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Ferromagnetic resonance was investigated in MBE grown InGaMnAs epilayers. Strong aziindptehe
and polanout-of-plang anisotropy was observed, and described reasonably with Magnetic-Anisotropy-Energy
(MAE) model taking into account both magnetocrystalline and demagnetization contributions. The different
symmetries of mixedcubic+uniaxial 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 details of ferromagnetic layer growth conditions, and so on

i ) the features of structural disorder in the ultra-highly doped
Ferromagnetic resonan¢EMR) is known to be a power- ¢ miconductor.

ful mean to s_tudy details of ma!gneti_c properties of ferromag- The paper is organized as follows. We start with the pre-
nets, in particular the magnetic anisotrdpyithough FMR  sontation of experimental details, which is followed by FMR
was mostly used for metallic systems, it was also applied fofegyits. Then we recall the idea of MAE model, in our work

semiconductors. In the past few years ther.e were several gé{gp”ed to the general case of any direction of the magnetic
tempts to measure FMR for magnetic semiconductors basggh|y and the magnetization. Theoretical considerations in-

on Ill-V compounds(GaMnAs, INMnAg. These materials | de zener's analysis of the temperature-dependent behav-
attract nowadays considerable attention as they exhibit ferrqy, of EMR.7 Next we present the discussion, where the data

magnetism withl far above 100 K retaining good semicon- 4. analyzed with the use of the MAE model. We end up
ducting properties, which makes them potentially importantith the conclusions.

for spintronics>® For a long time electron spin resonance
(ESR ) investigations were limited to very dilute GaMn,As

and In_,Mn,As (x<0.01), as only .in such a case clear and Il. EXPERIMENTAL
understandable results were obtaii€®uch dilute systems _ .
are paramagnetic in a standard temperature rgageve Ferromagnetic lI-V semiconductors are prepared as

2 K). On the other hand ESR experiments performed fostrained thin films deposited nearly lattice-matched on single
ferromagnetic Ga,MnAs or In_MnAs (typically  crystal substrateés The two model semiconductors in this
x>0.03 were giving complicated and sample-dependent regroup are Ga,Mn,As grown on a GaA®01) substrate and
sults. Only very recently GaMnAs growth technology wasthe one with a larger lattice parameter; JiMn,As, grown
refined enough to result in high quality ferromagneticon a thick relaxed buffer made of AlGaSb alloy grown on a
samples, for which FMR could be studied. Clear results weréaAg001) substrate. In this paper, we studied an alloy of
obtained and consistently interpreted using Magnetic-both GaMnAs and InMnAs, namel§ing 54G& 47)1xMN,AS,
Anisotropy-Energy(MAE) model of FMR? originally ap-  with In/Ga composition satisfying the condition of the lattice
plied for metallic systems. One of the most interesting resultsnatch to InP001). The properties of the prototype nonmag-
was pronounced specific magnetic anisotropy of GaMnAsetic semiconductor, §x{Ga, ,As/INP(001), were investi-
films, which was attributed to the lattice mismatch inducedgated with x-ray and transport techniques, and revealed a
tetragonal distortion present in GaMnAs epilayers grown orhigh crystalline quality of epilayers grown by molecular
GaAs or InGaAs substratés. beam epitaxyMBE) at the substrate temperatufEsdown

In order to verify the hypothesis on the dominating role ofto 125°C? The excess arsenic content with respect to the
the lattice mismatch induced strain for the features of magequiliorium content of high temperature grown
netic anisotropy and widen the available data, we performeth, . Ga, ,/As, decreases rapidly with risinf, and around
similar measurements of FMR to that reported in Ref. 6, buR00° C (which is the range of our intergss less than 0.5%.
for a different ferromagnetic semiconductor, namelyAn addition of Mn to I sGa, 4,/AS even in a large excess
(Ing 585 & 47)1-Mn,As depositedwith Ing s:Ga, ,As buffer  over an equilibrium Mn solubilitywhich is in the range
layen on the INR00Y) substrate. The specific composition of 10" cm™3), preserves the regular crystal structuignc
the magnetic alloy and the buffer, i.e., the In/Ga ratio, washlendg of InGaMnAs, providing the substrate temperature
chosen with the purpose of matching lattice constants of epduring the growth was low enough. The growth procedure
ilayers and the substrate. Our results suggest that the anisand the properties of these materials are presented in
tropy observed in InGaMnAs depends significantly also orRefs. 10 and 11. The regular lattice structure of
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(Ing 585 471xMn,As layers was inspected during MBE k322

25

growth using reflection high-energy electron diffraction = T .,..
(RHEED). Resulting thin films of a ferromagnetic semicon- 20 § ° SR E
ductor are strainedtetragonally distorted In the case of 15 S a0 j J
Ga,_,Mn,As, studied in detail by x-ray diffractioffor a re- = 10 = sl
view see Ref. § Mn increases the lattice parameter causing ]
that the magnetic layer is under compressive strain in the g
sample plane. In lp,Mn,As, the addition of Mn yields a L 05" 80 126 160 200
tensile strain, which is thought to be the reason of the mag- H K34212
netization easy-axis to be perpendicular to the sample plane, ® 80 ——
contrary to the in-plane easy-axis in G@n,As. E‘: E s 7T

For the measurement presented here, we used two = 60 E 0 I
samples from a set grown with constant Mn composition Z 40 =
and prepared by MBE at nominally the same conditions. We N Hko
had chosen these two, since their magnetic propefties, 20 \
anisotropy were different, in spite of similar growth 0
parameters like the In/Ga ratio, growth-rate and tem- 0 40 80 120 160 200
perature during the growth, thickness of ferromagnetic layer, Temperature (K)

composition and structure of the buffer layer. This

choice of samples demonstrates that essential ferromagnetic FIG. 1. Temperature-dependent magnetization data of investi-
properties in(Ing s:Ga 47)1-xMn,As thin films are sensitive gated samples with corresponding hysteresis Iqopety.

