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Ferromagnetic resonance in Ga1ÀxMn xAs: Effects of magnetic anisotropy
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This paper describes a systematic study of ferromagnetic resonance~FMR! carried out on a series of
specimens of the ferromagnetic semiconductor Ga12xMnxAs in thin film form. The GaMnAs layers were
grown by low-temperature molecular beam epitaxy either on GaAs or on GaInAs buffers, the two buffers being
used to obtain different strain conditions within the ferromagnetic layer. Our aim has been to map out the
dependence of the FMR position on temperature and on the angle between the applied magnetic field and
crystallographic axes of the sample. The analysis of the FMR data allowed us to obtain the values of the cubic
and the uniaxial magnetic anisotropy fields—i.e., those which are associated with the natural~undistorted! zinc
blende structure and those arising from of strain.
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I. INTRODUCTION

Ferromagnetic~FM! semiconductors have recently a
tracted a great deal of attention due to their possible ‘‘sp
tronic’’ applications.1–3 Specifically, the development o
these materials holds promise of integrating ferromagn
and nonmagnetic semiconductors, with an eye on develo
new devices that depend on electron charge as well as o
spin. Ferromagnetic III-Mn-V alloys are fabricated by lo
temperature molecular beam epitaxy~LT-MBE!, which al-
lows one to achieve much higher degree of Mn solubility
the III-V hosts than is possible at standard temperatures u
for growing the host materials. Note that in forming th
Ga12xMnxAs alloy, Mn atoms are incorporated at the G
lattice sites as Mn11 ions, thus acting both as magnetic m
ments and as acceptors.3 The resulting high concentration o
free holes mediates magnetic double-exchange interac
between the Mn11 ions, leading to ferromagnetic order co
sistent with the Zener model proposed by Dietlet al.4 Ferro-
magnetic order in Ga12xMnxAs is typically observed for
0.02,x, 0.08, with Curie temperaturesTC of 110 K or less
for Mn concentrationsx. 0.05 in as-grown specimens.5 It is
now well established that the values of Curie temperatureTC
in as-grown GaMnAs can be significantly increased by po
growth annealing at properly chosen annealing temperat
and durations.6,7

It has been shown that the magnetic anisotropy
Ga12xMnxAs films is largely controlled by epitaxial strain
with tensile and compressive strain inducing in-plane a
out-of-plane moment orientation, respectively.8 This problem
has already been the subject of several theoretical stud9

However, despite its importance for a variety of spin-bas
applications—such as spin-injectors,10 tunnel junctions,11 or
giant planar Hall effect devices12—direct experimental stud
ies of the physics of magnetic anisotropy of Ga12xMnxAs
films are still far from complete.

As discussed below, ferromagnetic resonance~FMR!
complements the more conventional magnetic studies of
films by its ability to directly determine magnetic anisotro
parameters,13 and in this paper we take advantage of t
FMR technique to obtain this information on epitaxial
grown thin GaMnAs films under various strain conditions.
an earlier paper14 we reported preliminary FMR results ob
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served on thin GaMnAs films. Here we report a systema
investigation of FMR in GaMnAs films for different Mn con
centrations, film thicknesses, strain conditions, and h
treatments. The focus is on the dependence of the FMR fi
position on temperature and on the angular orientation of
applied magnetic field with respect to the crystal axes, fr
which we obtain detailed information on magnetic anis
ropy fields and on their temperature dependence. As will
seen, the observed anisotropy fields are intrinsically linked
the interplay of the natural GaMnAs zinc blende structu
and the effect of strain produced by the lattice misma
between the GaMnAs film and the underlying substrate.

II. SAMPLE PREPARATION AND EXPERIMENTS

The Ga12xMnxAs samples were grown on~001! semi-
insulating ‘‘epiready’’ GaAs substrates in a Riber 32 R&
molecular beam epitaxy~MBE! system. The growth was
monitoredin situ by reflection high energy electron diffrac
tion ~RHEED!. Standard effusion cells supplied the Ga a
Mn fluxes, and the flux of As2 was produced by a cracke
cell. The procedure for MBE growth of the
Ga12xMnxAs/GaAs was as follows. First a GaAs buffer o
thickness 300 nm was grown at a high substrate tempera
TS;590 °C ~i.e., under normal GaAs growth conditions!.
The substrate was then cooled down to 265 °C for lo
temperature~LT! growth. Using As2 :Ga beam equivalen
pressure ratio of 20:1, a 2-nm-thick buffer layer of LT-GaA
was then grown, followed by a Ga12xMnxAs layer of 100 to
300 nm thickness. For the growth of GaMnAs/GaInA
samples, a GaInAs buffer was first grown atTS;590°C to a
thickness of about 1mm, to allow the GaInAs lattice to re
lax. The substrate was then cooled as described above,
the GaMnAs layer was finally deposited directly on t
GaInAs buffer surface. The RHEED pattern was (132) re-
construction during the low-temperature growth of GaMnA
and no evidence of precipitation of MnAs inclusions~i.e., no
spotty RHEED pattern! was observed during the growth
Furthermore, clear RHEED oscillations indicative of tw
dimension layer-by-layer growth were observed at the ini
stages of GaInAs and GaMnAs deposition. Monitoring t
RHEED oscillations provided a precise measure of
©2003 The American Physical Society04-1
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growth rate, which allowed us to estimate the In and the
concentrations in the deposited layers.

