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We present a study of exchange-dominated surface and bulk spin-wave modes in (Ga,Mn)As films grown by
molecular beam epitaxy. Multimode spin-wave spectra were observed using the ferromagnetic resonance
technique, as the direction of the magnetic field H was varied within the plane of the layer, as well as relative
to the plane. The field corresponding to the main (strongest) resonance peak at each angle is used to calculate
bulk magnetic anisotropy parameters and the g factor of the magnetic films. The dependence of spin-wave
(SW) modes on the orientation of H is analyzed in terms of two fundamental models: the surface inhomoge-
neity model and the volume inhomogeneity model. Typically, when H is normal or near normal to the sample
plane (i.e., HII[001]), a spectrum consisting of a series of well-resolved SW modes is observed. However, as
H is rotated significantly away from the normal, at some orientation, a “critical angle” is found, at which only
the single uniform mode is observed. As H is rotated further and approaches the in-plane direction (such as the
[110] direction), a multiple-mode spectrum reemerges, ascribed in part to the appearance of a surface spin
excitation due to unpinned surface spins. The analysis of spin-wave resonance spectra in terms of the dynamic
surface spin pinning (derived from the surface anisotropy) allows us to determine the value of the exchange

stiffness constant D.
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I. INTRODUCTION

Ferromagnetic II[-Mn-V semiconductors such as (Ga,M-
n)As continue to hold the interest of the scientific commu-
nity, both for their fundamental scientific interest and for
their potential for spintronic applications."> Although it is
well established that the ferromagnetic ordering of Mn ions
in (Ga,Mn)As is induced by holes arising from the presence
of Mn ions,>* our understanding of the fundamental dynamic
magnetic excitations in this material—which is intimately
connected with the exchange interaction between the Mn
ions and the holes—is still far from complete.>® Recently,
extensive studies of the magnetization dynamics in (Ga,M-
n)As film have been carried out by various experimental
techniques, such as the ultrafast magneto-optical Kerr effect
(MOKE),”-!° Brillouin light scattering (BLS),'" and ferro-
magnetic resonance (FMR).>!? In this paper, we describe
experiments using the FMR technique'? to study spin waves
(the fundamental dynamic magnetic excitations in a ferro-
magnet) in (Ga,Mn)As films. In addition to providing con-
siderable insight into the properties of bulk and surface mag-
netic excitations in (Ga,Mn)As, this method has allowed us
to determine the exchange stiffness constant and the charac-
teristics of surface spin pinning in this spin system.

The spin dynamics in ferromagnet can be described using

the Landau-Lifshitz-Gilbert equation as follows:'4-16
M MxH,+Emx M (1)
™M + 2 acy
ot 7 I M ot

where vy is the gyromagnetic constant, M is the magnetiza-
tion, H, is the effective magnetic field within the specimen,
and « is the phenomenological damping parameter. In this
equation, the first and second terms represent the preces-
sional motion and the energy dissipation, respectively. Note
that the effective field H, consists of a superposition of the
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external magnetic field and contributions from anisotropy
and exchange fields. In particular, H, in a system with only
uniaxial anisotropy can be described as'’

D

H,,=-V®+
" gupM

2K
VM + Fj(M ee+H, (2)

where —V2®=47V-M is the dipolar force, D is the ex-
change stiffness constant, K, is the uniaxial anisotropy con-
stant, e is the unit vector in the uniaxial direction, and H is
the external magnetic field. It can be shown from Egs. (1)
and (2) that the local magnetic anisotropy, short-range ex-
change interactions, and long-range dipolar forces compete
in determining the static and dynamic properties of magnetic
materials.