to very subtle changes of growth parameters. Samples

consisted of 100 nm prGa ,As buffer layer deposited  The samples were characterized by magnetization mea-
on semi-insulating In@01) substrates, and followed surementgFig. 1). Ferromagnetic behavior was observed for
by a 50nm layer of ferromagnetic semiconductorboth samples with Curie temperatufg=70 K for K322 and

(Ing 585& 47)1xMn,As. Manganese composition was fixed at T.=110 K for K342f2, being among the highest valueggf
x=0.13 in all samples in this series, and the calibration ofin InGaMnAs deposited on InP substrates reported so far in
Mn was based on measurements of the deposition rate ofie literature"®!!In K342f2 most(about 70% of Mn chemi-
MnAs layer in a separate MBE process. The buffer layer wagally present in the layer takes part in the ferromagnetic or-
grown at a high substrate temperat(ifg=460°Q. After the  der, while in the other sample, K322, only30% of manga-
growth of the buffer, the substrate temperature was loweredese contribute to measured ferromagnetism, as deduced
to Ts=205°C to enable high Mn contents in an from SQIUD magnetometer data at moderate fiBk3 T,

(Ing 546G & 471-xMn,As thin film. The substrate temperature assuming the magnetic moment of Mn impurity %@B.lz

was precisely controlled with an infrared thermometer toWe note that both samples were nominally the same, thus
within a 6°C range during the growth of the ferromagneticone can expect the same magnetic behavior. This is however
layer in all samples. The arsenic to metals molar ratio wasiot the case. The sample K342f2 exhibited a rectangular hys-
kept relatively low to prevent the excessive incorporation ofteresis loop, while K322 showed a rounded very narrow loop
As since, in our experience, excess As is undesirable fowith the coercive field of a few Gauss.

ferromagnetic propertie@r rather does not influence ferro- In order to study ferromagnetic resonance we used a stan-
magnetism more significantly than the substrate temperaturdard ESR spectrometer working at X-band microwave fre-
does, contrary to early published respltShe two samples quency(~9 GH2), equipped with a continuous-flow helium
studied(denoted here as K322 and K34pfRad the same cryostat. Low-temperature measurements were carried out at
growth conditions to within a 6°C range of the substrateabout 6 K, however several temperature-dependent investi-
temperature and within the accuracy of Mn calibrationgations were performed as well. The samples were mounted
achievable in a standard solid-source MBE machine, whiclin two positions(Fig. 2): (A) horizontal (with the external

we may assume to be better than about 5 per cent of theagnetic fieldH lying in the plang, convenient for investi-
actual value. The choice of several parameters during thgations of the azimuthal behavior of FMR, a(®)) vertical,
growth is mutually dependente.g., the Mn composition, which allowed a change of the polar angle léf between
growth rate, substrate temperatyréherefore experimental perpendicular(6;=0° and parallel(6,=90° orientations
errors in technological parameters cause the differences ifith respect to the plane of the sample. Both types of mount-
magnetic properties of samples reported below, as well as itg were also used for temperature-dependent measure-
structural properties of metastable InGaMnAs. Althoughments, limited however to main crystallographic axes
both ferromagnetic layers were deposited Iattice—matched([loo] [110] [T10] [0o1)).

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- The measured FMR spectra are shown in Figs. 3 and 4.
nitude of this strain. Samples have not been annealed thefhe narrow line just below 2000 G originates from the
mally after the MBE growth. Al,05:Cr marker, whose well-known paramagnetic reso-

Ill. RESULTS
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FIG. 2. The geometry of experiment. Arrows indicate the orien-
tation of the external magnetic field vector: in position A the azi-
muthal angle¢y was varied, B—the polar anglé,. Note, that
polar investigations of both samples were performed in differen
crystallographic planes.

Magnetic Field (kG)

FIG. 4. As-measured FMR spectra of the K342f2 sample: in-
tplane(a) and out-of-plangb) anisotropy.

. _— with the resonance magnetic fielt}.s varying in the range
nance with the effectivg-factor equal 3.3428 was relevant of about 1800-4000 G for K322 and 21004300 G for

in a precise determination of the microwave frequency. L X .
Three weak linegpartially resolved quintgtin the range K342f2. Left (a) panels indicate two alternative symmetries

2800-4000 G of Fig. 3 are the fingerprint of iron from the ©f the azimuthal behavior. For K322 the interplay between
InP: Fe substratt They are almost invisible in Fig. 4 due to CuPic and uniaxial anisotropy is observed, resulting in iden-
much higher intensity of the FMR signal of the K324f2 tical minima of Hyed(¢y) for the external fieldH around
sample as compared with K322. In both cases, the angul@a00], [010] and [100] directions, and in two different

behavior of the Fe quintet confirms the Macroscopic orientag, yima for[110] and[110] having resonance fields of about
tion of crystallographic axes as deduced from cleaving edge§500 G and 4000 G, respectively. On the other hand, in the

4
of the samples? 4plane of the K342f2 sample one finds strong uniaxial aniso-

The uniform mode of FMR is represented in Figs. 3 and tropy with the admixture of a cubic component occurring
by a distinct, relatively broad lin¢AH,,=200-1000 G only in different widths of extrema oHed(¢y): the mini-