The lattice constants of GaMnAs were measured by x-
diffraction ~XRD! experiments, using a double crystal d
fractometer with CuKa1 radiation. Since the lattice consta
of the zinc blende GaMnAs is larger than that of GaAs by
amount that depends on the Mn concentrationx, it can be
used to determine the concentrationx, as follows.15 Measur-
ing the vertical lattice constantsc of the tetragonally dis-
torted layers by XRD allows us to calculate the bulk latti
constants~relaxed values! a0 of GaMnAs by making two
assumptions: that the elastic constants of GaMnAs are e
to those of GaAs and that GaMnAs is coherently strain
throughout its thickness by either the underlying GaAs or
GaInAs layer~i.e., ain-plane5as throughout the sample!. The
Mn concentrationx can then be determined from the calc
lated relaxed lattice constantsa0 using the analysis devel
oped by Schottet al. in Ref. 15. Given the assumptions note
above, the values of Mn content determined in this w
should be regarded as approximate, with a possible erro
high as60.01.

Specifically, we have fabricated seven GaMnAs films
the FMR experiments. The sample parameters of specim
used in this paper are listed in Table I.

As noted above, low-temperature annealing of GaMn
can dramatically alter the ferromagnetic properties of Ga
nAs, most notably by increasing its Curie temperature a
changing the temperature dependence of its magnetizatio
a more mean-field-like behavior.7 In the context of the
present paper, annealing can be used to alter magnetic p
erties of samples already grown, thus providing the oppo
nity to compare FMR in GaMnAs films of the same thic
nesses but with different magnetic properties. For t
purpose, the as-grown samples were cleaved into a num
of pieces for systematic annealing. The annealing was
ried out in the atmosphere of N2 gas at the temperature o
280°C. All the samples were annealed at the same fixed
of N2 gas equal to 1.5 SCFH~standard cubic feet per h!. The
time of annealing was 1 h, and the specimens were t
cooled by a rapid quench to room temperature under a fl
of N2 gas at 6 SCFH. As expected, magnetization meas
ments on samples annealed in this manner resulted in

TABLE I. Description of samples used in FMR experiments.

Sample Buffer d~nm! a x b TC(K) Sample ID

1 GaAs 300 0.03 65 00505H
2 Ga0.85In0.15As 300 0.03 50 00315A
3A c GaAs 120 0.08 65 10823C
3B d GaAs 120 0.08 110 10823C
4 GaAs 100 0.08 73 10914A
5 GaAs 200 0.06 65 20327A
6 GaAs 150 0.06 65 20327B
7 GaAs 100 0.06 65 20327C

ad: sample thickness.
bx: Mn concentration.
cAs-grown sample.
dSample annealed at 280 °C for 1 h.
20520
n

y

n

al
d
e

y
as

r
ns

s
-
d
to

op-
-

s
er
r-

w

n
w
e-
an

increasedTC and a larger saturation magnetization.
The FMR measurements were carried out at 9.46 G

using an electron paramagnetic resonance~EPR! spectrom-
eter. In this article we will focus on the information obtaine
from the FMR field positionHR , and on their dependence o
temperature and on orientation of the applied dc magn
field H relative to the crystal axes of the Ga12xMnxAs speci-
men. As noted, the GaMnAs films are tetragonally distor
along the growth~i.e., the @001#! direction by either com-
pressive~for GaMnAs/GaAs! or tensile strain~for GaMnAs/
GaInAs! in the sample plane. For FMR measurements
samples were cleaved into parallelepipeds with edges a
the @110# and @11̄0# directions, as shown in Fig. 1.

Since the magnetic field of the Bruker EPR system is
the horizontal plane, this allowed two basic geometries
FMR measurements as a function of angular orientation
the first geometry~subsequently referred to as geometry!
the sample was mounted in the microwave cavity with
layer plane vertical, i.e., with either the@110# or the @11̄0#

direction pointing up. Assuming the@11̄0# as vertical, this
geometry allowed measurement with the dc fieldH normal
to the layer plane (Hi@001#), in the layer plane (Hi@110#),
and in intermediate orientations of the field in the (110̄)
plane. To discuss the angular dependence of FMR, we de
a polar coordinate system shown in Fig. 1. In terms of t
system, the field-normal-to-the plane configurationHi@001#
corresponds touH50°, and the field-in-the-plane configura
tion Hi@110# to uH590°, wH545°. In the second geometr
~geometry B! the sample was mounted with the layer pla
horizontal~the @001# direction pointing up!. In this geometry
we could measure the angular dependence of FMR when
field was confined to the layer@i.e., the~001!# plane, includ-
ing the orientations Hi@110# (uH590°, wH545°),
Hi@11̄0# (uH590°, wH5245°) andHi@100# (uH590°,
wH50°), aswell as intermediate orientations in that plan

