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Ferromagnetic resonance in Ga_,Mn,As: Effects of magnetic anisotropy
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This paper describes a systematic study of ferromagnetic resori&ii®) carried out on a series of
specimens of the ferromagnetic semiconductol_GlIn,As in thin film form. The GaMnAs layers were
grown by low-temperature molecular beam epitaxy either on GaAs or on GalnAs buffers, the two buffers being
used to obtain different strain conditions within the ferromagnetic layer. Our aim has been to map out the
dependence of the FMR position on temperature and on the angle between the applied magnetic field and
crystallographic axes of the sample. The analysis of the FMR data allowed us to obtain the values of the cubic
and the uniaxial magnetic anisotropy fields—i.e., those which are associated with the @uatdistbrted zinc
blende structure and those arising from of strain.

DOI: 10.1103/PhysRevB.67.205204 PACS nuni®er75.50.Pp, 76.56-g, 76.30-v, 75.70.Ak

I. INTRODUCTION served on thin GaMnAs films. Here we report a systematic
Ferromagnetic(FM) semiconductors have recently at- investigation of FMR in GaMnAs films for different Mn con-
tracted a great deal of attention due to their possible “spin€entrations, film thicknesses, strain conditions, and heat
tronic” applicationst=3 Specifically, the development of treatments. The focus is on the dependence of the FMR field
these materials holds promise of integrating ferromagnetiposition on temperature and on the angular orientation of the
and nonmagnetic semiconductors, with an eye on developingpplied magnetic field with respect to the crystal axes, from
new devices that depend on electron charge as well as on itghich we obtain detailed information on magnetic anisot-
spin. Ferromagnetic 1lI-Mn-V alloys are fabricated by low ropy fields and on their temperature dependence. As will be
temperature molecular beam epitafyT-MBE), which al-  seen, the observed anisotropy fields are intrinsically linked to
lows one to achieve much higher degree of Mn solubility inthe interplay of the natural GaMnAs zinc blende structure
the IlI-V hosts than is possible at standard temperatures usexthd the effect of strain produced by the lattice mismatch

for growing the host materials. Note that in forming the between the GaMnAs film and the underlying substrate.

Ga _,Mn,As alloy, Mn atoms are incorporated at the Ga
lattice sites as Mh™ ions, thus acting both as magnetic mo-
ments and as acceptorhe resulting high concentration of
free holes mediates magnetic double-exchange interaction The Ga_,Mn,As samples were grown of001) semi-
between the Mh™ ions, leading to ferromagnetic order con- insulating “epiready” GaAs substrates in a Riber 32 R&D
sistent with the Zener model proposed by Dithal* Ferro-  molecular beam epitaxyMBE) system. The growth was
magnetic order in Ga,Mn,As is typically observed for monitoredin situ by reflection high energy electron diffrac-
0.02<x< 0.08, with Curie temperaturds. of 110 K or less  tion (RHEED). Standard effusion cells supplied the Ga and
for Mn concentrations> 0.05 in as-grown specimenstis  Mn fluxes, and the flux of Aswas produced by a cracker
now well established that the values of Curie temperafige cell. The procedure for MBE growth of the

in as-grown GaMnAs can be significantly increased by postGa, _,Mn,As/GaAs was as follows. First a GaAs buffer of
growth annealing at properly chosen annealing temperaturdgbickness 300 nm was grown at a high substrate temperature
and duration§:” Ts~590°C (i.e., under normal GaAs growth conditions

It has been shown that the magnetic anisotropy offhe substrate was then cooled down to 265°C for low-
Ga, _Mn,As films is largely controlled by epitaxial strain, temperature(LT) growth. Using As:Ga beam equivalent
with tensile and compressive strain inducing in-plane angressure ratio of 20:1, a 2-nm-thick buffer layer of LT-GaAs
out-of-plane moment orientation, respectivélphis problem  was then grown, followed by a Ga,Mn,As layer of 100 to
has already been the subject of several theoretical sttidies300 nm thickness. For the growth of GaMnAs/GalnAs
However, despite its importance for a variety of spin-basedamples, a GalnAs buffer was first grownTag~590°C to a
applications—such as spin-injectdfstunnel junctions! or  thickness of about um, to allow the GalnAs lattice to re-
giant planar Hall effect devic&s—direct experimental stud- lax. The substrate was then cooled as described above, and
ies of the physics of magnetic anisotropy of ;GgMn,As  the GaMnAs layer was finally deposited directly on the
films are still far from complete. GalnAs buffer surface. The RHEED pattern was<(d) re-

As discussed below, ferromagnetic resonanEdIR) construction during the low-temperature growth of GaMnAs,
complements the more conventional magnetic studies of FMind no evidence of precipitation of MnAs inclusidng., no
films by its ability to directly determine magnetic anisotropy spotty RHEED patternwas observed during the growth.
parameter$® and in this paper we take advantage of theFurthermore, clear RHEED oscillations indicative of two-
FMR technigue to obtain this information on epitaxially dimension layer-by-layer growth were observed at the initial
grown thin GaMnAs films under various strain conditions. Instages of GalnAs and GaMnAs deposition. Monitoring the
an earlier papéf we reported preliminary FMR results ob- RHEED oscillations provided a precise measure of the

Il. SAMPLE PREPARATION AND EXPERIMENTS
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TABLE |. Description of samples used in FMR experiments. [001]
Sample Buffer dinm? xP T(K) Sample ID
1 GaAs 300 0.03 65 00505H
2 GaygdNp 15AS 300 0.03 50 00315A
3A° GaAs 120 0.08 65 10823C
3BM GaAs 120 0.08 110 10823C
4 GaAs 100 0.08 73 10914A
5 GaAs 200 0.06 65 20327A
6 GaAs 150 0.06 65 20327B
7 GaAs 100 0.06 65 20327C

a: sample thickness.
Bx: Mn concentration.