Along with previous FMR investigations carried out with
the objective to understand magnetic anisotropy in (Ga,M-
n)As films,'>!"® multimode spin-wave resonance (SWR)
spectra have also been observed in samples with thicknesses
of 100, 150, 200, and 330 nm.'%?° To date, however, only
SWR spectra observed in the perpendicular condition—i.e.,
with the dc magnetic field H normal to the sample plane
(HII[001])—have been discussed for (Ga,Mn)As films, using
the assumption that there exists an asymmetric uniaxial an-
isotropy profile along the growth direction.!”! In this paper
we report a systematic investigation of the angular depen-
dence of SWR spectra in ferromagnetic (Ga,Mn)As films
with thicknesses ranging from 100 to 200 nm. Our specific
objectives are the identification of various SWR modes, ex-
ploration of surface anisotropy, and determination of the
value of the exchange stiffness constant from these reso-
nance modes. Note that, since the magnetization in ferro-
magnetic (Ga,Mn)As is so small that the dipole-dipole inter-
action in Eq. (2) can be neglected, the SW modes observed
in this material are induced entirely by exchange interac-
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tions. In this regard, the SW modes critically depend on
some form of magnetic inhomogeneities (e.g., on the pres-
ence of a magnetization gradient or other magnetic variation
along the growth direction). Such nonuniformities can either
exist at the surfaces of the film (where they will be decisive
in determining surface anisotropy and spin pinning condi-
tions) or they can exist throughout the bulk of the film. In our
discussion of SWR modes, we will consider such magnetic
nonuniformities in terms of two fundamental models: the
surface inhomogeneity (SI) model?? and the volume inhomo-
geneity (VI) model,” as discussed in the paper.

II. SAMPLE FABRICATION AND EXPERIMENTAL SETUP

The (Ga,Mn)As samples for this study were grown on
(001) semi-insulating “epiready” GaAs substrates in a Riber
32 R&D molecular-beam epitaxy (MBE) system. Standard
effusion cells supplied the Ga and Mn fluxes, and the flux of
As, was produced by a cracker cell. The procedure for MBE
growth of the (Ga,Mn)As/GaAs samples was as follows.
First a GaAs buffer of thickness 100 nm was grown at a high
substrate temperature (~590 °C). After cooling the substrate
to 250 °C for low-temperature (LT) growth, a 2-nm-thick
buffer layer of LT GaAs was grown, followed by (Ga,Mn)As
layers with thicknesses ranging from 100 to 200 nm. After
removing from the MBE chamber, the samples were an-
nealed in N, gas for 1 h at 280 °C in order to improve ma-
terials quality both by increasing the Curie temperature and
by “smoothing out” local fluctuation of composition. Unless
specified otherwise, all specimens studied in this work were
treated by such low-temperature annealing.

FMR measurements were carried out at 9.46 GHz using a
Bruker electron paramagnetic resonance (EPR) spectrometer.
In this spectrometer the applied dc magnetic field H was in
the horizontal plane and the microwave magnetic field was
vertical. The sample was placed in a suprasil tube inserted in
a liquid-helium continuous-flow cryostat, which could
achieve temperatures down to 4.0 K. The experimental setup
and the polar coordinate system used in the subsequent dis-
cussion are plotted in Fig. 1(a). A detailed description of the
apparatus used in this investigation can be found in Ref. 13.

In this article we will focus on multimode SWR spectra
and their dependence on the orientation of the dc magnetic
field H in two geometries, which we will refer to as the
out-of-plane and in-plane geometries, as shown in Figs. 1(b)
and 1(c), respectively. In the out-of-plane geometry, the
(Ga,Mn)As layer was cemented to a parallelepiped of GaAs
(100) substrate material, with the [110] edge of the specimen
oriented vertically. Since the magnetic field H of the EPR
spectrometer is confined to the horizontal plane, this allowed
measurements with H in any intermediate orientation be-
tween the normal to the layer plane, H|I[001], and the in-

plane orientation H|[110]. In the in-plane geometry the
sample was mounted with the layer plane horizontal (i.e., the
[001] direction pointing up). In this configuration we could
measure the angular dependence of the SWR spectrum when
the field H was confined to the (001) plane.
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FIG. 1. (Color online) (a) Coordinate system used to describe
sample configuration. The orientation of the applied dc magnetic
field H is described by (6, ¢). The resulting equilibrium orienta-
tion of the magnetization M is given by (6,¢). (b) and (c) Two
experimental geometries used in this paper.