In addition to the FMR measurements as a function
temperature and orientation, systematic dc magnetiza
measurements were carried out on the samples used in

FIG. 1. Coordinate system used in this paper. The orientatio
the dc magnetic fieldH ~described byuH and wH) can be varied

continuously in both the (110̄) and the~001! planes. The resulting
equilibrium orientation of the magnetizationM is given by (u,w).
4-2
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investigation using a commercial superconducting quan
interference device~SQUID! magnetometer. These include
the temperature dependence of the magnetizationM , and
hysteresis profiles forH applied parallel or normal to the
layer plane. Typical hysteresis data are shown in Fig. 2.

The hysteresis profiles in Fig. 2 have special relevance
our analysis of the FMR results, for two reasons. First, th
data demonstrate the striking difference in magnetic ani
ropy of GaMnAs under compressive~GaMnAs/GaAs,
sample No. 1! and tensile strain~GaMnAs/GaInAs, sample
No. 2!. The hysteresis loops for GaMnAs/GaAs~top panel!
clearly shows that the easy axis of magnetization is in
plane of the sample. Qualitatively the behavior seen in
upper panel is typical of GaMnAs/GaAs for all Mn conce
trations used in this study~see Table I!. In contrast, in the
case of the GaMnAs/GaInAs sample, which is under ten
strain, the easy axis is normal to layer plane, as evidence
the sharp hysteresis loop observed whenH is applied parallel
to the @001# direction ~bottom panel!.

The second feature of Fig. 2 relevant to this paper
volves the hysteresis loops observed whenH is applied along
the hard axes (H normal to the plane for GaMnAs/GaAs an
H in the plane of the film for GaMnAs/GaInAs system, r
spectively!. The feature of interest is that saturation magn
tizations coincide for fields of about 0.3 T or less, indicati
that fields of that magnitude are sufficient to orient all sp
along the hard axis. Since~as will be seen below! FMR with

FIG. 2. MagnetizationM as function of magnetic fieldH for a
Ga0.97Mn0.03As thin film, measured atT55 K by SQUID for
sample No. 1~top panel! and sample No. 2~bottom!. The magnetic
field is applied either in the@110# or in the@001# direction. GaMnAs
sample No. 1, grown directly on a~001! GaAs substrate, is unde
compressive strain in the layer plane; sample No. 2, grown on
Ga0.85In0.15As buffer, is under tensile strain. Note that the easy a
is different for the two samples.
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H along the hard axis is observed at fields far in excess of
T, the results shown in Fig. 2 allow us to assume that
magnetizationM and H are collinear (uH5u; wH5w) for
fields applied along that axis, greatly simplifying the analy
of the FMR data.

III. BRIEF THEORETICAL OVERVIEW

In order to interpret the FMR results obtained on t
GaMnAs films, we first briefly review the theoretical formu
lation of FMR, and present expression for the resonance c
ditions for principal field orientations~e.g., for the dc fieldH
applied normal to the sample plane, or in the sample pl
along high-symmetry crystalline directions!. In this article
we use the well-known Landau-Lifshitz-Gilbert equation13,16

for the precession of the magnetization to describe the
namics of FMR in a GaMnAs film. In order to determine th
magnetic parameters from the data, we start with the exp
sion for the free-energy densityF in an applied dc magnetic
field H for a zinc blende crystal film~such as GaMnAs!
under tetragonal distortion13

F52MH@cosu cosuH1sinu sinuHcos~w2wH!#

22pM2sin2u2K2'cos2u2
1

2
K4'cos4u

2
1

2
K4i

1

4
~31cos 4w!sin4u2K2isin2u sin2S w2

p

4 D .

~1!

Here the first term describes the Zeeman energy; the
ond term is the demagnetizing energy~shape anisotropy!;
K2' and K4' are constants representing the perpendicu
uniaxial and cubic anisotropy, respectively; the planar anis
ropy is given by a uniaxial termK2uu and a cubic termK4i ;
and the angles are defined in Fig. 1. The in-plane anisotr
term K2i reflects the fact that in a zinc blende structure t
@110# and@11̄0# directions are not equivalent.17 Without this
term Eq.~1! is the free energy density for an ultrathin film o
a purely tetragonal symmetry.13

The resonance condition for any given field orientati
can be obtained from Eq.~1! in the standard way by mini-
mizing the free energyF with respect tou andw.13,18We do
this for two geometries described below. Using the coor
nates defined in Fig. 1, forwH545° @H andM in the (11̄0)
plane, henceforth referred to as geometry A#, one finds