z ; mum for [110] and the maximum fof110]. The polar re-
5 ALQ Cr sults, revealing the minima df,¢46y) for 6,=90°, confirm
£ that[100] for K322 and[110] for K342f2 are the easy-axes
‘—é’ of magnetization. In spite of the same planar position of
2 easy-axes appearing in both samples, there is an interesting
2 1 1 1 difference in the orientation of hard-axes. In Figb3one
1.0 20 3.0 4.0 5.0 can see that FMR line reaches its maximum resonance field
Magnetic Field (kG) for H tilted about 30 degrees out of tHO01] direction,
(@) (b) which is the hard-axis for a K342f2 sample. This unusual
_ o feature can be explained in a qualitative way as the interplay
1000 ===180" 109 90° between cubic and uniaxial magnetocrystalline anisotropies.
e A more thorough discussion of all these results will be given
1ol 135° in Sec. V on the_ _basis _of the MAE mod_el intr_oduced beloyv
f . Note the additional lines at the low-field side of the uni-
NZe— ; form mode in Fig. 4, which cannot be ascribed to the spin-
10) 'mgo"f 5‘” wave rgsonaanSWR) in the case of the 50 nm thick
~— £ 5 sample(in as-grown GaMnAs, for example, the spin-wave
== K lines disappear for thicknesses less thari00 nm.1>16
0 “"’-ﬁoﬂ Similar features were observed for metallic layers and het-
% erostuctures. For Fe/GaAs and Fe/ZnSe fifm&two-line
%n———. . resonance spectra were observed using conventional and
e e 0 photothermally modulated FMR. In the case of angle-
1.0 2.0 3.0 4.0 5.0 1.0 20 3.0 40 5.0 dependent FMR investigations of Fe/ZnSe, supported by
Magnetic Field (kG) SQUID data, the additional mode was attributed to a nonuni-

form excitation of the magnetization resulting from vertical

FIG. 3. As-measured FMR spectra of the K322 sample: a typica(along direction perpendicular to the film plgrishomoge-
spectrum(top), in-plane (bottom, 3 and out-of-plangbottom, b neity of the samplé’ Recently spin-wave resonance experi-
anisotropy. ments performed for epitaxial GaMnAs revealed linear de-
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pendence of SWR mode positions on the mode irdé%. cubic structure to the presented FMR data of InGaMnAs as
This exception from Kittel's quadratic dispersfSrwas in-  well as unpublished results obtained by us for GaMnAs.

terpreted on the basis of the volume-inhomogeneity modeThen, the magnetocrystalline energy is parametrized by three
proposed by Porti&' assuming nonuniform magnetic prop- anisotropy fieldsH, , Hy, Ha

erties (magnetization and/or uniaxial anisotropglong the M 1

growth _dlre_ctlor_L The origin of the gradient in Fhe magnetic Fre=—— (HZL co€ Oy + —H,, cod 6,

properties is still unresolved, but the speculative discussion 2 2

of explanations can be found in Refs. 16 and 19.

+ %H4H(3 +cog4ey)) sin’ 0M> : (4)

IV. MODEL however in order to explain in-plane anisotropy in the case

Presented experimental data can be interpreted in thef epitaxial strained sample the additional fourth term,
Magnetic-Anisotropy-EnergyMAE) model, already suc- M
cessfully used in the explanation of FMR studies of metallic —Hy, SiN(2¢hy)Sir? Oy, (5
ferromagnetsand recently applied to GaMnAdt is worth- 4
while to note that our approach is more general as it does Nn¢{eeds to be considered.
need any arbitrary assumption about the relative orientation The calculations were performed as follow®) For a
of the magnetizatioM and the external magnetic fiedl. I certain set of anisotropy fields and an actual orientation of
Ref. 6,M is assumed to be parallel td for high symmetry  the external magnetic field, the equilibrium position oM
axes[001], [110], [110] and[100Q]. It will be shown that the  vector(angles:feq ¢eq) Was determined by numerical mini-
conditionM|/H is not justified, e.g., foH|[100] at a finite  mization of free energy. Ther{p) the resonance magnetic
temperature. field was derived from Eq(2). (c) The stepga—b) were
For clarity of discussion we recall here the basic formulagepeated for different; or ¢ values in the range of inter-
derived by Smit and Beljet3from the classical equation of est.(d) The predictions of the MAE model were compared
motion of the magnetizatioM (Laundau-Lifschitz equa- with the experimental data d¢,.s and, if necessary, the an-

tion): isotropy parameters were changed and the whole procedure
was repeated. It should be mentioned that a fitting algorithm

am =—yM X H (1) was prepared to compensate small deviations of the sample
dt ' position from demanded horizontal or vertical orientation.

The equilibrium position of the magnetizati@strictly: zeros
of  (dF/90) (O, P Hied Oy Ddm)), (I dby) (O, b
H. e O, &m)) corresponding to the minimum of free enejgy
Jvas determined with Newton’s method.

where y=gug/# is the gyromagnetic ratio. Assuming small
harmonic deviations of th®l direction from the equilibrium
position and expanding free energyof the magnetization in
the external magnetic field into a Taylor series up to 2n
order terms, one gets the general formula

2
<“Les> =— 1 ( PF ‘92—':2 From Eq.(2) one can derive the magnetic field of the
Y M?Sir feq\ 0 63 bogbeg O M | 0q00q resonanceH,. for any orientation ofH. As mentioned in
>2> Sec. I, our samples were investigated in two positions with
feqbeq

A. Anisotropy of FMR

(2) respect to the external field, allowing a change of either azi-
muthal ¢y or polar 6, angle ofH. In Fig. 5,H,.d ¢y) curves
are plotted for anisotropy fields listed in Tabl@) The bot-
tom curve (#5) shows strong uniaxial anisotropy with an
- ; ) M .
tization,qgiven by the minimum . Free energyas a func- in-plane easy- and hard.—aX|s of thet magnetlzatlonllymg along
tion of M and H) depends on the shape of the sample, a$110l and[110], respectively. The lines #1—#4 depict a com-
well as its crystallographic structure. In general there ard€tition of two- and four-fold symmetry, with two different
three contributions td=: (a) ZeemanFeemar—H M, (b)  in-plane hard-axe$110] and[110], perpendicular to each
demagnetizationremag and(c) magnetocrystalliné,,. en-  other and holding their directions. On the contrary, the posi-
ergy. In the case of epitaxial layers @#01) orientation the tions of easy-axes strongly depend on MAE model param-
shape contribution may be approximated by the formula deeters. With rising uniaxial fieldH, and diminishing cubic

