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Ferromagnetic resonance was investigated in MBE grown InGaMnAs epilayers. Strong azimuthal(in-plane)
and polar(out-of-plane) anisotropy was observed, and described reasonably with Magnetic-Anisotropy-Energy
(MAE) model taking into account both magnetocrystalline and demagnetization contributions. The different
symmetries of mixedscubic+uniaxiald anisotropy revealed by nominally the same epilayers were successfully
interpreted in terms of MAE model parameters. This difference was attributed to the possible different ordering
in distribution of magnetic ions, originating from subtle changes of the growth process.
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I. INTRODUCTION

Ferromagnetic resonance(FMR) is known to be a power-
ful mean to study details of magnetic properties of ferromag-
nets, in particular the magnetic anisotropy.1 Although FMR
was mostly used for metallic systems, it was also applied for
semiconductors. In the past few years there were several at-
tempts to measure FMR for magnetic semiconductors based
on III-V compoundssGaMnAs, InMnAsd. These materials
attract nowadays considerable attention as they exhibit ferro-
magnetism withTC far above 100 K retaining good semicon-
ducting properties, which makes them potentially important
for spintronics.2,3 For a long time electron spin resonance
(ESR) investigations were limited to very dilute Ga1−xMnxAs
and In1−xMnxAs sxø0.01d, as only in such a case clear and
understandable results were obtained.4,5 Such dilute systems
are paramagnetic in a standard temperature range(above
2 K). On the other hand ESR experiments performed for
ferromagnetic Ga1−xMnxAs or In1−xMnxAs (typically
x.0.03) were giving complicated and sample-dependent re-
sults. Only very recently GaMnAs growth technology was
refined enough to result in high quality ferromagnetic
samples, for which FMR could be studied. Clear results were
obtained6 and consistently interpreted using Magnetic-
Anisotropy-Energy(MAE) model of FMR,1 originally ap-
plied for metallic systems. One of the most interesting results
was pronounced specific magnetic anisotropy of GaMnAs
films, which was attributed to the lattice mismatch induced
tetragonal distortion present in GaMnAs epilayers grown on
GaAs or InGaAs substrates.6

In order to verify the hypothesis on the dominating role of
the lattice mismatch induced strain for the features of mag-
netic anisotropy and widen the available data, we performed
similar measurements of FMR to that reported in Ref. 6, but
for a different ferromagnetic semiconductor, namely
sIn0.53Ga0.47d1−xMnxAs deposited(with In0.53Ga0.47As buffer
layer) on the InPs001d substrate. The specific composition of
the magnetic alloy and the buffer, i.e., the In/Ga ratio, was
chosen with the purpose of matching lattice constants of ep-
ilayers and the substrate. Our results suggest that the aniso-
tropy observed in InGaMnAs depends significantly also on

details of ferromagnetic layer growth conditions, and so on
the features of structural disorder in the ultra-highly doped
semiconductor.

The paper is organized as follows. We start with the pre-
sentation of experimental details, which is followed by FMR
results. Then we recall the idea of MAE model, in our work
applied to the general case of any direction of the magnetic
field and the magnetization. Theoretical considerations in-
clude Zener’s analysis of the temperature-dependent behav-
ior of FMR.7 Next we present the discussion, where the data
are analyzed with the use of the MAE model. We end up
with the conclusions.

II. EXPERIMENTAL

Ferromagnetic III-V semiconductors are prepared as
strained thin films deposited nearly lattice-matched on single
crystal substrates.8 The two model semiconductors in this
group are Ga1−xMnxAs grown on a GaAss001d substrate and
the one with a larger lattice parameter, In1−xMnxAs, grown
on a thick relaxed buffer made of AlGaSb alloy grown on a
GaAss001d substrate. In this paper, we studied an alloy of
both GaMnAs and InMnAs, namelysIn0.53Ga0.47d1−xMnxAs,
with In/Ga composition satisfying the condition of the lattice
match to InPs001d. The properties of the prototype nonmag-
netic semiconductor, In0.53Ga0.47As/ InPs001d, were investi-
gated with x-ray and transport techniques, and revealed a
high crystalline quality of epilayers grown by molecular
beam epitaxy(MBE) at the substrate temperaturesTs down
to 125°C.9 The excess arsenic content with respect to the
equilibrium content of high temperature grown
In0.53Ga0.47As, decreases rapidly with risingTs, and around
200°C(which is the range of our interest) is less than 0.5%.
An addition of Mn to In0.53Ga0.47As even in a large excess
over an equilibrium Mn solubility(which is in the range
1017 cm−3), preserves the regular crystal structure(zinc
blende) of InGaMnAs, providing the substrate temperature
during the growth was low enough. The growth procedure
and the properties of these materials are presented in
Refs. 10 and 11. The regular lattice structure of
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sIn0.53Ga0.47d1−xMnxAs layers was inspected during MBE
growth using reflection high-energy electron diffraction
(RHEED). Resulting thin films of a ferromagnetic semicon-
ductor are strained(tetragonally distorted). In the case of
Ga1−xMnxAs, studied in detail by x-ray diffraction(for a re-
view see Ref. 8), Mn increases the lattice parameter causing
that the magnetic layer is under compressive strain in the
sample plane. In In1−xMnxAs, the addition of Mn yields a
tensile strain, which is thought to be the reason of the mag-
netization easy-axis to be perpendicular to the sample plane,
contrary to the in-plane easy-axis in Ga1−xMnxAs.