S v

g D 2

5FHRcos~uH2u!1S 24pM1
2K2'

M
1

K4'

M

2
K4i

2M D cos 2u1S K4'

M
1

K4i

2M D cos 4uG
3FHRcos~uH2u!1S 24pM1

2K2'

M
1

K4i

M D cos2u

1S 2K4'

M
1

K4i

M D cos4u2
2K4i

M
2

2K2i

M G ~2a!

n
s
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and for u5uH590° (M and H parallel to the film plane,
geometry B! one obtains

S v

g D 2

5FHRcos~w2wH!1
2K4i

M
cos 4w

2
2K2i

M
cosS 2w2

p

2 D GFHRcos~w2wH!14pM

2
2K2'

M
1

K4i

2M
~31cos 4w!1

2K2i

M
sin2S w2

p

4 D G .
~2b!

Here v is the angular frequency of the microwave fie
andg5gmB\21 is the gyromagnetic ratio (g being the spec-
troscopic splitting factor, and\ the Planck constant!. For
free electrons g52.0023, yielding g51.7588
3107 Hz Oe21. The quantity 4pM in Eq. ~2! gives the de-
magnetizing field, whereM5M (T, H) is the field- and
temperature-dependent magnetization, which can be m
sured independently, e.g., by SQUID.

The magnetic parameters 2K2i /M , 2K4uu /M , 2K4' /M ,
4pM22K2' /M[4pMeff and g ~or the g factor! can in
principle be determined by fitting Eq.~2! to the experimenta
data forHR at differentuH andwH . Here we give the reso
nance conditions for specific high-symmetry configuratio
obtained from the general solution of the FMR equatio
given in the Eq.~2!. It is important to note that, to obtai
these high-symmetry results, we have assumed that the m
netizationM is aligned with the applied fieldH. While this
approximation is quite safe forH applied along the easy axe
of the GaMnAs films, Fig. 2 shows that—as argued abov
the fields at which FMR is observed are also sufficiently h
to turn M parallel toH when the latter is applied parallel t
the hard axis. Moreover, withuK2'u@uK4'u and uK4iu
@uK2iu, this assumption is expected to hold for most of o
data. Thus we obtain forM and H parallel to @001#, i.e.,
perpendicular to the film plane (u5uH50°)

S v

g D 2

5S HR'24pM1
2K2'

M
1

2K4'

M D S HR'24pM

1
2K2'

M
1

2K4'

M
2

2K2i

M D , ~3a!

for M and H in the film plane, parallel to@100# (u5uH
590°, w5wH50°)

S v

g D 2

5S HRi1
2K4i

M D S HRi14pM2
2K2'

M
1

2K4i

M
1

K2uu

M D ,

~3b!

for M and H in the film plane, parallel to@110# (u5uH
590°, w5wH545°)

S v

g D 2

5S HRi2
2K4i

M
2

2K2i

M D S HRi14pM2
2K2'

M
1

K4uu

M D ,

~3c!
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and for M and H in the film plane, parallel to@11̄0# (u
5uH590°, w5wH5245°)

S v

g D 2

5S HRi2
2K4i

M
1

2K2i

M D S HRi14pM2
2K2'

M
1

K4uu

M

1
2K2i

M D . ~3d!

It is instructive to identify the origin of the various aniso
ropy terms appearing in Eqs.~3a!–~3d!. The terms involving
K2' arise from uniaxial anisotropy of the GaMnAs syste
produced by the tetragonal distortion of the lattice along
@001# direction. The sign of this contribution will thus b
opposite for GaMnAs layers under compressive and un
tensile strain in the layer plane, leading—as will be seen—
a drastic difference between the FMR positions observe
GaMnAs grown on GaAs and on GaInAs buffers. The
plane anisotropy termK4i is the fourth-order anisotropy o
the cubic system, essentially distinguishing between
^100& and ^110& directions andK2i is a very small term
arising from the fact that@110# and @11̄0# are not exactly
equivalent due to the specific bond configuration in the z
blende structure, so that the~001! plane has also a small bu
finite uniaxial anisotropy.19 For completeness we note that
a purely cubic system the termsK4' and K4i ~sometimes
denoted asK1 in the literature! would be identical, but they
can in principle differ in a tetragonally-distorted crystal, su
as GaMnAs grown on a mismatched substrate. We will s
however, that in the context of the present FMR experime
we will not be able to extract information on the fourth-ord
cubic out-of-plane anisotropy termK4' , since contributions
arising from this term always occur side-by-side with~and
are therefore masked by! the much larger contributions o
K2' @see Eq.~1!#. Since the various terms involving 2Ki /M
in Eq. ~3! represent effective fields arising from the vario
magnetic anisotropy components, in what follows we w
refer to 2Ki /M as anisotropy fieldsHi . Note finally that the
terms 4pM22K2' /M always occur together. For that rea
son it is customary in calculations to lump 4pM
22K2' /M into a single term 4pMeff .