#PF
9 O 9w
wherew,¢ is the resonance frequency. The spherical coordi
natesfe, Peqdenote the equilibrium position of the magne-

scribing demagnetization energy of the infinite plane: parameteH,,, they move fron{100] and[010] to [110], and
a 2 o finally merge into a single easy-axis.
Fdemag= 2mM* COS™ iy 3 Figure 6 presents out-of-plane anisotropy curves(6y)

The magnetocrytalline contribution to free enefgyor spe-  for variousHy, Hy,, Hy, Hy, [Table (b)]. The curve #3
cific crystal structures can be found in Ref. 1. In this papercorresponds to the cubic crystallographic structure, when
the tetragonal symmetry was assumed to describe verticallfpurth-order MAE parametergHy,H,,) are equal and
distorted epitaxial samples. This choice was justified bysecond-order(H,,H,,) vanish. There are two identical
failed attempts of the application of a MAE model with a minima at equivalent directiong100] and [001], and the
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[100] [110] [010] [110] [100] [001] [101] [100]

Resonance Magnetic Field
(arb. units)
Resonance Magnetic Field
(arb. units)

2 1 M 1 L 1 L
0 45 90 135 180
Azimuthal Angle ¢, (Degrees) Polar Angle 6, (Degrees)

FIG. 5. In-plane anisotropy for various sets of MAE model pa-  FIG. 6. Out-of-plane anisotropy for various sets of MAE model
rameters given in Tablgd). parameters given in Tablgbi).

maximum for[101], according to clear, four-fold symmetry mqgifies presented curves yielding higher resonance field for
of cubic crystal. The other curves represent out-of-plane ang perpendicular to the plan@ere, forH|[001]), especially
isotropy of lower, tetragonal symmetry, e.g., for the verti-if the magnetization is relatively large, i.e.7M is compa-
cally distorted sample. As reported by Lét al® for tetrag-  rapje with magnetocrystalline parameters of MAE model
onal GaMnAs, in the case of compressive strain in thqthis is the case of the K342f2 sample, which revealed
sample plane one gets the in-plane easy-these the curves 4 ~900 G). In other words, due to the demagnetization
#1 and #3, while for tensile strain the minimum 64,e61)  field the in-plane orientation ol is preferred. This effect
arises at a perpendicular directi@®t and #3. The position  syperimposes on the polar behavior of FMR originating from
of the hard-axis depends on values of model parameterg given crystal structure and elevates the anisotropy curve
When uniaxial field$H, H,, are sufficiently large the maxi-  around[001]. Therefore for samples with a tensile strain and
mum of Hye{(6y) reache4100] or [001], and stays at one of gyfficiently high magnetization the easy-axis may be shifted

these directions. _ o out of the perpendicular direction.
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 B. Magnetization-dependence of anisotropy

dipole-dipole interaction of magnetic moments in a thin  The standard approach in the explanation of temperature-
plane-parallel sample is not included. The shape-anisotropyenendent investigations of FMR in metallic ferromagnets is
. , based on the assumption that magnetic anisotropy is influ-
~ TABLE I. The anisotropy fields of the MAE model correspond- anced by temperature solely via deviations of the vector of
ing to theoretical curves presented in Figs. 5 and 6. local magnetization from the macroscopic orientation of
M.”22 The magnitude of the local magnetic moment is re-
garded as independent of temperature. Zener’'s analssis

(@) In-plane anisotropy.

# Haz (G) Ha, (G) Hy (G) Ha. (G sults in the following dependence of anisotropy parameters

1 800 ~400 800 o on the magnetization:

2 900 -200 650 — M(T) \'(+D72

3 1000 0 500 — s M(o)> ’ (6)

4 1100 200 350 — - . .

5 1200 400 200 . wherek are the coefficients in the_expansmn_ of the magne-
) tocrystalline part of free energy into spherical harmonics

(b) Out-of-plane anisotropy. Y|m(‘9|v| L)

# Hy (G) Hay (G) Hy (G) Hsy (G) .

1 800 —-400 800 -200 Fme= Koo+ oY+ ¥t ... 0

2 400 —-200 500 0 There were reported several experimental results of

3 0 0 200 200 temperature-depen_der)t FMR investigations in bulk metallic

4 400 200 100 400 ferromagnets confirming the abowél +1)_/2_—power—law“

5 800 400 400 600 (see Refs. 1, 7, and 23 and references wjthitowever the

case of epitaxial layers is more complicated due to a different
aThe cubic paramete,, does not change the shape of azimuthal temperature dependence of the anisotropy in the interior and
anisotropy. at the frontiers of the filmh. The unknown “bulk” and “sur-
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FIG. 7. Azimuthal(a) and polarb) dependence of the resonance  FIG. 8. Azimuthal(a) and polarnb) dependence of the resonance
field of K322 sample with fitted theoretical anisotropy according tofield of the K342f2 sample with fitted theoretical anisotropy accord-
MAE model. The pairs of points appearing at certain angles are thing to the MAE model. Fitting parameters are collected in Table II.
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 KO:—E(10K2¢+6K4”+3K4L)’
Table II. 15

face” contributions to the anisotropy may result in quite dif- __ 4 \/E 7K. — 3K, + 3K
ferent power-laws than proposed by Zener. In our analysis K2=7"51 5( 2L 4 ar),

we decided to derive the magnetization-dependent behavior

of « from collected experimental data, and then compare it o

with Zener’s predictions. Koo A/ Koy
The magnetocrystalline part of free enef@gs. (4) and 15