For the measurement presented here, we used two
samples from a set grown with constant Mn composition
and prepared by MBE at nominally the same conditions. We
had chosen these two, since their magnetic properties(e.g.,
anisotropy) were different, in spite of similar growth
parameters like the In/Ga ratio, growth-rate and tem-
perature during the growth, thickness of ferromagnetic layer,
composition and structure of the buffer layer. This
choice of samples demonstrates that essential ferromagnetic
properties insIn0.53Ga0.47d1−xMnxAs thin films are sensitive
to very subtle changes of growth parameters. Samples
consisted of 100 nm In0.53Ga0.47As buffer layer deposited
on semi-insulating InPs001d substrates, and followed
by a 50 nm layer of ferromagnetic semiconductor
sIn0.53Ga0.47d1−xMnxAs. Manganese composition was fixed at
x=0.13 in all samples in this series, and the calibration of
Mn was based on measurements of the deposition rate of
MnAs layer in a separate MBE process. The buffer layer was
grown at a high substrate temperaturesTs=460°Cd. After the
growth of the buffer, the substrate temperature was lowered
to Ts=205°C to enable high Mn contents in an
sIn0.53Ga0.47d1−xMnxAs thin film. The substrate temperature
was precisely controlled with an infrared thermometer to
within a 6°C range during the growth of the ferromagnetic
layer in all samples. The arsenic to metals molar ratio was
kept relatively low to prevent the excessive incorporation of
As since, in our experience, excess As is undesirable for
ferromagnetic properties(or rather does not influence ferro-
magnetism more significantly than the substrate temperature
does, contrary to early published results). The two samples
studied(denoted here as K322 and K342f2) had the same
growth conditions to within a 6°C range of the substrate
temperature and within the accuracy of Mn calibration
achievable in a standard solid-source MBE machine, which
we may assume to be better than about 5 per cent of the
actual value. The choice of several parameters during the
growth is mutually dependent(e.g., the Mn composition,
growth rate, substrate temperature), therefore experimental
errors in technological parameters cause the differences in
magnetic properties of samples reported below, as well as in
structural properties of metastable InGaMnAs. Although
both ferromagnetic layers were deposited lattice-matched,
some compressive strain was still present. This strain origi-
nated in an expansion of InGaMnAs lattice with the addition
of Mn, like in the similar case of GaMnAs/GaAs. While the
lattice parameter of InGaMnAs versus Mn composition is
not calibrated precisely so far, it is hard to estimate the mag-
nitude of this strain. Samples have not been annealed ther-
mally after the MBE growth.

The samples were characterized by magnetization mea-
surements(Fig. 1). Ferromagnetic behavior was observed for
both samples with Curie temperatureTC=70 K for K322 and
TC=110 K for K342f2, being among the highest values ofTC
in InGaMnAs deposited on InP substrates reported so far in
the literature.10,11In K342f2 most(about 70%) of Mn chemi-
cally present in the layer takes part in the ferromagnetic or-
der, while in the other sample, K322, only,30% of manga-
nese contribute to measured ferromagnetism, as deduced
from SQIUD magnetometer data at moderate fieldB=3 T,
assuming the magnetic moment of Mn impurity of5

2mB.12

We note that both samples were nominally the same, thus
one can expect the same magnetic behavior. This is however
not the case. The sample K342f2 exhibited a rectangular hys-
teresis loop, while K322 showed a rounded very narrow loop
with the coercive field of a few Gauss.

In order to study ferromagnetic resonance we used a stan-
dard ESR spectrometer working at X-band microwave fre-
quencys,9 GHzd, equipped with a continuous-flow helium
cryostat. Low-temperature measurements were carried out at
about 6 K, however several temperature-dependent investi-
gations were performed as well. The samples were mounted
in two positions(Fig. 2): (A) horizontal (with the external
magnetic fieldH lying in the plane), convenient for investi-
gations of the azimuthal behavior of FMR, and(B) vertical,
which allowed a change of the polar angle ofH between
perpendicularsuH=0°d and parallelsuH=90°d orientations
with respect to the plane of the sample. Both types of mount-
ing were also used for temperature-dependent measure-
ments, limited however to main crystallographic axes

sf100g ,f110g ,f1̄10g ,f001gd.

III. RESULTS

The measured FMR spectra are shown in Figs. 3 and 4.
The narrow line just below 2000 G originates from the
Al203:Cr marker, whose well-known paramagnetic reso-

FIG. 1. Temperature-dependent magnetization data of investi-
gated samples with corresponding hysteresis loops(insets).
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nance with the effectiveg-factor equal 3.3428 was relevant
in a precise determination of the microwave frequency.
Three weak lines(partially resolved quintet) in the range
2800−4000 G of Fig. 3 are the fingerprint of iron from the
InP:Fe substrate.13 They are almost invisible in Fig. 4 due to
much higher intensity of the FMR signal of the K324f2
sample as compared with K322. In both cases, the angular
behavior of the Fe quintet confirms the macroscopic orienta-
tion of crystallographic axes as deduced from cleaving edges
of the samples.14

The uniform mode of FMR is represented in Figs. 3 and 4
by a distinct, relatively broad linesDHpp=200−1000 Gd

with the resonance magnetic fieldHres varying in the range
of about 1800−4000 G for K322 and 2100−4300 G for
K342f2. Left (a) panels indicate two alternative symmetries
of the azimuthal behavior. For K322 the interplay between
cubic and uniaxial anisotropy is observed, resulting in iden-
tical minima of HressfHd for the external fieldH around

f100g, f010g and f1̄00g directions, and in two different

maxima forf110g andf1̄10g having resonance fields of about
2500 G and 4000 G, respectively. On the other hand, in the
plane of the K342f2 sample one finds strong uniaxial aniso-
tropy with the admixture of a cubic component occurring
only in different widths of extrema ofHressfHd: the mini-

mum for f110g and the maximum forf1̄10g. The polar re-
sults, revealing the minima ofHressuHd for uH=90°, confirm
that f100g for K322 andf110g for K342f2 are the easy-axes
of magnetization. In spite of the same planar position of
easy-axes appearing in both samples, there is an interesting
difference in the orientation of hard-axes. In Fig. 3(b) one
can see that FMR line reaches its maximum resonance field
for H tilted about 30 degrees out of thef001g direction,
which is the hard-axis for a K342f2 sample. This unusual
feature can be explained in a qualitative way as the interplay
between cubic and uniaxial magnetocrystalline anisotropies.
A more thorough discussion of all these results will be given
in Sec. V on the basis of the MAE model introduced below