IV. EXPERIMENT RESULTS AND DISCUSSION

Figure 3 shows FMR spectra for a representat
GaMnAs/GaAs film~sample No. 4! in two configurations:
with H in the plane of the sample (uH590°, wH545°,
Hi@110#) and with H normal to the film (uH50°,
Hi@001#). In the latter configuration FMR corresponds
the sharp resonance line at 0.81 T. Note that pronoun
shifts of the FMR line are observed to fields above and
low the g52.00 (H5v/g) resonance position for the mag
netic field orientations perpendicular and parallel to the pla
of the layer, respectively. Taken by itself, this behavior cou
qualitatively be attributed to the effect of demagnetizati
field 4pM alone, as can be seen from the analysis of Eq.~3!
when the contributions from magnetic anisotropy ter
Ki /M are neglected. However, this conclusion is imme
ately eliminated by the data in Fig. 4, where FMR spectra
4-4
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GaMnAs/GaInAs film~sample No. 2! are also presented fo
two configurationsHi@110# and Hi@001#. Specifically, the
data show that for tensile strain the FMR shiftsbelow the
H5v/g position for the magnetic field orientation perpe
dicular to the plane of the layer, and occurs aboveH5v/g
for fields applied in the sample plane, contrary to the pred
tions of Eqs.~3a!,~3c! when the anisotropy terms are n
glected. The FMR spectra in Figs. 3 and 4 thus establis
the outset that the position of FMR is primarily determin
by crystal geometry, i.e., that magnetic anisotropy fields p
a dominant role in determining the field at which the res
nance occurs. From the data in Figs. 3 and 4 one can im

FIG. 3. FMR spectra for parallel (Hi@110#) and perpendicular
(Hi@001#) configurations observed for Ga0.92Mn0.08As/GaAs
~sample No. 4! at 9.46 GHz and 4.0 K. The resonance position
g52.00 is indicated by the vertical dashed line. ForHi@001#, FMR
corresponds to the sharp line at 0.81 T. The series of lines be
FMR are spin wave standing wave resonances. The weak reson
at theg52.0 position is ascribed to isolated paramagnetic Mn11

ions that may have diffused out of the FM layer.

FIG. 4. FMR spectra for parallel (Hi@110#) and perpendicular
(Hi@001#) configurations observed for Ga0.97Mn0.03As/
Ga0.85In0.15As ~sample No. 2! at 9.46 GHz and 4.0 K. The resonanc
position forg52.00 is indicated by the vertical dashed line.
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diately infer that the FMR fieldHR.v/g whenH is parallel
to the hard axis.

We note parenthetically that in Fig. 3 the FMR line at 0.
T is accompanied by a series of spin wave resonance
lower fields. A quantitative discussion of these excitations
beyond the intended scope of the present paper, and wi
undertaken in detail at a later time. It is important to po
out, however, that—since such resonances represent a F
Perot-like standing wave interference of the magnetizat
due to spin wave reflections at the sample interfaces—
very presence of spin wave resonances indicates that
magnetic order is coherent~i.e., long range! across the entire
sample. Finally, we note in Fig. 3 the presence of a weak
at the g52.0 resonance field. This resonance is proba
caused by isolated paramagnetic Mn11 ions that may have
diffused outside of the FM layer, and is of no interest in t
context of this paper.

A. GaMnAs films with compressive strain

Figure 5~a! shows the temperature dependence of
resonance position in four configurations (Hi@110#,
Hi@11̄0#, Hi@100#, and Hi@001#) for the GaMnAs/GaAs
film ~sample No. 1! corresponding to the top panel of Fig.
FMR fields observed for other GaMnAs/GaAs samples lis
in Table I show very similar behaviors. As one can see fr
the figure, the FMR position is strongly shifted to field
above theg52.0 Mn11 resonance position (H5v/g) when
the magnetic field is applied perpendicular to the plane of
GaMnAs film, and below theH5v/g position whenH is in
the plane of the film. These shifts gradually decrease as

r

w
nce

FIG. 5. ~a! Temperature dependence of FMR fields observed
four high-symmetry field orientations for Ga0.97Mn0.03As/GaAs
~sample No. 1!. ~b! Magnetic anisotropy fields 2K2' /M , 2K2i /M ,
and 2K4i /M as a function of temperature for the same sample. T
solid lines are the guides for the eye.
4-5
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temperature increases, the FMR field converging towardH
5v/g as the Curie temperature is approached.