ZAS'QFOWH sample. FIG. 1. Coordinate system used in this paper. The orientation of
Sample annealed at 280 °C for 1 h. the dc magnetic fielH (described bydy, and ¢) can be varied
. . continuously in both the (1Q) and the(001) planes. The resultin
growth rate_, Wh.'Ch allowed us to estimate the In and the IVmequilibrium )(/)rientation of(the) magnetizatiwrl)is given by 6, ¢). °
concentrations in the deposited layers.

The lattice constants of GaMnAs were measured by x-ray
diffraction (XRD) experiments, using a double crystal dif- increasedlc and a larger saturation magnetization.
fractometer with CiK o, radiation. Since the lattice constant ~ The FMR measurements were carried out at 9.46 GHz
of the zinc blende GaMnAs is larger than that of GaAs by artsing an electron paramagnetic resona(®eR spectrom-
amount that depends on the Mn concentratioiit can be  eter. In this article we will focus on the information obtained
used to determine the concentratigras follows!® Measur-  from the FMR field positiorHg, and on their dependence on
ing the vertical lattice constants of the tetragonally dis- temperature and on orientation of the applied dc magnetic
torted layers by XRD allows us to calculate the bulk latticefield H relative to the crystal axes of the GgMn,As speci-
constants(relaxed valuesa, of GaMnAs by making two men. As noted, the GaMnAs films are tetragonally distorted
assumptions: that the elastic constants of GaMnAs are equalong the growth(i.e., the[001]) direction by either com-
to those of GaAs and that GaMnAs is coherently strainedressive(for GaMnAs/GaA$ or tensile strair(for GaMnAs/
throughout its thickness by either the underlying GaAs or th€GalnAs in the sample plane. For FMR measurements the
GalnAs layer(i.e., @i, pane= as throughout the sampleThe ~ samples were cleaved into parallelepipeds with edges along
Mn concentratiorx can then be determined from the calcu- the [110] and[110] directions, as shown in Fig. 1.
lated relaxed lattice constangg using the analysis devel- Since the magnetic field of the Bruker EPR system is in
oped by Schotet al.in Ref. 15. Given the assumptions noted the horizontal plane, this allowed two basic geometries for
above, the values of Mn content determined in this wayFMR measurements as a function of angular orientation. In
should be regarded as approximate, with a possible error ake first geometrysubsequently referred to as geometry A
high as+0.01. the sample was mounted in the microwave cavity with the

Specifically, we have fabricated seven GaMnAs films forlayer plane vertical, i.e., with either tf&10] or the[lTO]

the FMR experiments. The sample parameters of specimens . tion pointing up. Assuming thel 10] as vertical, this

used in this paper are listed in Table I. eometry allowed measurement with the dc fielchormal

As noted above, low-temperature annealing of GaMnA .
can dramatically alter the ferromagnetic properties of Gam-° the layer planeH[|[001]), in the layer planer(|||[1lg]),

nAs, most notably by increasing its Curie temperature an@nd in mtelrmedlate orientations of the field in the ()1 .
changing the temperature dependence of its magnetization R2n€. To discuss the angular dependence of FMR, we define
a more mean-field-like behavibrin the context of the @ Polar coordinate system shown in Fig. 1. In terms of that
present paper, annealing can be used to alter magnetic propystem, the field-normal-to-the plane configuratidiff 001]
erties of samples already grown, thus providing the opportu¢orresponds t@,=0°, and the field-in-the-plane configura-
nity to compare FMR in GaMnAs films of the same thick- tion H||[110] to 6,,=90°, ¢;;=45°. In the second geometry
nesses but with different magnetic properties. For thiggeometry B the sample was mounted with the layer plane
purpose, the as-grown samples were cleaved into a numb8prizontal(the[001] direction pointing up. In this geometry

of pieces for systematic annealing. The annealing was calve could measure the angular dependence of FMR when the
ried out in the atmosphere of,Nyas at the temperature of field was confined to the layér.e., the(001)] plane, includ-
280°C. All the samples were annealed at the same fixed flo#d the orientations H|[110] (64=90°, ¢,=45°),

of N, gas equal to 1.5 SCFkstandard cubic feet peptithe  H[[110] (64=90°, ¢y=—45°) andH|[100] (6y=90°,

time of annealing was 1 h, and the specimens were thepy=0°), aswell as intermediate orientations in that plane.
cooled by a rapid quench to room temperature under a flow In addition to the FMR measurements as a function of
of N, gas at 6 SCFH. As expected, magnetization measurdemperature and orientation, systematic dc magnetization
ments on samples annealed in this manner resulted in aneasurements were carried out on the samples used in this
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20fF ' ' ' . ' H along the hard axis is observed at fields far in excess of 0.3
Bitore s T, the results shown in Fig. 2 allow us to assume that the