III. EXPERIMENTAL RESULTS

A. Angular dependence of spin-wave resonances

The SWR spectra observed on our samples (with thick-
nesses in the range from 100 to 200 nm) exhibited certain
universal features,'>?*?* as illustrated by the data in Figs. 2
and 3 taken at 7=4 K on a 120-nm-thick Gay9,MngogAs
film for several magnetic field orientations.>> As shown in
Fig. 2, the spectrum clearly evolves as H is rotated from the
out-of-plane orientation (HII[001], 6,=0°) to the in-plane
orientation (HII[110], 5=90°, ¢y=-45°). In particular, for
HII[001] a resonance spectrum consists of four well-resolved
Portis-type SWR lines separated by equal magnetic field in-

H|I[001] 6, =0°
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FIG. 2. (Color online) SWR spectra observed for the 120-nm
Gaj 9oMn pgAs specimen at 7=4 K, at various orientations 6 for

H between the [110] and [001] directions in the out-of-plane con-
figuration (@z=-45°). The arrows indicate the surface SW mode.
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FIG. 3. (Color online) SWR spectra observed for the 120-nm
Gay 9oMny ngAs specimen at 7=4 K, at various orientations ¢ for
H in the in-plane configuration (6;=90°). The arrows indicate the
surface SW mode.

crements. One should add that the number of SWR modes
observed in this condition increases with increasing thick-
ness of the film (we observe this on a series of samples with
varying thickness, not shown). As one rotates H away from
the perpendicular orientation, the SWR modes successively
disappear, and eventually—at some critical angle 6, (19° in
Fig. 2)—the multi-SW spectrum vanishes except for a single
narrow resonance line. This line corresponds to the uniform
FMR mode. For angle 6> 6., the multimode nature of the
SW spectrum reemerges, generally containing two or three
broad resonances. As demonstrated later, one of these (on the
high-field side) is identified as an exchange-dominated non-
propagating surface mode®? (also known as a surface spin
excitation mode observed in the case of the unpinned surface
spins).2® Note that the complex behavior of angular depen-
dence of the SWR spectrum described above shows some
similarities to those previously observed in Permalloy and
other ferromagnetic films.?”-?8 It should be mentioned that a
similar behavior has recently also been observed in half-
metallic ferromagnetic Co,Cry¢Fe,4Al Heusler thin films,?
which suggests that the surface spin excitation may be an
important feature in these newly emerging ferromagnetic al-
loys.

As shown in Fig. 3, the angular dependence of the SWR
spectrum in the in-plane configuration shows a clear fourfold
symmetry with a slight twofold distortion, the latter most
likely caused by the existence of an in-plane uniaxial aniso-
tropy field H,, consistently observed in (Ga,Mn)As in other
experiments.’* At ¢,=0° (HI[100]—i.e., along the easy
axis) the spectrum consists of at least three SWR lines,
which are found to obey the Kittel quadratic relations; i.e.,
the separation between these modes is proportional to n® (n
is an integer).’! As H is rotated away from the easy axis, the
multimode character of the spectrum gradually disappears
and a single resonance lines is also observed at ¢, (in Fig. 3,
¢@.=+24°). As H continues to approach the hard axis (the
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FIG. 4. (Color online) SWR spectra observed for the 120-nm
Gaj 9oMn pgAs specimen at various temperatures, at two in-plane

configurations (HII[100] and HII[110]).

in-plane [110] direction, ¢y~ £45° in Fig. 3), the spectrum
transforms to one consisting of multiple absorption lines, in-
cluding one corresponding to a surface mode.