Note the additional lines at the low-field side of the uni-
form mode in Fig. 4, which cannot be ascribed to the spin-
wave resonance(SWR) in the case of the 50 nm thick
sample(in as-grown GaMnAs, for example, the spin-wave
lines disappear for thicknesses less than,100 nm).15,16

Similar features were observed for metallic layers and het-
erostuctures. For Fe/GaAs and Fe/ZnSe films17,18 two-line
resonance spectra were observed using conventional and
photothermally modulated FMR. In the case of angle-
dependent FMR investigations of Fe/ZnSe, supported by
SQUID data, the additional mode was attributed to a nonuni-
form excitation of the magnetization resulting from vertical
(along direction perpendicular to the film plane) inhomoge-
neity of the sample.17 Recently spin-wave resonance experi-
ments performed for epitaxial GaMnAs revealed linear de-

FIG. 2. The geometry of experiment. Arrows indicate the orien-
tation of the external magnetic field vector: in position A the azi-
muthal anglefH was varied, B—the polar angleuH. Note, that
polar investigations of both samples were performed in different
crystallographic planes.

FIG. 3. As-measured FMR spectra of the K322 sample: a typical
spectrum(top), in-plane (bottom, a) and out-of-plane(bottom, b)
anisotropy.

FIG. 4. As-measured FMR spectra of the K342f2 sample: in-
plane(a) and out-of-plane(b) anisotropy.
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pendence of SWR mode positions on the mode index.16,19

This exception from Kittel’s quadratic dispersion20 was in-
terpreted on the basis of the volume-inhomogeneity model
proposed by Portis,21 assuming nonuniform magnetic prop-
erties (magnetization and/or uniaxial anisotropy) along the
growth direction. The origin of the gradient in the magnetic
properties is still unresolved, but the speculative discussion
of explanations can be found in Refs. 16 and 19.

IV. MODEL

Presented experimental data can be interpreted in the
Magnetic-Anisotropy-Energy(MAE) model, already suc-
cessfully used in the explanation of FMR studies of metallic
ferromagnets1 and recently applied to GaMnAs.6 It is worth-
while to note that our approach is more general as it does not
need any arbitrary assumption about the relative orientation
of the magnetizationM and the external magnetic fieldH. In
Ref. 6,M is assumed to be parallel toH for high symmetry

axes:f001g, f110g, f1̄10g andf100g. It will be shown that the
condition M iH is not justified, e.g., forHif100g at a finite
temperature.

For clarity of discussion we recall here the basic formulas
derived by Smit and Beljers22 from the classical equation of
motion of the magnetizationM (Laundau-Lifschitz equa-
tion):

dM

dt
= − gM 3 H , s1d

whereg=gmB/" is the gyromagnetic ratio. Assuming small
harmonic deviations of theM direction from the equilibrium
position and expanding free energyF of the magnetization in
the external magnetic field into a Taylor series up to 2nd
order terms, one gets the general formula

Svres

g
D2

=
1

M2 sin2 ueq
SU ]2F

] uM
2 U

ueq,feq

·U ]2F

] fM
2 U

ueq,feq

− SU ]2F

] uM ] fM
U

ueq,feq

D2D , s2d

wherevres is the resonance frequency. The spherical coordi-
natesueq, feq denote the equilibrium position of the magne-
tization, given by the minimum ofF. Free energy(as a func-
tion of M and H) depends on the shape of the sample, as
well as its crystallographic structure. In general there are
three contributions toF: (a) ZeemanFZeeman=−H ·M , (b)
demagnetizationFdemag, and (c) magnetocrystallineFmc en-
ergy. In the case of epitaxial layers ofs001d orientation the
shape contribution may be approximated by the formula de-
scribing demagnetization energy of the infinite plane:

Fdemag= 2pM2 cos2 uM . s3d

The magnetocrytalline contribution to free energyF for spe-
cific crystal structures can be found in Ref. 1. In this paper
the tetragonal symmetry was assumed to describe vertically
distorted epitaxial samples. This choice was justified by
failed attempts of the application of a MAE model with a

cubic structure to the presented FMR data of InGaMnAs as
well as unpublished results obtained by us for GaMnAs.
Then, the magnetocrystalline energy is parametrized by three
anisotropy fieldsH2', H4i, H4':

Fmc= −
M

2
·SH2' cos2 uM +

1

2
H4' cos4 uM

+
1

8
H4i„3 + coss4fMd… sin4 uMD , s4d

however in order to explain in-plane anisotropy in the case
of epitaxial strained sample the additional fourth term,

M

4
H2i sins2fMdsin2 uM , s5d

needs to be considered.
The calculations were performed as follows:(a) For a

certain set of anisotropy fields and an actual orientation of
the external magnetic fieldH, the equilibrium position ofM
vector(angles:ueq, feq) was determined by numerical mini-
mization of free energy. Then,(b) the resonance magnetic
field was derived from Eq.(2). (c) The steps(a)–(b) were
repeated for differentuH or fH values in the range of inter-
est. (d) The predictions of the MAE model were compared
with the experimental data ofHres and, if necessary, the an-
isotropy parameters were changed and the whole procedure
was repeated. It should be mentioned that a fitting algorithm
was prepared to compensate small deviations of the sample
position from demanded horizontal or vertical orientation.
The equilibrium position of the magnetization[strictly: zeros
of s]F /]uMdsuM ,fM ,HressuM ,fMdd, s]F /]fMd(uM ,fM ,
HressuM ,fMd) corresponding to the minimum of free energy]
was determined with Newton’s method.