10F |—o—Huoo1] [ 4 Boagg i magnetizationrM and H are collinear 0= 0; ¢y=¢) for
LQOS fields applied along that axis, greatly simplifying the analysis

of the FMR data.

gy

i H Ill. BRIEF THEORETICAL OVERVIEW
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(a) In order to interpret the FMR results obtained on the
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packccudingans GaMnAs films, we first briefly review the theoretical formu-
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lation of FMR, and present expression for the resonance con-

Magnetization M (emu/cm®)
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GaMnAs/GalnAs P@?W“‘%mmwm ditions for principal field orientationge.g., for the dc fielH
20l ::::ZE;;?} gfgﬁ?)wy 1 applied normal to the sample plane, or in the sample plane

M‘ along high-symmetry crystalline directiondn this article

i we use the well-known Landau-Lifshitz-Gilbert equatiot?
0r ] for the precession of the magnetization to describe the dy-

Fid namics of FMR in a GaMnAs film. In order to determine the
20l - il ] magnetic parameters from the data, we start with the expres-
1;888@ b sion for the free-energy densifyin an applied dc magnetic
%0 'cg,oocQQQQ@QQﬁﬁﬁwga ( ) field H for a zinc blende crystal film(such as GaMnAs
R R e———— under tetragonal distortiof
Magnetic Field H (T) F=—MH[cosé cosby+sin 6 sind,co8 ¢ — ¢p) ]
FIG. 2. MagnetizatiorM as function of magnetic fielti for a ) 1
Gay gMngoAs thin film, measured aff=5 K by SQUID for —27T|V|25In20—K2LCO§0—§K4LCO§'0

sample No. 1top panel and sample No. 2Zbottom. The magnetic

field is applied either in thE110] or in the[001] direction. GaMnAs 1 1 a
sample No. 1, grown directly on @01) GaAs substrate, is under - §K4HZ(3+COS 4p)sin §— Ksir 6 sinz( o— Z)'
compressive strain in the layer plane; sample No. 2, grown on an

Ga gdng 15AS buffer, is under tensile strain. Note that the easy axis (1)
is different for the two samples.

Here the first term describes the Zeeman energy; the sec-
investigation using a commercial superconducting quantur@d term is the demagnetizing energshape anisotropy
interference devicéSQUID) magnetometer. These included Kz @and Ky, are constants representing the perpendicular
the temperature dependence of the magnetizatignand unlax_lal a_lnd cubic anisotropy, respectively; thg planar anisot-
hysteresis profiles foH applied parallel or normal to the FOPY is given by a uniaxial terri(z and a cubic terniKy;
layer plane. Typical hysteresis data are shown in Fig. 2. and the angles are defined in F|g. 1: The in-plane anisotropy

The hysteresis profiles in Fig. 2 have special relevance folem K| reflects the fact that in a zinc blende structure the
our analysis of the FMR results, for two reasons. First, thes€110] and[ 110] directions are not equivalehtWithout this
data demonstrate the striking difference in magnetic anisotterm Eq.(1) is the free energy density for an ultrathin film of
ropy of GaMnAs under compressivéGaMnAs/GaAs, a purely tetragonal symmetty.
sample No. 1 and tensile straifGaMnAs/GalnAs, sample The resonance condition for any given field orientation
No. 2). The hysteresis loops for GaMnAs/Gaftep panel  can be obtained from Ed1) in the standard way by mini-
clearly shows that the easy axis of magnetization is in thenizing the free energf with respect tod and ¢.***¥We do
plane of the sample. Qualitatively the behavior seen in théhis for two geometries described below. Using the coordi-
upper panel is typical of GaMnAs/GaAs for all Mn concen- nates defined in Fig. 1, fap,=45° [H andM in the (110)
trations used in this studisee Table)L In contrast, in the plane, henceforth referred to as geometiy éne finds
case of the GaMnAs/GalnAs sample, which is under tensile

strain, the easy axis is normal to layer plane, as evidenced by o\ ? 2K, Ky
the sharp hysteresis loop observed whkis applied parallel ( ) =|Hreod Oy = O)+| —4mM+ ——+ -
to the[001] direction (bottom panel
The second feature of Fig. 2 relevant to this paper in- Ky Kai Ky
volves the hysteresis loops observed whkis applied along oM | COS B H| T o | Cos W
the hard axesH normal to the plane for GaMnAs/GaAs and oK K
H in the plane of the film for GaMnAs/GalnAs system, re- 21 |
spectively. The feature of interest is that saturation magne- x| Hreos by = 0) | —4mM+ —g=+ 4F cos'f
tizations coincide for fields of about 0.3 T or less, indicating
that fields of that magnitude are sufficient to orient all spins " ( 2Ky, n M e M_ M (2a)
along the hard axis. Sindas will be seen belopW-MR with M M M M
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and for #=64,=90° (M and H parallel to the film plane,
geometry B one obtains