Note that as the temperature increases, the Kittel type of
SW structure for HII[100] abruptly changes to the type of
SWs observed for HII[110], as shown in Fig. 4. In that figure
the SWR spectra observed for the 120-nm Gajg,Mn 3AS
specimen are plotted for a series of temperatures from
10 to 60 K for two in-plane configurations: H|I[100] and

HII[110]. For the configuration H|I[100], as the temperature
increases, we observe a similar evolution as that shown in
Fig. 3. At 10 K the Kittel-type bulk spin-wave modes be-
come much weaker and only a single uniform mode is ob-
served at 20 K. Eventually, a two-mode SWR spectrum ap-
pears at higher temperatures (=30 K). It is interesting that,
as the bulk cubic anisotropy (which is represented by the
difference between the main mode positions for the two con-

figurations HII[100] and HII[110]) disappears at 60 K, the
SWR full spectra for both configurations become identical.
The temperature dependences of SWR spectra for HII[100]

and HI[110] therefore suggest that surface anisotropy,
which is tightly linked to the cubic anisotropy, plays an im-
portant role in spin excitations occurring in the in-plane ge-
ometry.

The angular dependences of the mode positions are shown
in Fig. 5 for the out-of-plane geometry and in Fig. 6 for the
in-plane geometry. Following the convention used by
Kittel,3! we label the successive SWR modes by odd integers
n=1,3,5,..., starting from the high-field mode [where we
assume symmetric boundary conditions for the (Ga,Mn)As
film]. Since the intensity of SWRs decreases rapidly with
increasing wave vector k, the main (i.e., the strongest) mode
is believed to have a small k and can thus be assumed to lie
very close to the theoretical field position of the uniform
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FIG. 5. (Color online) Resonant fields H, of the SWR modes
(n=1-9) as a function of the dc magnetic field orientation for the
out-of-plane configuration. Inset: dependence of H, measured for
HII[001] (65=0°) on the corresponding mode number n—1. The
line in the inset is a linear fit.

mode. In earlier analyses, its angular dependence has there-
fore been treated simply as a uniform mode model in deter-
mining the bulk magnetic anisotropy parameters of the thin
(Ga,Mn)As films.!3 We find that this assumption is consistent
with experimental results, as discussed later. The fitting re-
sults of the present SWR data in Figs. 5 and 6 are shown as
solid curves. The five bulk parameters obtained for this
sample are

ATM p= 4mM — H, | = 4588 + 34 Oe,
H,, =0+38 O,
Hyy =197+ 33 Oe,
Hy =77 +31 Oe,

¢=198+0.01.

Here H,, and H,, represent the perpendicular uniaxial and
cubic anisotropy fields, H,, and Hy are the in-plane uniaxial
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FIG. 6. (Color online) Resonant fields H, of the SWR modes
(n=1-7) as a function of the dc magnetic field orientation for the
in-plane configuration. Inset: dependence of H, measured at
HI[100] (¢5=0°) on the square of the corresponding mode num-
ber, n. The line in the inset is a linear fit.
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and cubic anisotropy fields, 47M is the demagnetization
field, and g is the spectroscopic-splitting factor.

B. Boundary conditions for spin-wave resonance

As is clearly seen from the theoretical curves in Figs. 5
and 6, the angular dependences of the SWR modes reveal
two different types of SW behavior: (i) around the configu-
ration of HII[100] (¢5~0° and ¢;~90° in Fig. 6) and
HII[001] (65~ 0° in Fig. 5), the SWR spectrum consists of a
main resonance line located at the highest field, with a series
of weaker satellite peaks at lower fields; (ii) in contrast,

around the configuration of HII[110] or HII[110] (6~ 90°
in Fig. 5 and ¢y~45° and ¢y~ 135° in Fig. 6), the main
resonance line is located at the lower field, below a weak
peak.

The analysis of the first kind of SW structures at HI[[ 100]
and HII[001] shows that two different boundary conditions
(corresponding to two different types of magnetic inhomoge-
neity) exist for these two configurations. In particular, as
shown by the inset in Fig. 6, the positions of SWR modes for
HII[100] are characterized by a mode separation that varies
quadratically with n. This implies that the spin precession of
the SWs at the surfaces is frozen (i.e., the surface spins are
tightly pinned). This represents the so-called Kittel boundary
conditions, in which the position of the nth SWR mode is
given by the Kittel relation’!

