig. 9�. The most surprising observation is that
for temperatures below T�100 K the linewidth for H � �100�
and H � �110� are comparable at X band and Q band and thus
an analysis in the simple model discussed above is not pos-

sible. We attribute this to much higher crystallographic/
magnetic inhomogeneities, which mask the homogenous
linewidth. The origin of the strong inhomogeneity is still
unclear. The only orientation for which in the whole tem-
perature range a systematic increase in the linewidth between
X and Q band is observed is the H � �1–10� orientation �Fig.
9�. We have thus analyzed this variation �Fig. 10� according
to Eq. �1�.

In spite of important differences in the linewidth the slope
varies only weakly which indicates that the inhomogeneous
linewidth is very temperature dependent and decreases mo-
notonously with increasing temperature from 570 to 350 Oe.
In the high-temperature range �T100 K� the easy axis ori-
entation could also be analyzed �Fig. 11�. The inhomoge-
neous linewidths are lower than for the hard axis orientation
at the same temperatures and are in the 300 Oe range �Fig.
12�. The homogenous linewidth at 9 Ghz is in the 50 Oe
range, which is close to the values determined in the first
case of GaMnAs/GaAs.
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FIG. 6. �Color online� Damping factor � as a function of tem-
perature and magnetic-field orientation; H � �001� �black squares�,
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of the linewidth is estimated to 10 G which corresponds to an error
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FIG. 7. �Color online� �a� X-band FMR spectra for the GaMnAs/
GaInAs film at 25 K and H � �110� �hard axis�; the low-field spin-
wave resonance �SW� is of high intensity in this case; circles: ex-
perimental points, line: simulation with Gaussian line shape. �b�
Q-band FMR spectra for the GaMnAs/GaInAs film at 25 K and
H � �110� �hard axis�; the low-field spin-wave resonance �SW� is of
high intensity in this case; circles: experimental points, line: simu-
lation with Gaussian line shape.
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From the slope �Fig. 13� we obtain the damping factor
which for the hard axis orientation is �=0.010 in the whole
temperature range. This value is comparable to the one mea-
sured for the GaMnAs/GaAs film for H � �110�. The damping
factor for the easy axis orientation is lower but increases
close to TC as in the previous case.

IV. DISCUSSION

An estimation of the FMR intrinsic damping factor in a
ferromagnetic GaMnAs thin film has been made within a
model of localized Mn spins coupled by p-d kinetic ex-

change with the itinerant-spin of holes treated by the six-
band Kohn-Luttinger Hamiltonian.5 Note that these authors
take for the effective kinetic exchange field the value in the
mean-field approximation, i.e., Heff=JN�S, so that their cal-
culations are made within the random-phase approximation
�RPA�. RPA calculations of � have been made by Heinrich et
al.14 and have recently been used by Tserkovnyak et al.15 for
numerical applications to the case of Ga0.95Mn0.05As. Both
models, however, are phenomenological and include an ad-
justable parameter: the quasiparticle lifetime � for the holes
in Ref. 5 and the spin-flip relaxation T2 in Ref. 15. These
models do not take into account neither multimagnon scat-
tering nor any damping beyond the RPA. It has been argued
elsewhere16 that in diluted magnetic semiconductors such ef-
fects are only important at high temperature �i.e., at T
Tc�.
In particular, the increase of � in the vicinity of TC may be
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attributed to such effects that are beyond the scope of the
models of Refs. 5 and 14. At low temperatures T�Tc, how-
ever, where the corrections to the RPA are expected to be
negligible, the models of Refs. 5, 14, and 15 provide us with
a numerical value of � in agreement with our experiments if
we introduce reasonable values of these parameters. For
GaMnAs films with metallic conductivity, Mn concentrations
of x=0.05 and hole concentrations of 0.5 nm−3 �5
�1020 cm−3� Sinova et al.5 predict an isotropic low-
temperature damping factor � between 0.02 and 0.03 de-
pending on the quasiparticle life time broadening. Tserk-
ovnyak et al.15 found a similar value of ��0.01 for the
isotropic damping factor for a typical GaMnAs film with 5%
Mn doping and full hole polarization.

Both predicted values are of the same order of magnitude
as the experimental values determined in this study. Our re-
sults for GaMnAs/GaAs show further that the damping fac-
tor is not isotropic as generally assumed but is anisotropic
with a lowest value for the in-plane easy axis orientations of
the applied magnetic field H � �100�, H � �1–10� and an in-
crease of up to a factor of 2 for the hardest axis orientation

H � �001�. Intrinsic anisotropic damping is related to the fact
that the free energy density depends on the orientation of the
magnetization which in the case of GaMnAs is related to the
anisotropy of the p-hole Fermi surface. We have shown
�Table I� that the anisotropy of the magnetocrystalline con-
stants and the related fields are important in these strained
layers and it is thus not surprising to find also anisotropy of
the damping factor. For further discussions on this subject
see Ref. 9. The system might also contain extrinsic anisotro-
pies related to the presence of lattice defects. Their influence
can be deduced from the value and anisotropy of the inho-
mogeneous linewidth. In the case of the compressively
strained layers �GaMnAs/GaAs� we see that their value is
small and rather isotropic quite differently from the tensile
strained film. It is in the first case that our measurements
show a factor of 2 anisotropy of the Gilbert damping factors.
A further indication for the intrinsic character of the aniso-
tropy is the fact that the damping factor for the perpendicular
orientation has the highest value. In this case any contribu-
tion from two-magnon scattering will be minimized. Any-
way, such contributions are generally only important at low
frequency measurements in the 2–6 GHz range but even
there they were found to be negligible.7

Additional material-related parameters are expected to
further influence the damping factor. As the spin-flip relax-
ation times will depend on the sample properties and in par-
ticular the presence of scattering centers we will not expect
to find a unique damping factor even for GaMnAs/GaAs
samples with the same Mn composition x. More likely, dif-
ferent damping factors are expected to be found in real films
and their values might be used to assess the film quality. In
this sense the GaMnAs/GaAs film studied here is of course
“better” than the one on GaInAs in line with the strong dif-
ference in the sample inhomogeneities.