(5)] can be expressed with spherical harmonics in the follow-

ing way: 2\
K4=— E(SKM +4K,,),
Fre= KoYo+ KoY3 + kool (Y5 = Y27) + koY + kaa( Y3+ Y57
= 1 /2
L( 5, +9K>+i(\g,< _1_5K) kaa= = 5\ goKar ©
2\3“’77 0 2 2 8 4 4\““’7T 2 2 4
T The magnetization-dependent behaviokp€an be obtained
X o2 by, — = 1 /—Kzzsin(2¢M)sin2 O by combining FMR resultsH,(T) and M(T) data from_
2 N 2w SQUID magnetometry. Now, one can perform a numerical
approximation ofk;(M) as a power function of the magneti-
105 3 /35 4 )
+ ——=k, COS Oy + = \/ = K44 COLAcpyy)SIN Gy zation,
16V 8 T -
M(T) \«
8 — . 10
© ““(M@J (19

Comparing coefficients preceding the corresponding trigono-
metric components of the above formula and Ed$.and

(5), one gets, coefficients expressed as a linear combina- V. DISCUSSION
tion of the experimental anisotropy parametkfs=MH,,,/2

Figures 7 and 8 present azimuthal and polar anisotropy of
(m=2[,21,4l,4L1):

the resonance magnetic field,.s (as derived from FMR
spectra with fitted theoretical curves. We note that the MAE
TABLE Il. Anisotropy fields of the MAE model applied to in- model provides a reasonable description of experimental data

vestigated InGaMnAs samples. for both samplegfitting parameters are listed in Tablg.lIn
Fig. 7(a) one can see strong competition between four-fold
Sample Hz (G) Ha, (G Hy (G) Hyy (G) symmetry typical for the zinc-blende structure and two-fold
K322 860 540 910 215 LEIaXIal. am;otropy, occ.urrlng in mequwalerﬁﬂ.lO]. and
K3422 1200 370 230 —470 [110] directions. The difference of resonance fields for

$y=0° and ¢py=45° is about 1.5 kG, much larger than ob-
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served for GaMnAS$.The comprehensive explanation of the Mn atom surrounding has the features of both the tetragonal
braking of four-fold symmetry is still lacking, it is clear how- location in the zinc blende structure, as well as the hexagonal
ever, that layer/sublayer interface plays the most crucial rol&nAs (NiAs prototype structure This may be consistent

in this phenomenon. Krebst al. reported similar uniaxial ~with the partial ordering of Mn ions proposed here. Also
anisotropy for cubica-Fe films grown on GaA3!' They RBS(Rutherford backscatteringind PIXE(particle induced
suspect its origin in a specific topology of the bonds atx-ray emissiop investigations of GaMnA¥ revealed local
layer/substrate interface, distinguishipiyl0] and [Tlo] gi- lattice q|stort|ons, but on the contrary, they were |r_1terpreted
rections. On the other hand, Sawic al. emphasize that (assuming the approximation of the random distribution of

one deals with two different frontiers of epitaxial layers magnetic iongas originating from Mn atoms in the intersii-

: ’ tial locations.
layer/sublayer and layer/vacuum, braking top/bottom sym The theoretical curves fitted to out-of-plane experimental

metry of the tetragonal ) point group. Therefore one has to data[Figs. Tb) and 8b)] resemble curves #1 and #2 pre-

regard lower G, symmetry?® o : L
e - . sented in Fig. 6. In both epilayers the minima léf.{ 6y)
The in-plane anisotropy of the K342f2 samjpfeg. 8a)] ise at6,=90° (H in the plane. It may originate from the

is quite unusual as compared with the above discussed da ! .
of K322. One finds the uniaxial behavior bf.Jd), with shape-anisotropy of the samples as well as their tetragonal

two-fold symmetry slightly disturbed by a cubic component_?_'ﬁéoég%] zggzas;zigsggfe%d%;n r:'rt]e dgisoi t?]]; iﬁ'\s@i& in
visible especially in different widths of extrema. The strong parl P ghitu ! by !

contribution of uniaxial part to the magnetocrystalline freetthMﬁaAsse/ G(ZcAslnSnzl\t/Lneést’hgvg?scthiiorrfsgfltfheogtt)?:tnr?bduti]:)or:s
energy is evident in MAE model parameters: the second-

order anisotropy field,, is substantially larger thaH,, as of d_emagnetlzatlon and distortion to the observed planar
well as than corresponding parameters obtained for Samp%onfmement .Of easy-axes. According to Re_f. G and our
K322 (Table 1l). Although the growth conditions and the ovynk (unpg%lgshggio results, d th‘XMnXAS _epl!ayerls of h
composition of manganese were nominally the same for bot 622&3/% R re;eale dm;]t ﬁ)r:/v 1? etheng:\]eltiltieg:eonof esosiart an
samples(as mentioned in Sec.)lltheir anisotropic proper- . Out_of_p,ane_( in-plane ) h P P h
ties are quite different, as was the magnetization. ConsideR"SOrOPYH es Hies  greater than 5000 G. In the
ing the differences in two samples studied, one may conclud&?S® Of ouINg 5:853.47)0.6MNo 1S samples one deals with
that magnetic anisotropy seems to be significantly influenceg—® times thinner films and 2-3 times larger magnetization,
by subtle changebeyond the controlof MBE growth con- yuiofg{;ﬁe_‘ﬁ‘n{'ganSXpeCt an essentially larger amplitude

ditions, e.g. manganese composition or substrate temper&les res .+ If the shape-anisotropy were more im-

ture. This opens an interesting possibility that ferromagneti@0rt@nt than distortion. On the contrary, both for K322 and

anisotropy properties are influenced by details of the micro<342f2 samples the resonance field varies with the ampli-

scopic state of the alloy, i.e., particular features of its struciUde of about 2200 G, less than one half of the value from

tural disorder. For instance, one can expect a specific distrf:19- > Of Ref. 6. Thus we expect the magnetocrystalline an-
bution of manganese in the host lattice in metastabldsotropy (related to the crystal structure of the film and its