H,=Hy-n"—— 3)

where H is the position of the theoretical uniform mode, up
is the Bohr magneton, n is an odd integer, and L is the
sample thickness. The exchange stiffness constant D (which
gives a measure of the strength of exchange interaction that
tries to keep magnetic moments parallel) can then be deter-
mined from a linear fit shown in the inset in Fig. 6: D
=43.4 meV A2, which can also be expressed as D/gup
=3.79 T nm>.

On the other hand, as shown in the inset in Fig. 5, for
HII[001] the positions of SWR modes vary linearly with n
—1=0,2,4,... (our use of resonance indices is chosen so as
to remain consistent with the integer sequence used by Portis
in Ref. 23). This feature has been discussed previously, and
the magnetic inhomogeneity required for this type of modes
is assumed to originate from a nonuniform 47M,; within the
film.!%2! Specifically, in this paper we assume a symmetrical
parabolic 47M, along the growth direction z (-L/2<z
<L/2),

4mM ,(z) = 4mMoy(1 — 4e2’/L), (4)

where ¢ is the “distortion parameter” of the film, used to
define the profile of magnetic anisotropy along z. The nth (n
is an odd integer) SWR mode then occurs at?%-2324

1/2
H,=H,- (n - %)(4/L)<47TMSﬁsg£> ) (5)

If we assume that D does not depend on the orientation of
M, from Eq. (5) and the linear fit in the inset in Fig. 5 we
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obtain £=0.8. This value of & is consistent with the field
separation between the highest and lowest SWR modes ob-
served for HII[001] (i.e., as H;=8120 Oe and Hy=4763 Oe,
AH, o/4mM ,;;=0.73). 1t is interesting that the value of &
obtained above suggests the disappearance of the perpen-
dicular uniaxial anisotropy field H,, (~—47M, 5) at the sur-
faces of the film: 47M,;(z=+L/2)=0.2 X 4mM . This fea-
ture of H,, is also found in other (Ga,Mn)As samples
studied by us with sample thicknesses between 100 nm and
200 nm.'>20

As H tilts away from the perpendicular direction in the
out-of-plane geometry, the SW spectrum retains its linear
separation but the higher-index modes gradually disappear.
Eventually only a single FMR mode remains at the critical
angle 6. This feature can in principle be explained by a
complex mathematical approach proposed by Han based on
the VI model.*> However, the value of 6, (52°) calculated
using that approach is much larger than the value of 6, ob-
served in our experiments (19°). Thus we can say that the VI
model is quite successful in near-normal configurations, but
fails at more oblique angles 6. This immediately implies
that a more comprehensive theoretical model will be needed
for interpreting the SW spectrum observed at the HII[110]

and H|I[110] orientations.

C. Spin pinning at film surfaces

In 1970, Puszkarski pointed out that at surfaces of a fer-
romagnetic film there exists a surface anisotropy field which
allows the excitation of an exchange-dominated nonpropa-
gating surface mode and that there will be a critical orienta-
tion where only a single uniform FMR mode is observed.?
In Puszkarski’s SI model?>?} the spin pinning condition at
each film surface can be described by an effective parameter

A"=1-(gup/2SLN (K, m), (6)

where S is the atom (in our case Mn) spin, J is the Heisen-
berg exchange interaction parameter between two nearest
spins, ¢ is the number of nearest-neighbor spins in a crystal
lattice, K,/ is the effective surface anisotropy field, and m
is the unit vector parallel to the magnetization M. Physically,
parameter A” is a measure of the pinning strength of the
surface spins at the surface.