3

2K2H > ™
M Co§ zo >

2Ky
HrCO ¢~ ¢p) +—COS dp

Hrcog o — ¢y) +47M

o7

(2b)

2K,
M

Kq
2M

+

2
(3+cos4p)+ %sin2

Here w is the angular frequency of the microwave field
andy=gugh ! is the gyromagnetic ratioybeing the spec-
troscopic splitting factor, and the Planck constahnt For
free electrons g=2.0023, yielding y=1.7588
X 10" Hz Oe . The quantity 4M in Eq. (2) gives the de-
magnetizing field, whereM =M (T, H) is the field- and
temperature-dependent magnetization, which can be me
sured independently, e.g., by SQUID.

The magnetic parameterKz /M, 2K, /M, 2K,, /M,
47M —2K,, IM=47Mg4 and y (or the g facton can in
principle be determined by fitting E¢) to the experimental
data forHg at differentd,, and ¢ . Here we give the reso-

nance conditions for specific high-symmetry configurations

obtained from the general solution of the FMR equation
given in the Eq.(2). It is important to note that, to obtain
these high-symmetry results, we have assumed that the m
netizationM is aligned with the applied fielth. While this
approximation is quite safe fét applied along the easy axes
of the GaMnAs films, Fig. 2 shows that—as argued above
the fields at which FMR is observed are also sufficiently hig
to turnM parallel toH when the latter is applied parallel to
the hard axis. Moreover, withK,, [>[K, | and |Kyl
>|Ky|, this assumption is expected to hold for most of our
data. Thus we obtain foM and H parallel to[001], i.e.,
perpendicular to the film plane&dE& 6,,=0°)

w\? 2K, 2Ky,
(;> =(Hm—4wM+ N N )(Hm—4wM
M M M/ (39

for M and H in the film plane, parallel td100] (6= 6,
=90°, p=¢y=0°)
2Ky , Ky
™ ™)

) 2
(3b)

for M and H in the film plane, parallel td110] (6= 6,
=90°, = py=45°)

M

(O]

E

2Kq)
HRH+ M

)(HR+47TM—

w)\? 2Ky 2Ky 2K, Ky
(;) :(HR‘W‘W)(HRH”WM‘W V)’
(30

S
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and forM andH in the film plane, parallel tc[lTO] (6
=0p=90°, p=¢y=—45°)

w)\? 2Ky 2Ky 2K, Ky
(;) Z(HR— M ™ )(HR”+47TM— M +—M
. 2K o
vk

It is instructive to identify the origin of the various anisot-
ropy terms appearing in Eq&a)—(3d). The terms involving
K,, arise from uniaxial anisotropy of the GaMnAs system
produced by the tetragonal distortion of the lattice along the
[001] direction. The sign of this contribution will thus be
opposite for GaMnAs layers under compressive and under
tensile strain in the layer plane, leading—as will be seen—to
a drastic difference between the FMR positions observed in
GaMnAs grown on GaAs and on GalnAs buffers. The in-
plane anisotropy ternk, is the fourth-order anisotropy of
the cubic system, essentially distinguishing between the

100 and (110 directions andKy is a very small term

arising from the fact thaf110] and[110] are not exactly
equivalent due to the specific bond configuration in the zinc
blende structure, so that tl{@01) plane has also a small but
finite uniaxial anisotropy® For completeness we note that in
a purely cubic system the ternt§,, and K, (sometimes
enoted a¥, in the literature would be identical, but they
can in principle differ in a tetragonally-distorted crystal, such
s GaMnAs grown on a mismatched substrate. We will see,
owever, that in the context of the present FMR experiments
we will not be able to extract information on the fourth-order
cubic out-of-plane anisotropy teri,, , since contributions

d

harising from this term always occur side-by-side widnd

are therefore masked pyhe much larger contributions of
K,, [see Eq(1)]. Since the various terms involvind<2/M

in Eq. (3) represent effective fields arising from the various
magnetic anisotropy components, in what follows we will
refer to K;/M as anisotropy fieldsl; . Note finally that the
terms 47M —2K,, /M always occur together. For that rea-
son it is customary in calculations to Ilump 7#
—2K,, /M into a single term 4M .

IV. EXPERIMENT RESULTS AND DISCUSSION

Figure 3 shows FMR spectra for a representative
GaMnAs/GaAs film(sample No. #in two configurations:
with H in the plane of the sampled(,=90°, ¢oy=45°,
H|[110]) and with H normal to the film @y=0°,
H||[001]). In the latter configuration FMR corresponds to
the sharp resonance line at 0.81 T. Note that pronounced
shifts of the FMR line are observed to fields above and be-
low the g=2.00 H=w/7y) resonance position for the mag-
netic field orientations perpendicular and parallel to the plane
of the layer, respectively. Taken by itself, this behavior could
qualitatively be attributed to the effect of demagnetization
field 47wM alone, as can be seen from the analysis of(Bp.
when the contributions from magnetic anisotropy terms
K;/M are neglected. However, this conclusion is immedi-
ately eliminated by the data in Fig. 4, where FMR spectra for
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FIG. 3. FMR spectra for paralleH||[110]) and perpendicular F 02} 2 T
(H|I[001]) configurations observed for GgMngAs/GaAs Z . yd —o—2K, M
(sample No. #at 9.46 GHz and 4.0 K. The resonance position for B B e ——2K M
g=2.00 is indicated by the vertical dashed line. F§f 001], FMR 04 . . . . .
corresponds to the sharp line at 0.81 T. The series of lines below 0 10 20 30 40 50 60 70
FMR are spin wave standing wave resonances. The weak resonance Temperature (K)