Using the FMR positions for the four orientations show
in Fig. 5~a! at any one temperature, we can use Eqs.~3a!–
~3d! to obtain the value of 4pMeff , 2K4i /M , and 2K2i /M .
The bottom panel of Fig. 5 shows the temperature dep
dence of anisotropy fields 2K2' /M54pM24pMeff ,
2K2i /M , and 2K4i /M for the GaMnAs/GaAs sample corre
sponding to Fig. 5~a!. The values ofM (T) used to obtain
2K2' /M from the calculated value of 4pMeff are measured
by SQUID. One can see that the magnitudes of all anisotr
fields monotonically decrease when the temperature
creases, and approach zero close to the Curie tempera
Note that the GaMnAs/GaAs sample has a nega
2K2' /M , which corresponds to the easy axis ofM lying in
the plane of the film. This behavior is true of all GaMnA
GaAs samples listed in Table I.

We have also mapped out the resonance condition for
same GaMnAs/GaAs sample as a function of magnetic fi
orientation relative to the crystal axes at a fixed temperat
Two geometries were used, as described in Sec. II: geom
A, where we varyuH in the (11̄0) plane, keepingwH fixed
at 45° ~see Fig. 1! and geometry B, where we varywH in the
~001! plane while keepinguH fixed at 90°. The observed
FMR field positions obtained for the two geometries a
shown as points in the upper and lower panels of Fig
respectively. Note that the lowest resonance field is obse

FIG. 6. Angular dependence of FMR fields fo
Ga0.97Mn0.03As/GaAs ~sample No. 1! for ~a! magnetic fieldH in

the (11̄0) plane~geometry A!; and ~b! for H in the ~001! plane
~geometry B!. The solid curves in figure represent the positions
HR calculated theoretically using the full Eqs.~2a! and~2b! for the
two geometries, respectively.
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whenH lies in the film plane and parallel to the@100# direc-
tion (uH590°, wH50°), as wasalready seen in Fig. 5~a!.

The bottom panel of Fig. 6, which shows the angular d
pendence ofHR for H in the ~001! plane, is particularly
interesting for two reasons. First, it reveals that magne
anisotropy~which we attribute to the cubic anisotropy ter
H4i) is quite strong. The origin of this behavior can be a
cribed to the anisotropy between the@100# and @110# orien-
tations in the~001! plane, as can be readily seen from t
fact that the sign ofH4i in the first parenthesis of Eqs.~3b! is
opposite from that in Eqs.~3c! and~3d!. Second, it is evident
from Fig. 6~b! that the symmetry of the FMR position is no
exactly fourfold in the~001! plane~as would be expected fo
a purely tetragonal distortion along the@001# axis!, but that a
small difference exists betweenHR for H applied along the

@110# and@11̄0# directions, respectively. This initially unex
pected behavior is precisely the consequence of the termK2i
in Eqs. ~3c! and ~3d!, which arises from the cation-anio
bond topology specific to the~001! zinc blende plane. Simi-
lar effects have been seen ina-Fe ~bcc! films grown on
GaAs, and for a detailed discussion the reader is referre
Ref. 19.

The solid curves in Fig. 6 represent the positions ofHR
calculated theoretically using the full Eq.~2!. In the calcula-
tion we usedg52.0 for the Mn11 ions and the values o
4pMeff , 2K2i /M and 2K4i /M already obtained from the
analysis of the high-symmetry orientations via. Eq.~3! ~see
Fig. 5 and the accompanying discussion!. The calculation
was carried out by minimizing the free energy with respec
anglesw andu for any combination ofwH anduH . Since the
resonance positions for the different angles represent a s
simultaneous equations, the ability to satisfy the obser
data with the same anisotropy parameters is a clear ind
tion that FMR in GaMnAs indeed obeys the model for t
tragonal symmetry given by Eq.~1!. Specifically, it confirms
the values the anisotropy fields obtained using Eq.~3!, along
with the assumption thatH andM are collinear in the high-
symmetry directions. The calculations also reveal, howe
that the assumption of collinearity is no longer true for ar
trary directions~it is easy to show that ifH and M were
collinear for all angles, the angular variation ofHR would be
sinusoidal in Fig. 6!. Briefly, the departure from sinusoida
dependence onuH and wH seen in Fig. 6~a! can be under-
stood as follows: onceH is tilted away from the@001# direc-
tion, the orientation ofM tends to tilt faster thanH toward
the sample plane, seeking the easy axis of magnetiza
Using this argument, we can infer from the shape of
angular dependence in Fig. 6~b! that the easy axis is not onl
confined to the layer plane, but is oriented along the@100#
direction, consistent with the conjecture stated earlier that
FMR field HR has its lowest value whenH points along the
easy axis.

As noted earlier, the FM properties of GaMnAs can
altered~improved! by appropriate annealing.7 In Fig. 7 we
compare the FMR fields for sample No.
(Ga0.92Mn0.08As/GaAs, very similar to sample No. 4! ob-
served before and after annealing. Note the increase of
resonance shifts observed after heat treatment. The ana

f
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FERROMAGNETIC RESONANCE IN Ga12xMnxAs: . . . PHYSICAL REVIEW B67, 205204 ~2003!
of the data indicates that the observed increase is ca
primarily by a dramatic increase in the magnitude ofK2' , as
seen in the bottom panel of Fig. 7.