The SWR spectra and their angular dependence shown in
Figs. 2, 3, 5, and 6 can be qualitatively explained by Pusz-
karski’s SI model. In particular, when A" <1, surface spins
are pinned and a series of bulk SWR modes with real values
of the wave vectors k is observed. For H||[100] these modes
conform to the quadratic law (Kittel model), and for
HII[001] they are distorted to obey the linear law (Portis
model). As H tilts away from either the [001] or [100] direc-
tion, A" increases, so that the surface spin pinning fades
away. At the critical-angle orientation corresponding to A"
=1 (eg, Oy=60.=19°, o@y=%45° or 6y=90°,
o=@, =*24°),%2 only one resonance peak, corresponding to
the uniform mode with k=0, remains. This situation corre-
sponds to the disappearance of surface anisotropy, a case
which Puszkarski has called as a “natural surface defect.”

When H continues to approach the [110] or [110] direction,
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FIG. 7. (Color online) Magnetic field separation AH| 3 between
the two first SW modes plotted against their relative intensity /;/1;
for SWR spectra where the surface modes are observed. The red
solid curve is calculated based on Puszkarski’s SI model using D
=43.4 meV Az, and the blue dashed curve is the best fit obtained
with D=50 meV A2,

the weak higher-field mode observed several hundred oer-
steds above the strongest mode, seen in Figs. 2 and 3, can be
identified as a nonpropagating surface mode (i.e., k is imagi-
nary for that mode), consistent with the case A*>1. At this
condition the surface spins are unpinned. Note that the iden-
tification of a surface mode in the SWR spectrum is based on
the following experimental facts: (a) the resonance field of
the mode is above the theoretical uniform-mode position, (b)
a critical-angle orientation is observed at a specific 6., and
(c) the intensity ratio of the first two modes (n=1 and n=3)
I,/1;, the field separation between these two modes AH, 3,
and the relation between /,//3 and AH| 5 are consistent with
the predictions of the SI model. As shown in Fig. 7, the
relation between AH,; and I,/I; is in remarkably good
agreement with the calculated solid curve derived from Pusz-
karski’s SI model using D=43.4 meV A2, thus confirming
the above identification of the mode in question as a surface
SW mode. Moreover, one can thus use the relation between
I)/1; and AH, 5 to directly obtain the value of D by a non-
linear least-squares fit. In Fig. 7 we have plotted the best fit
as a blue dashed curve, which yields a consistent value D
=50+14 meV A2 Importantly, since the Kittel-type modes
are not often observed in (Ga,Mn)As films and it is difficult
to accurately determine the distortion parameter €, the above
method constitutes a reliable approach for obtaining the
value of D in this material.

For completeness, the shapes (spin precession intensity as
a function of z) of symmetric spin-wave modes correspond-
ing to indices n=1 and 3 are shown in Fig. 8 for four specific
field orientations. Comparing with the Kittel-type SW profile
observed for HII[100], the SW configuration for HII[001] is
distorted and condensed in the center of the film. In contrast
to both these cases, for H[I[110] (in-plane hard axis) the SW
with n=1 is localized at the surfaces of the film, thus form-
ing a surface mode. At the critical angle 6, the parameter A"
equals 1 and only the uniform mode is observed (represented
by the straight line, k=0, for n=1 in Fig. 8). The intensities
of the higher modes are zero in this case.??