The inhomogeneous linewidth originates from spatial in-
homogeneities in the local magnetic anisotropy fields and
inhomogeneities in the local exchange interactions. Given
the particular growth conditions of these films, low-
temperature molecular-beam epitaxy, inhomogeneities can-
not be expected to be negligible in these materials. If we had
analyzed our X-band results of the GaMnAs/GaAs film in the
spirit of Ref. 5, i.e., assuming a negligible inhomogeneous
linewidth, ��Hinhom=0�, we would have obtained artificially
increased damping factors. A further contribution might be
expected from the intrinsic disorder in these films: as GaM-
nAs is a diluted magnetic semiconductor with random distri-
bution of the Mn ions, this disorder will even for crystallo-
graphically perfect crystals give some importance to this
term.

In the previous studies of the FMR damping factor in
GaMnAs/GaAs single films higher values have been re-
ported. Matsuda et al.6 found damping factors between 0.02
and 0.06 in the T=10 K to T=20 K temperature range.
They observed the same tendencies as in this work concern-
ing the anisotropy and temperature dependence of �: the
lowest damping factor is seen for the easy axis orientation
and its values increase with increasing temperatures. The
films of their study were however significantly different: �i�
the Mn doping concentration was lower, x=0.03 and thus the
hole concentration was equally lower and �ii� the critical
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FIG. 12. �Color online� GaMnAs/GaInAs inhomogeneous line-
width as a function of temperature for two orientations of the ap-
plied field: H � �001� �squares� and H � �1–10� �lower triangles�.
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FIG. 13. �Color online� GaMnAs/GaInAs damping factor � as a
function of temperature and magnetic-field orientation; H � �001�
�squares� and H � �1–10� �lower triangles�.
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temperature of the annealed film was only T=80 K. The
anisotropy in the inhomogeneous linewidth at T=20 K was
equally much higher, varying between 30 Oe for the easy
axis to 250 Oe for the hardest axis �110�. In a second study
Sinova et al.5 measured an annealed GaMnAs/GaAs sample
with a similar composition �x=0.08� and critical temperature
�TC=130 K� as the one studied here. They deduced a damp-
ing factor of the order of �=0.025 with only a slight tem-
perature dependence between 4 and 80 K and an increase
close to TC. However, these measurements were done at one
�X band� microwave frequency only and the numerical value
of � was obtained by assuming a negligible inhomogeneous
linewidth. As explained above, the value of � can be ex-
pected to be overestimated in this case. In the photovoltage
measurements of Ref. 7 the damping factor of a low �x
=0.02� doped GaMnAs layer has been determined with mi-
crowave frequencies from 2 to 19.6 GHz but for one field
orientation H � �001� �hard axis� and one temperature �T
=9 K� only. Interestingly, their measurements show a linear
behavior even in the low frequency range down to 4 GHz
which demonstrates the negligible contribution from two-
magnon scattering in this case.

The intrinsic damping factor � plays also an important
role in the critical currents required to switch the magnetiza-
tion in FM/NM/FM trilayers.5 However, in trilayer structures
interface and spin pumping effects will add to the intrinsic
damping factor of the ferromagnetic material and give rise to
an increased effective damping factor. Sinova et al.5 esti-
mated the critical current for realistic GaMnAs layers: based
on a value of �=0.02, they estimated the critical current
density to JC=105 A /cm2. It should be noted that the damp-
ing factor involved in the domain-wall motion17,18 is by defi-
nition different form the FMR damping factor. Both are how-
ever linearly related with �FMR��DW.17,18 First observations
of current induced magnetization switching in
Ga0.956Mn0.044As /GaAs /Ga0.967Mn0.033As trilayers confirm

these theoretical predictions.19 These authors observed a
critical current density of �105 A /cm2 which would have
been predicted from Slonczewski’s formula20 for a domain-
wall damping factor of �DW=0.002.

V. CONCLUSION

We have determined the intrinsic FMR Gilbert damping
factor for annealed Ga0.93Mn0.07As thin films with high criti-
cal temperatures. To evaluate the influence of the strain the
two prototype cases of compressive and tensile strained lay-
ers were studied. In both cases we find an average damping
factor on the order of 0.01. We thus see that the sign of the
strain does not seem to influence the damping factor strongly.
The homogeneity of the films as judged from the inhomoge-
neous linewidth is much higher in the case of GaAs sub-
strates than for GaInAs substrates. This must be attributed to
the high dislocation density in the GaInAs layer.13 In the case
of the GaMnAs/GaAs layers, where the small linewidth al-
lows a finer analysis of the data, we observe an anisotropy of
the damping factor, which has the lowest value for the easy
axis orientation. This value of ��1–10�=0.003 is an order of
magnitude lower than the previous reported values. The few
experimental results available seem to indicate that the
damping factor decreases with increasing Mn concentration.
This corresponds well to the theoretical predictions by Si-
nova et al.5 for the case of small quasiparticle lifetime broad-
ening. It will be interesting to test this behavior further in
more highly doped layers �x�0.15�, which become now
available.
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