We point out parenthetically that the peak-to-peak FM
linewidth DHpp observed in our experiments shows a d
tinct dependence on the orientation of the magnetic field w
respect to the crystal axes of the specimen, similar to
angular dependence of the FMR resonance position. Un
tunately the lack of theoretical understanding of FMR bro
ening mechanisms, such as intrinsic damping and magn
inhomogeneity within the ferromagnetic film, prevents
from carrying out a meaningful discussion ofDHpp observed
in this set of experiments. Without attempting to analy
DHpp , we nevertheless wish to point to the dramatic n
rowing of the FMR linewidth observed after GaMnAs h
been annealed, as shown in Fig. 8. Since it has already
established that annealing reduces the number of de
~such as Mn interstitials!,20 and since it is reasonable to e
pect that the annealing process also serves to ‘‘smooth
local inhomogeneities, we are tempted to suggest that
spectacular narrowing of FMR in annealed specimens i
some way related to the overall improvement of mater
quality by such post-growth heat treatment.

B. GaMnAs film under tensile strain in the layer plane

We also carried out FMR measurements as function
temperature and angular orientation on a GaMnAs film un

FIG. 7. Top panel: Comparison of temperature dependence
FMR fields observed at two high-symmetry field orientations in

(11̄0) plane for Ga0.92Mn0.08As/GaAs ~sample No. 3! before and
after annealing~solid and open symbols, respectively!. Bottom
panel: Comparison of the anisotropy field 2K2' /M before and after
annealing for the same sample. The solid lines are the guides fo
eye.
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tensile strain. As noted earlier, tensile strain was achieved
growing GaMnAs on a relaxed GaInAs buffer, with suffi
cient In concentration to make the lattice parameter of
buffer larger than that of the FM film. The hysteresis data
the Ga0.97Mn0.03As/Ga0.85In0.15As ~sample No. 2 in Table I!
are given in the lower panel of Fig. 2, and the FMR spec
are shown in Fig. 4. This situation is interesting because
Fig. 2 clearly indicates, the tensile strain in the layer plane
the sample causes the easy axis of magnetization to lie
pendicular to the film~i.e., along the@001# direction!, con-
trary to the behavior characterizing most ultrathin FM film
where an in-plane easy axis ofM is generally expected ow
ing to the shape anisotropy~demagnetizing! energy. In the
context of FMR, the reversal of the sign of the strain leads
a largepositive2K2' /M , which counteracts the demagne
zation field in Eq.~1!, thus shifting the FMR position down
ward. As already shown in Fig. 4, for the specific value
tensile strain achieved in the present Ga0.97Mn0.03As/
Ga0.85In0.15As sample the value of 2K2' /M is sufficiently
large to shift the FMR fieldbelow the g52.0 position—a
feature that alerted us to the dominant role of magnetic
isotropy in determining FMR fields in epitaxially grow
GaMnAs.

The top panel of Fig. 9 shows the temperature depende
of the FMR positions observed for th
Ga0.97Mn0.03As/Ga0.85In0.15As sample~sample No. 2! in four
configurationsHi@001# and Hi@110# observed in geometry
A and Hi@11̄0# andHi@100# in geometry B. In contrast to
the GaMnAs/GaAs samples, the FMR is now observed
fields above the H5v/g (g52.0 resonance! position for
magnetic fieldH parallel to the plane of the film, and below
H5v/g for the perpendicular geometry. As in the case
the GaMnAs/GaAs FMR data, these shifts decrease rap
as the Curie temperature is approached, converging on
g52.0 resonance position at higher temperatures. The
collected in Fig. 9~a! corroborate the conjecture made earl
that HR tends to be shifted above theg52.0 position when
field H is parallel to the hard axis.

of
e

he

FIG. 8. Comparison of FMR linewidth for Ga0.92Mn0.08As/GaAs
~sample No. 3! before and after annealing, observed as a function
temperature in theHi@110# orientation. Curie temperaturesTC for
the as-grown and annealed cases are also indicated in the fi
The solid and dashed lines are guides for the eye.
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We calculate the temperature dependence of the an
ropy fields 2K2' /M , 2K4i /M , and 2K2i /M for the
GaMnAs/InMnAs sample using Eqs.~3a!–~3d! and the val-
ues of M measured by SQUID, as had been done
GaMnAs/GaAs. The results are plotted in Fig. 9~b!. Similar
to GaMnAs/GaAs, the magnitudes of all anisotropy fie
decrease as the temperature increases, approaching
close to the Curie temperature.