InGaMnAs. Such partial ordering of Mn atoms should bedistortiorb plays the dominant role in our InGaMnAs epilay-

very sensitive to the growth conditions. Considering this spe-e,rs and iS_ more essgntial than demagnetization. It is.con-
irmed by in-plane anisotropil,.{ ¢y), whose total ampli-

cific distribution, we do not mean Mn clusters, often opposeJ X )
in the literature to a random alloy approximation, but ratherude in both compounds is comparal§te2000 G, but the -
more generally, a state of microscopic order of manganese idniaxial component is 3 times or more stronger in
an InGaAs lattice. Even before any bigger Mn clusters ardnGaMnAs than GaMnAs. Litet al. reported for GaMnAs
formed that could be easily detected by microscopic meanghe difference ofH ¢ ¢y) for H||[[110] and H|[110] about

still specific atomic correlations of Mn atoms locations in the600—700 G. Our FMR investigations of GaMnAs delivered
crystal lattice sites may exist. In particular, such a correlatedhe value of~200 G, while in the case of INnGaMnAK322)
distribution of the impurity may exhibit anisotropic features one gets 1500 G, and the sample K342f2 revealed even
and in such a way influence the magnetic anisotropy. A kindstronger uniaxial anisotropy.

of partial local ordering of manganese may be also respon- A type of distortion may be deduced from MAE model
sible for a low value of the hole concentration ratio to Mn anisotropy fields. Liu et al® reported, that for
impurity concentrationp/[Mn]=0.03 in K342f2!1° similar ~ GaMnAs/GaAs with a growth-induced compressive strain
to what was recently proposed for some other highly dopedH,, is negative, unlike for films with a tensile straimamely
materials?®2” Moreover recent studies of GaMnAs by scan- GaMnAs/InGaA$, for which they gotH,, >0. In the
ning tunnelling microscopySTM) suggest deviations from case of our K322 sample we fourtd, =—540 G. Since
random distribution of Mn in GaMnAs, on the basis of the the demagnetization field of K322 is relatively small
observed STM image fluctuatioA$.The presented results (47M =240 G atT=6 K), the in-plane position of its easy-
may indicate limitations of generally acknowledged model ofaxis must be primarily induced by compressive strain. How-
diluted ferromagnetic semiconductors, assuming the randomaver, the results obtained for sample K342f2 seem to contra-
distribution of magnetic ions. In this regard it is worth men- dict the above reasoning. In this case the uniaxial parameter
tioning the EXAFS(extended x-ray absorption fine structure H,, is positive, suggesting tensile strain and the inverse
studies of metastable InMnAs allo§3They revealed an ex- symmetry of polar anisotropy with the easy-axis perpendicu-
istence of local distortions of the lattice, and showed that thdar to the plane. Nevertheless, Fighgshows the minimum
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of polar anisotropy at;=90°. It is not confusing if, instead B
. . . . @ 15 .
of a simplifiedH,, <O condition, one uses the appropriate Q
general constraints giving the easy-axis of magnetization ly- =z
ing in the plane of the sample, '
[>]
1 1 L 4
Hou + 5Hay —§[3+0054¢eq)]H4||<477Mv é "
]
2
1 5
Hy + 4_1[3 +C0%4¢eg) JHy > 0, (11 g sp J
[
o
or -
=
Hy, - 2[3 + Co$4dreq)Ha < 4mM g o i :
21 4[ Co%4deg) JHy < 47M, e " 45 90
Polar Angle 6, (Deg)
1
Hy + 4_1[3 +C084¢eg) JHy <0, (12 FIG. 9. Polar tilt of the magnetizatiotty — 6y) of the K342f2

sample versus out-of-plane orientation of the external magnetic

where ¢, denotes the azimuthal angle of the easy-axis. Takfi€ld-
iNg ¢e=0 for the [100] direction (easy-axis of the K322
samplg, and ¢oq=7/4 for [110] in the case of K342f2
(47M =900 G, one can check that anisotropy fields from ternal maanetic field
Table 1l fulfill conditions of Eqs(11) and(12). Note that the Azi 9 - o

: . . . Azimuthal behavior of the magnetization of the K342f2
magnetocrystalline- and the shape-anisotropy are included 'gample(the top panel of Fig. 10can be explained in the
the above formulas, therefore E@$1) and(12) combine the ‘ } —
influence of the strain and demagnetization field on the oriSame way. One getsl|H for the maximum[110] and the
entation of an easy-axis. minimum [110] of H.d¢y), but the magnetization tilts

In the case of K322 the maximum bf..4(6y) appears to faster, i.e.,d(6y—64)/d6y >0, when leave$110] (seeking
be tilted from the[001] direction. This fact results from the easy-axiy and slower, i.ed(6y,—64)/d6,<0, in the vicin-
competition of cubic and uniaxial components of free energyity of [110] (trying to keep preferred, “easy” positiprThe
F (see Sec. IY. As mentioned above, the magnetization of case of the K322 samplghe bottom panel of Fig. 10is
this sample is small as compared with the resonance magnore complicated. The magnetization direction coincides
netic field varying in the range of about 1800-4000 G, and _ _
thus its influencevia the shape-anisotropyn the out-of- 1l5"’°1 (0 [010] 1101 [100]
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.a8
causes the fact that there is no dip in polar anisotropy at
0H=0'

The fitting procedure we used also delivers information
about the orientation of the magnetization for givdn 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 maximum01]
and the minimun{110] of H,.{6y) (for K322 the latter is
[100)); for other directions the declination fromd is less
then 15 degrees. The deviation reaches its largest value for
6 <<45°. It corresponds to the asymmetry 8fs4(64) with
a narrow maximum and a relatively broad minimum 5 5 5
[Fig. 8b)]. The positive value of the tilt meané,,> 6, -15 v ' L

derivatived(6y,— 64)/d6, determines whether the magneti-
zation tilts faster(positive) or slower(negative than the ex-

(=]