A. Anisotropy of FMR

From Eq. (2) one can derive the magnetic field of the
resonanceHres for any orientation ofH. As mentioned in
Sec. II, our samples were investigated in two positions with
respect to the external field, allowing a change of either azi-
muthalfH or polaruH angle ofH. In Fig. 5,HressfHd curves
are plotted for anisotropy fields listed in Table I(a). The bot-
tom curve (#5) shows strong uniaxial anisotropy with an
in-plane easy- and hard-axis of the magnetization lying along

f110g andf1̄10g, respectively. The lines #1–#4 depict a com-
petition of two- and four-fold symmetry, with two different

in-plane hard-axesf110g and f1̄10g, perpendicular to each
other and holding their directions. On the contrary, the posi-
tions of easy-axes strongly depend on MAE model param-
eters. With rising uniaxial fieldH2i and diminishing cubic
parameterH4i, they move fromf100g andf010g to f110g, and
finally merge into a single easy-axis.

Figure 6 presents out-of-plane anisotropy curvesHressuHd
for various H2i, H2', H4i, H4' [Table I(b)]. The curve #3
corresponds to the cubic crystallographic structure, when
fourth-order MAE parameterssH4i ,H4'd are equal and
second-ordersH2i ,H2'd vanish. There are two identical
minima at equivalent directionsf100g and f001g, and the
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maximum forf101g, according to clear, four-fold symmetry
of cubic crystal. The other curves represent out-of-plane an-
isotropy of lower, tetragonal symmetry, e.g., for the verti-
cally distorted sample. As reported by Liuet al.6 for tetrag-
onal GaMnAs, in the case of compressive strain in the
sample plane one gets the in-plane easy-axis(here the curves
#1 and #2), while for tensile strain the minimum ofHressuHd
arises at a perpendicular direction(#4 and #5). The position
of the hard-axis depends on values of model parameters.
When uniaxial fieldsH2i, H2' are sufficiently large the maxi-
mum of HressuHd reachesf100g or f001g, and stays at one of
these directions.

The specific theoretical curves shown in Fig. 6 result only
from the magnetocrystalline part of free energy. For clarity,
the contribution of demagnetization field arising from the
dipole-dipole interaction of magnetic moments in a thin
plane-parallel sample is not included. The shape-anisotropy

modifies presented curves yielding higher resonance field for
H perpendicular to the plane(here, forHif001g), especially
if the magnetization is relatively large, i.e., 4pM is compa-
rable with magnetocrystalline parameters of MAE model
(this is the case of the K342f2 sample, which revealed
4pM <900 G). In other words, due to the demagnetization
field the in-plane orientation ofM is preferred. This effect
superimposes on the polar behavior of FMR originating from
a given crystal structure and elevates the anisotropy curve
aroundf001g. Therefore for samples with a tensile strain and
sufficiently high magnetization the easy-axis may be shifted
out of the perpendicular direction.

B. Magnetization-dependence of anisotropy

The standard approach in the explanation of temperature-
dependent investigations of FMR in metallic ferromagnets is
based on the assumption that magnetic anisotropy is influ-
enced by temperature solely via deviations of the vector of
local magnetization from the macroscopic orientation of
M .7,23 The magnitude of the local magnetic moment is re-
garded as independent of temperature. Zener’s analysis7 re-
sults in the following dependence of anisotropy parameters
on the magnetization:

kl ~ SMsTd
Ms0d D

lsl+1d/2

, s6d

wherekl are the coefficients in the expansion of the magne-
tocrystalline part of free energy into spherical harmonics
Yl

msuM ,fMd:

Fmc= k0Y0
0 + k2Y2

0 + k4Y4
0 + . . . . s7d

There were reported several experimental results of
temperature-dependent FMR investigations in bulk metallic
ferromagnets confirming the abovelsl +1d /2-power-law”
(see Refs. 1, 7, and 23 and references within). However the
case of epitaxial layers is more complicated due to a different
temperature dependence of the anisotropy in the interior and
at the frontiers of the film.1 The unknown “bulk” and “sur-

FIG. 5. In-plane anisotropy for various sets of MAE model pa-
rameters given in Table I(a).

TABLE I. The anisotropy fields of the MAE model correspond-
ing to theoretical curves presented in Figs. 5 and 6.

(a) In-plane anisotropy.

# H2i (G) H2' (G) H4i (G) H4' (G)a

1 800 −400 800 —

2 900 −200 650 —

3 1000 0 500 —

4 1100 200 350 —

5 1200 400 200 —

(b) Out-of-plane anisotropy.

# H2i (G) H2' (G) H4i (G) H4' (G)

1 800 −400 800 −200

2 400 −200 500 0

3 0 0 200 200

4 400 200 −100 400

5 800 400 −400 600

aThe cubic parameterH4' does not change the shape of azimuthal
anisotropy.

FIG. 6. Out-of-plane anisotropy for various sets of MAE model
parameters given in Table I(b).
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face” contributions to the anisotropy may result in quite dif-
ferent power-laws than proposed by Zener. In our analysis
we decided to derive the magnetization-dependent behavior
of kl from collected experimental data, and then compare it
with Zener’s predictions.

The magnetocrystalline part of free energy[Eqs. (4) and
(5)] can be expressed with spherical harmonics in the follow-
ing way:

Fmc= k0Y0
0 + k2Y2

0 + k22isY2
2 − Y2

−2d + k4Y4
0 + k44sY4

4 + Y4
−4d

=
1

2Îp
Sk0 −

Î5

2
k2 +

9

8
k4D +

3

4Îp
SÎ5k2 −

15

2
k4D

3cos2 uM −
1

2
Î 15

2p
k22 sins2fMdsin2 uM

+
105

16Îp
k4 cos4 uM +

3

8
Î 35

2p
k44 coss4fMdsin4 uM .