In Fig. 10 we show the full angular dependences of
resonance fieldHR for the GaMnAs/GaInAs film measure
in geometry A~top panel! and geometry B~bottom! at a fixed
temperature. The solid lines are theoretical curves calcul
using the anisotropy fields shown in Fig. 9 by assumingg
52.0 in the general equations given in Eq.~2!. As in the case
of GaMnAs/GaAs, the agreement with experiment is exc
lent, supporting the accuracy of the model and of the val
of the anisotropy fields shown in Fig. 9.

Note in the top panel of Fig. 10 that, when the fieldH is
tilted away from the hard~@110#! axis, the direction ofM
immediately begins to seek the easy orientation, as
denced by the nonsinusoidal shape of the angular de
dence. This effect has already been noted in Fig. 6
GaMnAs/GaAs, but is much stronger in the present cas
GaMnAs/GaInAs. The bottom panels of Fig. 10 shows t
in the GaMnAs/GaInAs combination there is also a mu
stronger fourfold in-pane anisotropy fieldsH4i , and again a
very small but unmistakable planar twofold uniaxial anis
ropy, that we ascribe to the presence of theH2i field. It is
also interesting to note that—as can be inferred from
nonsinusoidal nature of the angular dependence ofHR in Fig.
10~b!—whenM is in the sample plane, it tends to seek t

FIG. 9. ~a! Temperature dependence of FMR fields observed
four high-symmetry field orientations ofH for Ga0.97Mn0.03As/
Ga0.85In0.15As ~sample No. 2!. ~b! Magnetic anisotropy fields
2K2' /M , 2K2i /M , and 2K4i /M as a function of temperature fo
the same sample. The solid lines are guides for the eye.
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@100# direction even when that is not the real easy axis of
tetragonally strained material as a whole.

Finally, it is instructive to compare the magnitudes of t
anisotropy fields for GaMnAs/GaAs in Fig. 6~sample No. 1!
and GaMnAs/GaInAs in Fig. 10~sample No. 2!. We know
from the XRD data that sample No. 1 has a compress
strain«05(as2a0)/a0520.00135, and sample No. 2 has
larger tensile strain of«050.00701. Since the quantityH2'is
not only opposite in sign, but is also larger in sample No
than in sample No. 1, this illustrates very nicely that anis
ropy fields~and especiallyH2') track the magnitude of the
strain in the layers, suggesting that FMR on GaMnAs gro
epitaxially on buffers with different lattice constants provid
an excellent opportunity for quantitatively controlling the e
fects of magnetic anisotropy in this material.

V. SUMMARY AND CONCLUSIONS

The measurements of FMR presented in this paper s
unambiguously that magnetic anisotropy fields play a de
sive role in determining the resonance spectrum of epita
ally grown GaMnAs. Since the crystal structure of epitax
GaMnAs is slightly tetragonal due to the distortion of i
relaxed cubic structure by lattice mismatch with the su
strate, it is expected that the magnetic anisotropy of this m
terial will be dominated by uniaxial anisotropy. In sampl
examined in this paper we have observed uniaxial anisotr
fields 2K2' /M as large as 4000 G—and larger values c

r

FIG. 10. Angular dependence of FMR fields for th
Ga0.97Mn0.03As/Ga0.85In0.15As ~sample No. 2!, for ~a! H in the

(11̄0) plane~geometry A! and~b! for H in the ~001! plane~geom-
etry B!. The solid curves in figure represent the positions ofHR

calculated theoretically using the full Eqs.~2a! and~2b! for the two
geometries, respectively.
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FERROMAGNETIC RESONANCE IN Ga12xMnxAs: . . . PHYSICAL REVIEW B67, 205204 ~2003!
probably be induced by greater lattice mismatches than th
used in growing the present samples. The sign of th
K2' /M term is determined by whether the strain in the lay
plane is tensile or compressive, as clearly revealed by
positions of FMR observed for GaMnAs/GaAs an
GaMnAs/GaInAs, respectively.

The cubic ~fourth-order! anisotropy fields are also ver
large in GaMnAs~of the order of 2000 G!, as evidenced by
the angular variation of FMR observed when the orientat
of H is varied in the basal~001! plane. Finally, these experi
ments also reveal that there is a small but finite in-pla
uniaxial anisotropy fieldK2i , signaling a slight uniaxial dis-
tortion of GaMnAs in the basal plane itself, that we ascr
to the physical difference between the@110# and @11̄0# di-
rections of the zinc blende structure on which GaMnAs
grown. The agreement between the experimentally obse
angular dependence of the FMR field and the calculated
ues ofHR obtained using the same values of the anisotro
fields for all field orientations serves as strong evidence
the model used for epitaxial GaMnAs~tetragonal symmetry
induced by lattice mismatch, with a small uniaxial distorti
of the basal plane along the@110# direction! is accurate.

Our work has revealed that the process of lo
temperature annealing, which is known to produce an
crease in the Curie temperature, also results in a very sig
cant modification of FMR. Although the data presented is
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