at theg=2.0 position is ascribed to isolated paramagneticMn

ions that may have diffused out of the FM layer. FIG. 5. (a) Temperature dependence of FMR fields observed at

four high-symmetry field orientations for GgMng As/GaAs
(sample No. 1 (b) Magnetic anisotropy fieldsk,, /M, 2K, /M,
GaMnAs/GalnAs film(sample No. 2are also presented for and X, /M as a function of temperature for the same sample. The
two configurationsH|[[ 110] and H||[001]. Specifically, the solid lines are the guides for the eye.
data show that for tensile strain the FMR shiftslow the
H=w/y position for the magnetic field orientation perpen- diately infer that the FMR fieltH g> w/y whenH is parallel
dicular to the plane of the layer, and occurs abbe w/y g the hard axis.
for fields applied in the sample plane, contrary to the predic- e note parenthetically that in Fig. 3 the FMR line at 0.81
tions of Eqgs.(3a),(3c) when the anisotropy terms are ne- T js accompanied by a series of spin wave resonances at
glected. The FMR spectra in Figs. 3 and 4 thus establish gb\er fields. A quantitative discussion of these excitations is
the outset that the position of FMR is primarily determinedbeyond the intended scope of the present paper, and will be
by crystal geometry, i.e., that magnetic anisotropy fields play,ngertaken in detail at a later time. It is important to point
a dominant role in determining the field at which the reso-gut, however, that—since such resonances represent a Fabry-
nance occurs. From the data in Figs. 3 and 4 one can imMgerot-like standing wave interference of the magnetization
due to spin wave reflections at the sample interfaces—the
L e very presence of spin wave resonances indicates that the
GaM"o.osAS/Ga|"o.1sAs'_ magnetic order is coherefite., long ranggacross the entire
#2 sample. Finally, we note in Fig. 3 the presence of a weak line
at the g=2.0 resonance field. This resonance is probably
caused by isolated paramagnetic Mnions that may have
J diffused outside of the FM layer, and is of no interest in the
context of this paper.

H//[001]

1 A. GaMnAs films with compressive strain

H//[110] i Figure a) shows the temperature dependence of the
resonance position in four configurationsH|(110],

H|[110], H|[100], and H|[001]) for the GaMnAs/GaAs

Derivative of Microwave Absorption
(arb.units)

-, 5.9=?'0. C oy ] film (sample No. 1corresponding to the top panel of Fig. 2.
00 01 02 03 04 05 06 07 FMR fields observed for other GaMnAs/GaAs samples listed
Magnetic Field (T) in Table | show very similar behaviors. As one can see from

the figure, the FMR position is strongly shifted to fields
FIG. 4. FMR spectra for paralleH[110]) and perpendicular @bove theg=2.0 M.n++ resonance positiortH= w/y) when
(H|[001]) configurations observed for GaMng As/  the magnetic field is applied perpendlcu_lgr to the pIa_ne_ of the
Gay gdNo 15As (sample No. Rat 9.46 GHz and 4.0 K. The resonance GaMnAs film, and below thél = w/y position wherH is in
position forg=2.00 is indicated by the vertical dashed line. the plane of the film. These shifts gradually decrease as the
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0.7 whenH lies in the film plane and parallel to th&00] direc-
06t tion (A4=90°, ¢y=0°), as wasalready seen in Fig.(8).
E osl The bottom panel of Fig. 6, which shows the angular de-
3 oal pendence oHg for H in the (001 plane, is particularly
i'é_', ' interesting for two reasons. First, it reveals that magnetic
g o3 anisotropy(which we attribute to the cubic anisotropy term
g 02f . Hy)) is quite strong. The origin of this behavior can be as-
§ 04| GaMnAsiGaAs#1 1 cribed to the anisotropy between tiE0] and[110] orien-
#,~45" Hand Min (110) plane  _55p¢ tations in the(001) plane, as can be readily seen from the
®%0 25 0 25 % fact that the sign oM in the first parenthesis of Eq&b) is
Angle of magnetic field 4, (Degrees) opposite from that in Eq$3c) and(3d). Second, it is evident
07 . . . from Fig. b) that the symmetry of the FMR position is not
06| GaMnAs/GaAs #1 (b) ] exactly fourfold in the(001) plane(as would be expected for
ol 6,=980°, Hand Min (001) plane a purely tetragonal distortion along thg01] axis), but that a
E o3 1 small difference exists betweét for H applied along the
E 04r _ [110] 1 [110] and[110] directions, respectively. This initially unex-
E 0.31110] [110L pected behavior is precisely the consequence of the Keym
S o2l - ] in Egs. (3¢) and (3d), which arises from the cation-anion
4 W bond topology specific to th@01) zinc blende plane. Simi-
o1r Teak ] lar effects have been seen iFe (bco films grown on
0.0 5 = T 5 5 GaAs, and for a detailed discussion the reader is referred to