s8d

Comparing coefficients preceding the corresponding trigono-
metric components of the above formula and Eqs.(4) and
(5), one getskl coefficients expressed as a linear combina-
tion of the experimental anisotropy parametersKm=MHm/2
sm=2i ,2' ,4i ,4'd:

k0 = −
Îp

15
s10K2' + 6K4i + 3K4'd,

k2 = −
4

21
Îp

5
s7K2' − 3K4i + 3K4'd,

k22 = −Î2p

15
K2i,

k4 = −
2Îp

105
s3K4i + 4K4'd,

k44 = −
1

3
Î2p

35
K4i. s9d

The magnetization-dependent behavior ofkl can be obtained
by combining FMR resultsHmsTd and MsTd data from
SQUID magnetometry. Now, one can perform a numerical
approximation ofklsMd as a power function of the magneti-
zation,

kl ~ SMsTd
Ms0d D

a

. s10d

V. DISCUSSION

Figures 7 and 8 present azimuthal and polar anisotropy of
the resonance magnetic fieldHres (as derived from FMR
spectra) with fitted theoretical curves. We note that the MAE
model provides a reasonable description of experimental data
for both samples(fitting parameters are listed in Table II). In
Fig. 7(a) one can see strong competition between four-fold
symmetry typical for the zinc-blende structure and two-fold
uniaxial anisotropy, occurring in inequivalentf110g and

f1̄10g directions. The difference of resonance fields for
fH=0° andfH=45° is about 1.5 kG, much larger than ob-

TABLE II. Anisotropy fields of the MAE model applied to in-
vestigated InGaMnAs samples.

Sample H2i (G) H2' (G) H4i (G) H4' (G)

K322 860 −540 910 215

K342f2 1200 370 230 −470

FIG. 7. Azimuthal(a) and polar(b) dependence of the resonance
field of K322 sample with fitted theoretical anisotropy according to
MAE model. The pairs of points appearing at certain angles are the
resonance fields regarded as centers of the lines supplemented with
mean values of magnetic fields corresponding to minimum and
maximum of the spectra. Fitting parameters are collected in
Table II.

FIG. 8. Azimuthal(a) and polar(b) dependence of the resonance
field of the K342f2 sample with fitted theoretical anisotropy accord-
ing to the MAE model. Fitting parameters are collected in Table II.
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served for GaMnAs.6 The comprehensive explanation of the
braking of four-fold symmetry is still lacking, it is clear how-
ever, that layer/sublayer interface plays the most crucial role
in this phenomenon. Krebset al. reported similar uniaxial
anisotropy for cubica-Fe films grown on GaAs.24 They
suspect its origin in a specific topology of the bonds at

layer/substrate interface, distinguishingf110g and f1̄10g di-
rections. On the other hand, Sawickiet al. emphasize that
one deals with two different frontiers of epitaxial layers,
layer/sublayer and layer/vacuum, braking top/bottom sym-
metry of the tetragonal D2d point group. Therefore one has to
regard lower C2v symmetry.25

The in-plane anisotropy of the K342f2 sample[Fig. 8(a)]
is quite unusual as compared with the above discussed data
of K322. One finds the uniaxial behavior ofHressfHd, with
two-fold symmetry slightly disturbed by a cubic component
visible especially in different widths of extrema. The strong
contribution of uniaxial part to the magnetocrystalline free
energy is evident in MAE model parameters: the second-
order anisotropy fieldH2i is substantially larger thanH4i, as
well as than corresponding parameters obtained for sample
K322 (Table II). Although the growth conditions and the
composition of manganese were nominally the same for both
samples(as mentioned in Sec. II), their anisotropic proper-
ties are quite different, as was the magnetization. Consider-
ing the differences in two samples studied, one may conclude
that magnetic anisotropy seems to be significantly influenced
by subtle changes(beyond the control) of MBE growth con-
ditions, e.g. manganese composition or substrate tempera-
ture. This opens an interesting possibility that ferromagnetic
anisotropy properties are influenced by details of the micro-
scopic state of the alloy, i.e., particular features of its struc-
tural disorder. For instance, one can expect a specific distri-
bution of manganese in the host lattice in metastable
InGaMnAs. Such partial ordering of Mn atoms should be
very sensitive to the growth conditions. Considering this spe-
cific distribution, we do not mean Mn clusters, often opposed
in the literature to a random alloy approximation, but rather,
more generally, a state of microscopic order of manganese in
an InGaAs lattice. Even before any bigger Mn clusters are
formed that could be easily detected by microscopic means,
still specific atomic correlations of Mn atoms locations in the
crystal lattice sites may exist. In particular, such a correlated
distribution of the impurity may exhibit anisotropic features
and in such a way influence the magnetic anisotropy. A kind
of partial local ordering of manganese may be also respon-
sible for a low value of the hole concentration ratio to Mn
impurity concentration,p/ fMng=0.03 in K342f2,10 similar
to what was recently proposed for some other highly doped
materials.26,27 Moreover recent studies of GaMnAs by scan-
ning tunnelling microscopy(STM) suggest deviations from
random distribution of Mn in GaMnAs, on the basis of the
observed STM image fluctuations.28 The presented results
may indicate limitations of generally acknowledged model of
diluted ferromagnetic semiconductors, assuming the random
distribution of magnetic ions. In this regard it is worth men-
tioning the EXAFS(extended x-ray absorption fine structure)
studies of metastable InMnAs alloys.29 They revealed an ex-
istence of local distortions of the lattice, and showed that the

Mn atom surrounding has the features of both the tetragonal
location in the zinc blende structure, as well as the hexagonal
MnAs (NiAs prototype structure). This may be consistent
with the partial ordering of Mn ions proposed here. Also
RBS (Rutherford backscattering) and PIXE(particle induced
x-ray emission) investigations of GaMnAs30 revealed local
lattice distortions, but on the contrary, they were interpreted
(assuming the approximation of the random distribution of
magnetic ions) as originating from Mn atoms in the intersti-
tial locations.