-5 i i i

Azimuthal Tilt Of Magnetization ¢, - ¢, (Deg)
&

. . 0 45 90 135 180
in the entire range of the polar angle, thus the results Azimuthal Angle ¢, (Deg)

shown in Fig. 9 confirm in a direct way the explanation

of the polar anisotropy of GaMn,As (Ref. 6 and FIG. 10. Azimuthal tilt of the magnetizatiofigy— ) Of

(Ing.5Ga.471xMn,As, suggesting thaM deviates fromH  K342f2 (top) and K322(bottom) samples versus in-plane orienta-
“seeking” the easy-axishere[110]). Note that the sign of tion of the external magnetic field.
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FIG. 11. Temperature dependence of the FMR resonance field of

Azimuthal Angle ¢, (Deg)

the K322 sample for the main crystallographic directions. The FMR
signal disappears abovig. =~ 70 K. FIG. 12. In-plane anisotropy of the K322 sample for54 K.
The solid line was fitted according to the MAE model with the
with the external field at a maxima ¢4 #y) ([110] and  following anisotropy fieldsHy =570 G,H,, =20 G, H,=60 G

[110]), showing a similar positive slope of the deviation (Hs, does not influence the shape of in-plane anisotyopy

curve as in the casell[110] in the top plot of Fig. 10. - - -

- N . sented in Fig. ). There are two main differences: Figa8
However for m|_n|mg(here<100? type dlre(_:tlon;; the tilt of reveals essentially different widths of the extrema of
the magnetization is not vanishing, unlike for the K342f2 H..d¢) as compared with Fig. 12, and the magnitudes of

Sa}”ﬁ'p'e- The Qevia;]tioln Is abou; 8 In finiter':gmperattjre th‘?he anisotropy are scaled with a factor of 2. Both differences
minima of azimuthal FMR anisotropy of this sample areg,q hejr confirmation in MAE model parameters. In the

close to(100 directions but do not coincide with them. Welp case of K322 at 54 K, one deals with a relatively larger
et al®! reported recently direct evidence of the temperature(10_3o times uniaxial anisotropy fieltH,, with respect to
dependent evolution of the magnetization easy-axis in COMgiher parameters, which in addition are close to 0. Hence the
pressively strained GaMn,As epilayers. Their results ob- i pjane anisotropy in Fig. 12 is almost purely uniaxial and
tained with a high-resolution magneto-optical imaging yrovides the symmetry of an anisotropy curve resembling

technique revealed a second-order n_1agnetic transition, wit in(2¢y) [see in Eq.(5) the part of free energy relevant to
the azimuthal angle of easy-axigT) being the order param- H, . In Fig. 8a) the anisotropy fieldH,, is only 3—5 times

eter. In their studies the easy-axis is clos.e[lﬁ(.)].at the larger thanH,, and Hy,, so the admixture of cubic aniso-
lowest temperature and approachidslO] with rising T.  tropy is clearly visible in different widths of extrema. The
Above the transition appearing at abadig/2, the easy-axis magnitudes of anisotropy in both discussed figures are
remains af110] direction. mainly governed by thel,, parametetin the case of a domi-
Similar behavior is observed faiing s5Ga 471 «xMNAS  nant uniaxial component which is indeed about 2 times
with interplaying uniaxial and cubic anisotropies. In Fig. 11 larger for K342f2 at 6 K than for K322 at 54 K.
the resonance fields,.; are shown as a function of tempera- ~ Apparently, in order to apply correctly the MAE model to
ture for specific crystallographic directions of K322. As ex- describe the experiment at finite temperature, one should not

pected, all four sets of data approadh.~3200 G, corre- assumeMIH for (100 type directions, contrary to the as-
sponding to the effectivg=2 of the paramagnetic resonance

of a Mn ion, with temperature rising up f&-~70 K.3? For
temperatures below 35 K the resonance line reaches the low-
est magnetic field foH directed between100] and[110].

The transition is supposed to occur at about 35 /2),
slightly above the intersection of data sets fda00] and
[110]. According to Fig. 12 presenting the azimuthal aniso-
tropy of K322 sample measured at 54(kT-/2), the mag-
netization easy-axis holds10] orientation. In the case of
the K342f2 sample, for which uniaxial anisotropy is substan-

5.0 T T
[0o1]

[ n,l:Ff:: -I:l\n\
[i10] N
-AA-A.\A_ A A\D\n -
~. ~,
KA\ u\”\n‘
AAppa R

— v

v ox

4.0

g=2
3.0

tially larger, one deals with the easy-axis lying along the
[110] direction already aT=6 K, far belowT:/2. Therefore
no magnetic anisotropy transition is observsde Fig. 13

v

Resonance Magnetic Field (kG)

2.0

and the easy-axis remains[dtl0] 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

[ [110]
vV

v

c

|

0

50

100

Temperature (K)

150

FIG. 13. Temperature dependence of the FMR resonance field of

behavior of the resonance field of the K342f2 sample prethe K342f2 sample for the main crystallographic directions.
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10000

sumption of Liuet al® At 6 K, i.e., relatively low tempera-
ture, the tilt of magnetization reaches 8-9°, about 30% of
the total amplitude ofpy,— ¢y, then the incolinearity oM
andH should not be neglected. In our studies, we used no
arbitrary constraints about the orientation of tke vector
with respect to both the azimuthal, and polaréy, angle. In
addition to the results presented above, this general method
confirmed that in planatA) orientation the magnetization
stays in the plane of the sample regardless of the azimuthal
angle of the external magnetic field. In out-of-plaiBg ori-
entation, by analogyy remains in(010 (for the K322 or

5000

-5000

Anisotropy Parameters (erg/cm’)

-10000 s s :