Angle of magnetic field g, (Degrees) Ref. 19. o -

The solid curves in Fig. 6 represent the positionsHef

FIG. 6. Angular dependence of FMR fields for calculated theoretically using the full E@®). In the calcula-
Gay oMng gAS/GaAs (sample No. 1 for (a) magnetic fieldH in  tion we usedg=2.0 for the Mn" " ions and the values of
the (110) plane(geometry A; and (b) for H in the (001) plane  47M g, 2Ky /M and X, /M already obtained from the
(geometry B. The solid curves in figure represent the positions ofanalysis of the high-symmetry orientations via. Eg). (see
Hg calculated theoretically using the full Eq®a) and(2b) for the  Fig. 5 and the accompanying discussiofihe calculation

two geometries, respectively. was carried out by minimizing the free energy with respect to

anglese and# for any combination ofp, and 6y . Since the

temperature increases, the FMR field converging tovkrd resonance positions for the different angles represent a set of
— wly as the Curie ten’1perature is approached simultaneous equations, the ability to satisfy the observed

. L . : data with the same anisotropy parameters is a clear indica-
~ Using the FMR positions for the four orientations showntion that EMR in GaMnAs indeed obeys the model for te-
in Fig. 5 at any one temperature, we can use Ha)- tragonal symmetry given by E@l). Specifically, it confirms
(3d) to obtain the value of #M ¢, 2Ky /M, and XK, /M. g y Y9 Y - =P 4

: the values the anisotropy fields obtained using By.along
The bottom pgnel of F|g: 5 shows the temperature deper‘/’\/ith the assumption thati andM are collinear in the high-
dence of anisotropy fields K, /IM=47M—47M 4,

symmetry directions. The calculations also reveal, however,
2Kz /M, and Xy /M for the GaMnAs/GaAs sample corre- that the assumption of collinearity is no longer true for arbi-

sponding to Fig. &). The values ofM(T) used to obtain rary directions(it is easy to show that iH and M were
2K3, /M from the calculated value of#M g are measured collinear for all angles, the angular variationtéf, would be
by SQUID. One can see that the magnitudes of all anisotrop¥inusoidal in Fig. & Briefly, the departure from sinusoidal
fields monotonically decrease when the temperature independence oMy and ¢, Seen in Fig. 6) can be under-
creases, and approach zero close to the Curie temperatuigeod as follows: onckl is tilted away from thé001] direc-
Note that the GaMnAs/GaAs sample has a negativgion, the orientation oM tends to tilt faster tham toward
2Ky, /M, which corresponds to the easy axisMflying in  the sample plane, seeking the easy axis of magnetization.
the plane of the film. This behavior is true of all GaMnAs/ Using this argument, we can infer from the Shape of the
GaAs samples listed in Table I. angular dependence in Figl that the easy axis is not only
We have also mapped out the resonance condition for thegnfined to the layer plane, but is oriented along [th@0]
same GaMnAs/GaAs sample as a function of magnetic fieljirection, consistent with the conjecture stated earlier that the
orientation relative to the crystal axes at a fixed temperaturg=\MR field Hpg has its lowest value whe points along the
Two geometries were used, as described in Sec. Il geomet@yasy axis.
A, where we varyédy in the (110) plane, keepingy fixed As noted earlier, the FM properties of GaMnAs can be
at 45° (see Fig. 1and geometry B, where we vapy, inthe  altered(improved by appropriate annealingln Fig. 7 we
(001 plane while keepingdy, fixed at 90°. The observed compare the FMR fields for sample No. 3
FMR field positions obtained for the two geometries are(Ga o Mng ogAS/GaAs, very similar to sample No.) bb-
shown as points in the upper and lower panels of Fig. 6served before and after annealing. Note the increase of the
respectively. Note that the lowest resonance field is observesonance shifts observed after heat treatment. The analysis
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A-01 - —a— as-grown /o = Temperature (K)
£ | —o—280°C annealed 1 _ o
%_0_2 R i FIG. 8. Comparison of FMR linewidth for GgMng ogAs/GaAs
"; n__ | (sample No. Bbefore and after annealing, observed as a function of
8'-0 3l l\. e ] temperature in thél||[ 110] orientation. Curie temperaturd for
g \"’/5 the as-grown and annealed cases are also indicated in the figure.
2 i O/O 1 The solid and dashed lines are guides for the eye.
<04} o—O’O_O/O/ :
- tensile strain. As noted earlier, tensile strain was achieved by
05 .. growing GaMnAs on a relaxed GalnAs buffer, with suffi-

0.0 0.2 04 0.6 0.8 1.0 1.2

v cient In concentration to make the lattice parameter of the
Cc

buffer larger than that of the FM film. The hysteresis data for

FIG. 7. Top panel: Comparison of temperature dependences (;[Pe Ga.gMno oS/ Gaygdo 15AS (sample No. 2 in Table)|