The theoretical curves fitted to out-of-plane experimental
data [Figs. 7(b) and 8(b)] resemble curves #1 and #2 pre-
sented in Fig. 6. In both epilayers the minima ofHressuHd
arise atuH=90° (H in the plane). It may originate from the
shape-anisotropy of the samples as well as their tetragonal
distortion emphasized already in the case of GaMnAs.6,25

The comparison of presented magnitudes of the anisotropy in
the case of InGaMnAs, with the results obtained for
GaMnAs/GaAs enables the discussion of the contributions
of demagnetization and distortion to the observed planar
confinement of easy-axes. According to Ref. 6 and our
own (unpublished) results, Ga1−xMnxAs epilayers of
thickness 200–300 nm and the magnetization less than
30 emu/cm3 revealed (at low T) the amplitude of polar
anisotropyHres

out-of-plane−Hres
in-plane greater than 5000 G. In the

case of oursIn0.53Ga0.47d0.87Mn0.13As samples one deals with
5–6 times thinner films and 2–3 times larger magnetization,
thus one could expect an essentially larger amplitude
Hres

out-of-plane−Hres
in-plane, if the shape-anisotropy were more im-

portant than distortion. On the contrary, both for K322 and
K342f2 samples the resonance field varies with the ampli-
tude of about 2200 G, less than one half of the value from
Fig. 5 of Ref. 6. Thus we expect the magnetocrystalline an-
isotropy (related to the crystal structure of the film and its
distortion) plays the dominant role in our InGaMnAs epilay-
ers and is more essential than demagnetization. It is con-
firmed by in-plane anisotropyHressfHd, whose total ampli-
tude in both compounds is comparables,2000 Gd, but the
uniaxial component is 3 times or more stronger in
InGaMnAs than GaMnAs. Liuet al. reported for GaMnAs

the difference ofHressfHd for Hif110g and Hif1̄10g about
600–700 G. Our FMR investigations of GaMnAs delivered
the value of,200 G, while in the case of InGaMnAs(K322)
one gets 1500 G, and the sample K342f2 revealed even
stronger uniaxial anisotropy.

A type of distortion may be deduced from MAE model
anisotropy fields. Liu et al.6 reported, that for
GaMnAs/GaAs with a growth-induced compressive strain
H2' is negative, unlike for films with a tensile strain(namely
GaMnAs/ InGaAs), for which they got H2'.0. In the
case of our K322 sample we foundH2'=−540 G. Since
the demagnetization field of K322 is relatively small
(4pM <240 G atT=6 K), the in-plane position of its easy-
axis must be primarily induced by compressive strain. How-
ever, the results obtained for sample K342f2 seem to contra-
dict the above reasoning. In this case the uniaxial parameter
H2' is positive, suggesting tensile strain and the inverse
symmetry of polar anisotropy with the easy-axis perpendicu-
lar to the plane. Nevertheless, Fig. 8(b) shows the minimum
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of polar anisotropy atuH=90°. It is not confusing if, instead
of a simplifiedH2',0 condition, one uses the appropriate
general constraints giving the easy-axis of magnetization ly-
ing in the plane of the sample,1

H2' +
1

2
H4' −

1

8
f3 + coss4feqdgH4i , 4pM ,

H4' +
1

4
f3 + coss4feqdgH4i . 0, s11d

or

H2' −
1

4
f3 + coss4feqdgH4i , 4pM ,

H4' +
1

4
f3 + coss4feqdgH4i , 0, s12d

wherefeq denotes the azimuthal angle of the easy-axis. Tak-
ing feq=0 for the f100g direction (easy-axis of the K322
sample), and feq=p /4 for f110g in the case of K342f2
s4pM <900 Gd, one can check that anisotropy fields from
Table II fulfill conditions of Eqs.(11) and(12). Note that the
magnetocrystalline- and the shape-anisotropy are included in
the above formulas, therefore Eqs.(11) and(12) combine the
influence of the strain and demagnetization field on the ori-
entation of an easy-axis.

In the case of K322 the maximum ofHressuHd appears to
be tilted from thef001g direction. This fact results from the
competition of cubic and uniaxial components of free energy
F (see Sec. IV). As mentioned above, the magnetization of
this sample is small as compared with the resonance mag-
netic field varying in the range of about 1800−4000 G, and
thus its influence(via the shape-anisotropy) on the out-of-
plane behavior may be neglected. The K342f2 has much
larger magnetization which, accompanied with stronger te-
tragonal distortion visible in the azimuthal plot of Fig. 8(a),
causes the fact that there is no dip in polar anisotropy at
uH=0.

The fitting procedure we used also delivers information
about the orientation of the magnetization for givenH. In
generalM is not parallel toH, which is visualized in Fig. 9,
where a tilt ofM from the direction of the external magnetic
field vectorH as a function of the polar angle is plotted. The
presented data concern the K342f2 sample, however the
other one revealed analogous polar behavior. The magnetiza-
tion is parallel to the external field in the maximumf001g
and the minimumf110g of HressuHd (for K322 the latter is
f100g); for other directions the declination fromH is less
then 15 degrees. The deviation reaches its largest value for
uH,45°. It corresponds to the asymmetry ofHressuHd with
a narrow maximum and a relatively broad minimum
[Fig. 8(b)]. The positive value of the tilt meansuM .uH
in the entire range of the polar angle, thus the results
shown in Fig. 9 confirm in a direct way the explanation
of the polar anisotropy of Ga1−xMnxAs (Ref. 6) and
sIn0.53Ga0.47d1−xMnxAs, suggesting thatM deviates fromH
“seeking” the easy-axis(here f110g). Note that the sign of

derivativedsuM −uHd /duH determines whether the magneti-
zation tilts faster(positive) or slower(negative) than the ex-
ternal magnetic field.