(110) (for the K342f9 crystallographic plane. 0 5 1 20
The above discussion should be supplemented by a com- Magnetization (emu/cm’)

parison of temperature-dependent data with paramagnetic

respnance{Hres=3200 G .deFECted in Figs. 11 and 13 by a obtained by the application of Eq®) to the temperature-dependent
horizontal line Iab_eIIed witly=2). The data sets correspond- data of Fig. 11. The lines fitted with E@10) correspond to the

ing to [001] and[110] occur above 3200 G, while the ones power-like behavior of,, k,» and k4. The data sets of, and x4
for other main directions are shifted below paramagnetialo not obey the power-law given by E@LO) for any reasonable
resonance. It is in contrast to the results obtained bydtiu exponent.

al. for GaMnAs/GaAs films, which revealdd, ;<3200 G

when the external magnetic field is lying in the plane of theyg Eq.(9) with the exponents listed in Table IIl are presented.
sample, andH,.s> 3200 G for the perpendicular orientation Note the reasonable power-like behaviorsf ko, and kg,
of H. It was suggested in Ref. 6 that such behavior is typicajyhjle the fitting procedure failed fok, and x,. In the latter
for the epilayers under compressive strain. However, this exegse the anisotropy coefficients and «, revealed large un-
planation fai.Is, if one deals with strong in-plane unigxial an-certainty(especially forM = 14 emu/cn) due to subtracting
isotropy, as in the case of 0ling 53G& 47)0.sMNo1AS filMs.  comparable values in Eq9). Interestingly, the exponents
Note the remanent anisotropy of the K342f2 samplecollected in Table Il appeared essentially smaller than pre-
(Fig. 13 above its Curie temperature. This epilayer revealedjicted by Zener's Il +1)/2-power-law:” «=3 for 2nd order
very high intensity of the spectra, contrary to K322, and wWegoefficients anda=10 for 4th order. As mentioned in
suggest that the ESR signal remaining Tor Tc is of para-  gec. |v B, Zener’s approach does not involve the possibility
magnetic origin, which was not possible to detect in the casgsf different temperature-behavior of “surface” and “bulk”
of the low signal of K322. Analogous behavior was observedynisotropy. It could be estimated by separate thickness-
by Huber and Seehra in thin films of CeB They found the  gependent FMR investigations of InGaMnAs films of gradu-
exponential-like decay off,.{(T) for perpendicular orienta- gly diminished thicknesge.g., by etching Moreover, we
tion of the external magnetic field, and the increase for the assumed that the anisotropy is influenced by temperature
in-plane position of the latter. These results were SUCCGS%my via the magnetization, while one can also expect the
fully interpreted on the basis of the temperature-dependeriirect dependence af on temperature due to changes of the
magnetic susceptibility tensor including the influence of theejectronic properties of the alloy. The presented problem of
demagnetization field and possible intrinsic anisotropy of theemperature-dependent anisotropy of InGaMnAs is still
g-factor. According to the formula derived by Huber and gpen, both in the meaning of the experiment as well as the
Seehra and applied to our results, the produckatisfactory theoretical description.

(HI90U[110[1101)173 g expected to be independent of tem-

perature. In the case of the K342f2 sample one finds a slight VI. CONCLUSIONS

decrease of this quantity, with the magnitude of about 130 G

(4%) in the temperature range 110—140 K. It is hard to dis- Ferromagnetic resonance was investigated in epitaxial
cuss this effect due to the lack of experimental data in thénGaMnAs, grown lattice-matched on the (@B1) substrate
wider range ofT>T¢. On the basis of the cited analysis of in order to minimize the influence of the strain. The observed
Ref. 33, for the isotropig-factor [by analogy to GaMnAs anisotropic properties of FMR find their comprehensive un-
and InMnAs(Ref. 32], one can expect the same behavior ofderstanding with the Magnetic-Anisotropy-Energy model, al-
Hed(T) for different in-plane orientations of the external ready used for another Ill-V ferromagnetic semiconductor,
magnetic field. However in Fig. 13 one finds the remanent

inequivalence of110] and [TlO] directions, which may be TABLE Ill. The exponents obtained by fitting the _powe_r-layv
attributed to the influence of the magnetocrystalline aniso9VVen by Ea(10) to « data sets of the K322 sample depicted in Fig.
tropy, not considered by Huber and Seehra. 14.

In order to understand temperature-dependent anisotropy,
we applied Zener’s analysis presented in Sec. IV B to the ko 2 K22 4 Ka4
data shown in Fig. 11. In Fig. 14 the anisotropy coefficients,, . 1.4 1.2 . 21
x for the K322 sample and power functions fitted according

FIG. 14. Magnetization dependence of anisotropy coefficignts
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namely GaMnAs. It should be emphasized that the approacferences in the magnetic anisotropy were attributed to the
presented here, based on the MAE model, provides consighfferent microscopic state of disorder in a Mn allgthe
tent results both in the meaning of angular behavior of thdatter crucially depends on the growth parametebsne may
resonance field and the corresponding orientation of thexpect that a relatively small change in the sample fabrica-
magnetization. The model successfully describes the anisaion procedure results in specific correlations of the magnetic
tropy in the entire investigated temperature range, in particuions positions in the lattice. The origin of presented differ-
lar the possible reorientation of the easy-axis with rising ences in disorder and their consequences were almost not
At higher temperatures, the FMR experiments revealed intediscussed in the literature so far, although they influence fer-
esting power-like magnetization dependence of anisotropyomagnetic properties of Ill-Mn-V compounds with a com-
coefficients, with the exponents significantly lower than pre-parable strength to widely reported electronic and strain-
dicted by standard Zener'd(f+1)/2-power-law.” This dis- induced effects. In view of the presented results, we point out
crepancy was tentatively attributed to the limitations of Ze-the importance of the growth procedure for a control of fer-
ner’s approach, therefore the presented temperaturgemagnetism in InGaMnAs, both in the meaning of the mag-
dependent results have to be complemented both in ametization behavior as well as the magnetic anisotropy.
experimental and a theoretical way.

For the purpose of. all these.experl'ments two samples ACKNOWLEDGMENTS
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