FMR fields observed at two high-symmetry field orientations in the2T€ diven in th?‘ lower p_ane_l of .Flg'. 2’. and th_e FMR specira

170) ol tor G GaA e N bef q are shown in Fig. 4. This situation is interesting because, as
(110) plane for GagMno.oes s (sample No. $ before an Fig. 2 clearly indicates, the tensile strain in the layer plane of

after annealing(solid and open symbols, respectivelyBottom the sample causes the easy axis of magnetization to lie per-
panel: Comparison of the anisotropy field 2 /M before and after P y 9 P

annealing for the same sample. The solid lines are the guides for ﬂ{%endlcular to the fllﬂ(l.e., alon'g'the[001] dlrectlgr), con-
eye. rary to the behavior characterizing most ultrathin FM films,

where an in-plane easy axis bf is generally expected ow-

of the data indicates that the observed increase is causéay to the shape anisotropylemagnetizing energy. In the
primarily by a dramatic increase in the magnitud&ef , as  context of FMR, the reversal of the sign of the strain leads to
seen in the bottom panel of Fig. 7. a largepositive2K,, /M, which counteracts the demagneti-

We point out parenthetically that the peak-to-peak FMRzation field in Eq.(1), thus shifting the FMR position down-
linewidth AH, observed in our experiments shows a dis-ward. As already shown in Fig. 4, for the specific value of
tinct dependence on the orientation of the magnetic field withensjle strain achieved in the present (G#ng gsAS/
respect to the crystal axes of the specimen, similar to thg;80 gdNo.1As sample the value of R, /M is suffiéiently
angular dependence of the FMR resonance position. U“forlérg'e to shift the FMR fieldbelow the g=2.0 position—a
tunately the lack of theoretical understanding of FMR broad”feature that alerted us to the dominant role of magnetic an-

ening mechanisms, such as intrinsic damping and magnetig,.in determining FMR fields in epitaxially grown
inhomogeneity within the ferromagnetic film, prevents USSaMNnAs

from carrying out a meaningful discussion®H , , observed .
in this set of experiments. Without attemptipr?g to analyze fThe;;op pagf/:lgf Fig. 9 §thows the tbempergturefdepenfihence
AHp,, we nevertheless wish to point to the dramatic nar-2 N positions - observe or €
rowing of the FMR linewidth observed after GaMnAs has G .9MNo.oAS/Ga gdNp 15AS sample(sample No. in four
been annealed, as shown in Fig. 8. Since it has already be&RnfigurationsH|[[001] and H[[110] observed in geometry
established that annealing reduces the number of defec&andH|[[110] andH|[100] in geometry B. In contrast to
(such as Mn interstitia)s’® and since it is reasonable to ex- the GaMnAs/GaAs samples, the FMR is now observed at
pect that the annealing process also serves to “smooth ouffields above the H=w/y (g=2.0 resonangeposition for
local inhomogeneities, we are tempted to suggest that theagnetic fieldH parallel to the plane of the film, and below
spectacular narrowing of FMR in annealed specimens is iH=w/y for the perpendicular geometry. As in the case of
some way related to the overall improvement of materialghe GaMnAs/GaAs FMR data, these shifts decrease rapidly
quality by such post-growth heat treatment. as the Curie temperature is approached, converging on the
g=2.0 resonance position at higher temperatures. The data
collected in Fig. %a) corroborate the conjecture made earlier
We also carried out FMR measurements as function ofhatHg tends to be shifted above tlyge=2.0 position when
temperature and angular orientation on a GaMnAs film undefield H is parallel to the hard axis.

B. GaMnAs film under tensile strain in the layer plane
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four high-symmetry field orientations dfl for Ga, gMng gAS/

. . ' FIG. 10. Angular dependence of FMR fields for the
Gaygdnp1sAs (sample No. 2 (b) Magnetic anisotropy fields .
2Ky, IM, 2Ky /M, and XK, /M as a function of temperature for Gay.9Mno0As/Gay gdnossAs (sample No. 2 for (@ H in the

the same sample. The solid lines are guides for the eye. (110) plane(geometry A and(b) for H in the (001) plane(geom-
etry B). The solid curves in figure represent the positionsHgf
O?Ealculated theoretically using the full Eqa) and(2b) for the two

We calculate the temperature dependence of the anis . .
geometries, respectively.