Azimuthal behavior of the magnetization of the K342f2
sample(the top panel of Fig. 10) can be explained in the

same way. One getsM iH for the maximumf1̄10g and the
minimum f110g of HressfHd, but the magnetization tilts

faster, i.e.,dsuM −uHd /duH.0, when leavesf1̄10g (seeking
easy-axis), and slower, i.e.dsuM −uHd /duH,0, in the vicin-
ity of f110g (trying to keep preferred, “easy” position). The
case of the K322 sample(the bottom panel of Fig. 10) is
more complicated. The magnetization direction coincides

FIG. 9. Polar tilt of the magnetizationsuM −uHd of the K342f2
sample versus out-of-plane orientation of the external magnetic
field.

FIG. 10. Azimuthal tilt of the magnetizationsfM −fHd of
K342f2 (top) and K322(bottom) samples versus in-plane orienta-
tion of the external magnetic field.
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with the external field at a maxima ofHressfHd (f110g and

f1̄10g), showing a similar positive slope of the deviation

curve as in the caseHif1̄10g in the top plot of Fig. 10.
However for minima(herek100l type directions), the tilt of
the magnetization is not vanishing, unlike for the K342f2
sample. The deviation is about 8°. In finite temperature the
minima of azimuthal FMR anisotropy of this sample are
close tok100l directions but do not coincide with them. Welp
et al.31 reported recently direct evidence of the temperature-
dependent evolution of the magnetization easy-axis in com-
pressively strained Ga1−xMnxAs epilayers. Their results ob-
tained with a high-resolution magneto-optical imaging
technique revealed a second-order magnetic transition, with
the azimuthal angle of easy-axisfsTd being the order param-
eter. In their studies the easy-axis is close tof100g at the
lowest temperature and approachesf110g with rising T.
Above the transition appearing at aboutTC/2, the easy-axis
remains atf110g direction.

Similar behavior is observed forsIn0.53Ga0.47d1−xMnxAs
with interplaying uniaxial and cubic anisotropies. In Fig. 11
the resonance fieldsHres are shown as a function of tempera-
ture for specific crystallographic directions of K322. As ex-
pected, all four sets of data approachHres<3200 G, corre-
sponding to the effectiveg=2 of the paramagnetic resonance
of a Mn ion, with temperature rising up toTC<70 K.32 For
temperatures below 35 K the resonance line reaches the low-
est magnetic field forH directed betweenf100g and f110g.
The transition is supposed to occur at about 35 Ks=TC/2d,
slightly above the intersection of data sets forf100g and
f110g. According to Fig. 12 presenting the azimuthal aniso-
tropy of K322 sample measured at 54 Ks.TC/2d, the mag-
netization easy-axis holdsf110g orientation. In the case of
the K342f2 sample, for which uniaxial anisotropy is substan-
tially larger, one deals with the easy-axis lying along the
f110g direction already atT=6 K, far belowTC/2. Therefore
no magnetic anisotropy transition is observed(see Fig. 13)
and the easy-axis remains atf110g in the entire investigated
temperature range. One can see that in-plane anisotropy of
K322 at 54 K is similar to the low-temperature azimuthal
behavior of the resonance field of the K342f2 sample pre-

sented in Fig. 8(a). There are two main differences: Fig. 8(a)
reveals essentially different widths of the extrema of
HressfHd as compared with Fig. 12, and the magnitudes of
the anisotropy are scaled with a factor of 2. Both differences
find their confirmation in MAE model parameters. In the
case of K322 at 54 K, one deals with a relatively larger
(10−30 times) uniaxial anisotropy fieldH2i with respect to
other parameters, which in addition are close to 0. Hence the
in-plane anisotropy in Fig. 12 is almost purely uniaxial and
provides the symmetry of an anisotropy curve resembling
sins2fHd [see in Eq.(5) the part of free energy relevant to
H2i]. In Fig. 8(a) the anisotropy fieldH2i is only 3–5 times
larger thanH2' and H4i, so the admixture of cubic aniso-
tropy is clearly visible in different widths of extrema. The
magnitudes of anisotropy in both discussed figures are
mainly governed by theH2i parameter(in the case of a domi-
nant uniaxial component), which is indeed about 2 times
larger for K342f2 at 6 K than for K322 at 54 K.

Apparently, in order to apply correctly the MAE model to
describe the experiment at finite temperature, one should not
assumeM iH for k100l type directions, contrary to the as-

FIG. 11. Temperature dependence of the FMR resonance field of
the K322 sample for the main crystallographic directions. The FMR
signal disappears aboveTC<70 K. FIG. 12. In-plane anisotropy of the K322 sample forT=54 K.

The solid line was fitted according to the MAE model with the
following anisotropy fields:H2i=570 G, H2'=−20 G, H4i=60 G
(H4' does not influence the shape of in-plane anisotropy).

FIG. 13. Temperature dependence of the FMR resonance field of
the K342f2 sample for the main crystallographic directions.
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sumption of Liuet al.6 At 6 K, i.e., relatively low tempera-
ture, the tilt of magnetization reaches 8–9°, about 30% of
the total amplitude offM −fH, then the incolinearity ofM
and H should not be neglected. In our studies, we used no
arbitrary constraints about the orientation of theM vector
with respect to both the azimuthalfM and polaruM angle. In
addition to the results presented above, this general method
confirmed that in planar(A) orientation the magnetization
stays in the plane of the sample regardless of the azimuthal
angle of the external magnetic field. In out-of-plane(B) ori-
entation, by analogy,M remains ins010d (for the K322) or

s1̄10d (for the K342f2) crystallographic plane.
The above discussion should be supplemented by a com-

parison of temperature-dependent data with paramagnetic
resonance(Hres=3200 G depicted in Figs. 11 and 13 by a
horizontal line labelled withg=2). The data sets correspond-

ing to f001g and f1̄10g occur above 3200 G, while the ones
for other main directions are shifted below paramagnetic
resonance. It is in contrast to the results obtained by Liuet
al. for GaMnAs/GaAs films, which revealedHres,3200 G
when the external magnetic field is lying in the plane of the
sample, andHres.3200 G for the perpendicular orientation
of H. It was suggested in Ref. 6 that such behavior is typical
for the epilayers under compressive strain. However, this ex-
planation fails, if one deals with strong in-plane uniaxial an-
isotropy, as in the case of oursIn0.53Ga0.47d0.87Mn0.13As films.

Note the remanent anisotropy of the K342f2 sample
(Fig. 13) above its Curie temperature. This epilayer revealed
very high intensity of the spectra, contrary to K322, and we
suggest that the ESR signal remaining forTùTC is of para-
magnetic origin, which was not possible to detect in the case
of the low signal of K322. Analogous behavior was observed
by Huber and Seehra in thin films of CrBr3.

33 They found the
exponential-like decay ofHressTd for perpendicular orienta-
tion of the external magnetic fieldH, and the increase for the
in-plane position of the latter. These results were success-
fully interpreted on the basis of the temperature-dependent
magnetic susceptibility tensor including the influence of the
demagnetization field and possible intrinsic anisotropy of the
g-factor. According to the formula derived by Huber and
Seehra and applied to our results, the product

sHres
f001gHres

f110gHres
f1̄10gd1/3 is expected to be independent of tem-

perature. In the case of the K342f2 sample one finds a slight
decrease of this quantity, with the magnitude of about 130 G
(4%) in the temperature range 110–140 K. It is hard to dis-
cuss this effect due to the lack of experimental data in the
wider range ofT.TC. On the basis of the cited analysis of
Ref. 33, for the isotropicg-factor [by analogy to GaMnAs
and InMnAs(Ref. 32)], one can expect the same behavior of
HressTd for different in-plane orientations of the external
magnetic field. However in Fig. 13 one finds the remanent

inequivalence off110g and f1̄10g directions, which may be
attributed to the influence of the magnetocrystalline aniso-
tropy, not considered by Huber and Seehra.

In order to understand temperature-dependent anisotropy,
we applied Zener’s analysis presented in Sec. IV B to the
data shown in Fig. 11. In Fig. 14 the anisotropy coefficients
kl for the K322 sample and power functions fitted according

to Eq.(9) with the exponents listed in Table III are presented.
Note the reasonable power-like behavior ofk2, k22 andk44,
while the fitting procedure failed fork0 andk4. In the latter
case the anisotropy coefficientsk0 andk4 revealed large un-
certainty(especially forM ù14 emu/cm3) due to subtracting
comparable values in Eq.(9). Interestingly, the exponents
collected in Table III appeared essentially smaller than pre-
dicted by Zener’s “lsl +1d /2-power-law:”a=3 for 2nd order
coefficients anda=10 for 4th order. As mentioned in
Sec. IV B, Zener’s approach does not involve the possibility
of different temperature-behavior of “surface” and “bulk”
anisotropy. It could be estimated by separate thickness-
dependent FMR investigations of InGaMnAs films of gradu-
ally diminished thickness(e.g., by etching). Moreover, we
assumed that the anisotropy is influenced by temperature
only via the magnetization, while one can also expect the
direct dependence ofkl on temperature due to changes of the
electronic properties of the alloy. The presented problem of
temperature-dependent anisotropy of InGaMnAs is still
open, both in the meaning of the experiment as well as the
satisfactory theoretical description.

VI. CONCLUSIONS

Ferromagnetic resonance was investigated in epitaxial
InGaMnAs, grown lattice-matched on the InPs001d substrate
in order to minimize the influence of the strain. The observed
anisotropic properties of FMR find their comprehensive un-
derstanding with the Magnetic-Anisotropy-Energy model, al-
ready used for another III-V ferromagnetic semiconductor,

FIG. 14. Magnetization dependence of anisotropy coefficientskl

obtained by the application of Eqs.(9) to the temperature-dependent
data of Fig. 11. The lines fitted with Eq.(10) correspond to the
power-like behavior ofk2, k22 andk44. The data sets ofk0 andk4

do not obey the power-law given by Eq.(10) for any reasonable
exponent.

TABLE III. The exponents obtained by fitting the power-law
given by Eq.(10) to kl data sets of the K322 sample depicted in Fig.
14.

k0 k2 k22 k4 k44

a - 1.4 1.2 - 2.1
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namely GaMnAs. It should be emphasized that the approach
presented here, based on the MAE model, provides consis-
tent results both in the meaning of angular behavior of the
resonance field and the corresponding orientation of the
magnetization. The model successfully describes the aniso-
tropy in the entire investigated temperature range, in particu-
lar the possible reorientation of the easy-axis with risingT.
At higher temperatures, the FMR experiments revealed inter-
esting power-like magnetization dependence of anisotropy
coefficients, with the exponents significantly lower than pre-
dicted by standard Zener’s “lsl +1d /2-power-law.” This dis-
crepancy was tentatively attributed to the limitations of Ze-
ner’s approach, therefore the presented temperature-
dependent results have to be complemented both in an
experimental and a theoretical way.

For the purpose of all these experiments two samples
from the series of nominally identical epilayers of ferromag-
netic InGaMnAs were used. Surprisingly they revealed
qualitatively different behavior: for the first sample the com-
petition of cubic and uniaxial in-plane anisotropies was
clearly observed, while for the other one strong uniaxial an-
isotropy was only slightly influenced by a cubic component.
Since the samples were grown under the same conditions and
with intentionally the same manganese composition, the dif-

ferences in the magnetic anisotropy were attributed to the
different microscopic state of disorder in a Mn alloy(the
latter crucially depends on the growth parameters). One may
expect that a relatively small change in the sample fabrica-
tion procedure results in specific correlations of the magnetic
ions positions in the lattice. The origin of presented differ-
ences in disorder and their consequences were almost not
discussed in the literature so far, although they influence fer-
romagnetic properties of III-Mn-V compounds with a com-
parable strength to widely reported electronic and strain-
induced effects. In view of the presented results, we point out
the importance of the growth procedure for a control of fer-
romagnetism in InGaMnAs, both in the meaning of the mag-
netization behavior as well as the magnetic anisotropy.
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