ropy fields XK, /M, 2Ky /M, and XKy /M for the
GaMnAs/InMnAs sample using Egé3a—(3d) and the val- o ) ]
ues of M measured by SQUID, as had been done forl100] direction even when that is not the real easy axis of the
GaMnAs/GaAs. The results are plotted in Figb) Similar ~ tetragonally strained material as a whole. .
to GaMnAs/GaAs, the magnitudes of all anisotropy fields _Fmally, it is instructive to compare th_e magnitudes of the
decrease as the temperature increases, approaching z&@sotropy fields for GaMnAs/GaAs in Fig.(6ample No. 1
close to the Curie temperature. and GaMnAs/GalnAs in Fig. 10sample No. 2 We know .
In Fig. 10 we show the full angular dependences of théfom the XRD data that sample No. 1 has a compressive
resonance fielHg for the GaMnAs/GalnAs film measured Straingo=(as—ap)/a,=—0.00135, and sample No. 2 has a
in geometry Altop panel and geometry Bbottom at a fixed larger tensile strain oé(_)z 0.007.01. Since the .quantltyzﬂs
temperature. The solid lines are theoretical curves calculatedt only opposite in sign, but is also larger in sample No. 2
using the anisotropy fields shown in Fig. 9 by assuming than in sample No. 1,_th|s illustrates very nlce!y that anisot-
=2.0 in the general equations given in ER). As in the case  "OPY fields(and especiallyH,, ) track the magnitude of the
of GaMnAs/GaAs, the agreement with experiment is excelStrain in the layers, suggesting that FMR on GaMnAs grown
lent, supporting the accuracy of the model and of the value§pitaxially on buffers Wlth dlfferent_ Iat.tlce constantls provides
of the anisotropy fields shown in Fig. 9. an excellent opportunlty for q_uantl_tauvely <_:ontroll|ng the ef-
Note in the top panel of Fig. 10 that, when the fields ~ fects of magnetic anisotropy in this material.
tited away from the hard[110]) axis, the direction oM
immediately begins to seek the easy orientation, as evi-
denced by the nonsinusoidal shape of the angular depen-
dence. This effect has already been noted in Fig. 6 for The measurements of FMR presented in this paper show
GaMnAs/GaAs, but is much stronger in the present case afinambiguously that magnetic anisotropy fields play a deci-
GaMnAs/GalnAs. The bottom panels of Fig. 10 shows thasive role in determining the resonance spectrum of epitaxi-
in the GaMnAs/GalnAs combination there is also a muchally grown GaMnAs. Since the crystal structure of epitaxial
stronger fourfold in-pane anisotropy fieltts, , and again a GaMnAs is slightly tetragonal due to the distortion of its
very small but unmistakable planar twofold uniaxial anisot-relaxed cubic structure by lattice mismatch with the sub-
ropy, that we ascribe to the presence of thg field. It is  strate, it is expected that the magnetic anisotropy of this ma-
also interesting to note that—as can be inferred from theerial will be dominated by uniaxial anisotropy. In samples
nonsinusoidal nature of the angular dependendéoin Fig.  examined in this paper we have observed uniaxial anisotropy
10(b)—whenM is in the sample plane, it tends to seek thefields K,, /M as large as 4000 G—and larger values can

V. SUMMARY AND CONCLUSIONS

205204-8



FERROMAGNETIC RESONANCE IN Ga Mn,As: . .. PHYSICAL REVIEW B67, 205204 (2003

probably be induced by greater lattice mismatches than thosexhaustive, two prominent aspects emerge from comparison
used in growing the present samples. The sign of the 2f FMR observed on the same material before and after it
K, /M term is determined by whether the strain in the layerwas annealed. First, the changes induced by anne@irad
plane is tensile or compressive, as clearly revealed by thgs an increase in the Curie temperatae accompanied by
positions of FMR observed for GaMnAs/GaAs and g large change in the magnitude of the anisotropy fi&de
GaMnAs/GalnAs, respectively. . Fig. 7). And second, annealing also has resulted in a dramatic
The cubic (fourth-ordey anisotropy fields are also very narrowing ofAH,,, as seen in Fig. 8. These results suggest
large in GaMnAs(of the order of 2000 §; as evidenced by ha¢ annealing can be useful in future FMR studies, allowing
the angular variation of FMR observed when the orientatiory e ¢4 vary the magnetic properties within the same sample
of H is varied in the basd001) plane. Finally, th(.as.e experi- ¢ purposes of comparison and correlation.
m‘?”t$ alsq reveal Fhat there_ IS a small_but flr_nte_ m-plane Finally we wish to point to the clear presence of spin
uniaxial anisotropy fieldKy , signaling a slight uniaxial dis- e resonances that accompany FMR, as seen in Fig. 3.
tortion of GaMnAs in the basal plane itself, that we ascribépjinqugh a discussion of this phenomenon lies outside the
to the physical difference between tfE10] and[110] di-  scope of the present paper, it illustrates the richness of the
rections of the zinc blende structure on which GaMnAs isphysics related to dynamic magnetization effects that can be
grown. The agreement between the experimentally observegvestigated in GaMnAgand presumably other Ill-Mn-V
angular dependence of the FMR field and the calculated Va.."erromagnetic Semiconduct()rby FMR techniques_
ues ofHg obtained using the same values of the anisotropy
fields for all field orientations serves as strong evidence that
the model used for epitaxial GaMnAtetragonal symmetry
induced by lattice mismatch, with a small uniaxial distortion
of the basal plane along th&10] direction is accurate. The authors are grateful to B. Jankdotre Damé and G.
Our work has revealed that the process of low-Zarand (Harvard for illuminating discussions. This work
temperature annealing, which is known to produce an inwas supported by the DARPA/SpinS Program through the
crease in the Curie temperature, also results in a very signifffice of Naval Research and by NSF Grant No. DMRO02-
cant modification of FMR. Although the data presented is notLl0519.
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