We can now examine the angular dependence of surface-
spin pinning conditions in more detail. Based on Puszkars-
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FIG. 8. Shape of the symmetric SW modes (n=1,3) for four
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ki’s SI model,2%3 the value of A* can be derived from the
field separation AH| 3. In Fig. 9, the calculated value of A" is
plotted as a function of the magnetic field orientation both
for the out-of-plane geometry (upper panel) and for in-plane
geometry (lower panel). Obviously, the value of A™ is larger
than 1 for HI[110] and HI[110] (#;~90°, upper panel;
@y ~45° and ¢y~ 135°, lower panel), but rapidly decreases
below 1 as H approaches either the [001] or [100] direction
(6~ 0°, upper panel; ¢y~ 0° and @y~ 90°, lower panel). It
should be noted that the value of A* does not monotonically
increase with increasing 6y in the out-of-plane configuration
and exhibits the expected fourfold symmetry in the in-plane
configuration.
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FIG. 9. (Color online) Calculated angular dependences of the
surface spin pinning parameter A* (solid square) for two configura-
tions. The red dotted curves are guides for the eyes. The solid blue
curves are the angular dependences of dHy/dH,, and dHp/JIHy
derived from the uniform mode model.
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As shown in Fig. 9, it is found that these features can be
qualitatively represented by the angular dependences of
dHRr/dH,, and dHp/JHy4, where Hy is the position of the
uniform mode. Note that the critical angle is coincident with
the angle where either 0Hy/J0H,, or dHp/dHy, equals zero.
In other words, the critical angles are very near the angles at
which the resonance field becomes independent of the small
change in magnetic anisotropy. As a result, the data in Fig. 9
suggest that the magnetic anisotropy fields H,, and Hy must
differ by some amount in the bulk and surface regions.** The
fact that the magnetic anisotropy field is different in the sur-
face region (i.e., that there exists a surface anisotropy field)
is the essential mechanism determining surface spin pinning
and thus the character of SWR spectra observed in (Ga,M-
n)As film.

Finally, we should point out that Puszkarski’s SI model
predicts only two critical-angle orientations [see Eq. (6)]. In
order to explain the observed angular dependence of the
SWR spectrum, Eq. (6) should therefore be modified by in-
troducing the surface anisotropy in a tensorial form, includ-
ing both uniaxial and cubic surface anisotropy fields.*> One
can, alternately, use an exact calculation with general bound-
ary conditions.>® However, generalizations to both these ap-
proaches are beyond the scope of this paper.

IV. DISCUSSION

It can be shown from Egs. (3) and (5) that the differences
between the calculated uniform mode position H, and the
strongest SW mode in SWR spectrum is insignificant (only
of the order of tens of oersteds) compared to the magnitude
of both the value of the resonance field and of the bulk an-
isotropy field. Hence, although the surface spin pinning con-
dition plays a critical role in determining the structure of the
SWR spectrum, it has little effect on the field position of the
main resonance peak. This conclusion indicates that the uni-
form mode model used in Ref. 30 is indeed valid for estab-
lishing bulk magnetic parameters of the (Ga,Mn)As film in
the thickness range between 100 and 200 nm, such as the
bulk magnetic anisotropy field and the g factor.

We should note that in this paper we have only considered
symmetric boundary conditions. This is justified since only
symmetric spin-wave modes are observed in our experi-
ments, as seen from the monotonically waning intensities of
successive SWRs (from high field to low field) for HII[100]
and H|I[001]. Further evidence for this comes from the con-
sistency of the result which we obtain for the exchange stiff-
ness constant D for all field orientations, for both out of
plane and in plane, as seen in Fig. 7. The symmetry of the
boundary conditions suggests that the major source of sur-
face anisotropy comes from the abrupt step in Mn ion or in
carrier (hole) concentration at the two boundaries of the
(Ga,Mn)As film, rather than the oxidation on the top surface
of the sample.

The pinning parameter A”, derived from microscopic
boundary conditions, implies that the spins at the boundaries
of (Ga,Mn)As experience a different anisotropy field than do
the bulk spins. It has been shown that this parameter is con-
sistent with general boundary conditions used in the macro-
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scopic phenomenological approach first proposed by Rado
and Weertman.3”-3 In such a general theory, one introduces a
surface free energy per unit area F(6, ¢) [or a surface aniso-
tropy constant K,(6, ¢)], thus making the equations of mo-
tion for surface spins different from those for the bulk spins.
The interconnection between A” and K, can be described as

K, . .
A*=1_W’ where d is the average Mn-Mn distance.?

We thus have the relations A* > 1, K,<O0; A'=1, K,=0; and
A" <1, K,>0. Note that the analysis based on such a general
approach for a specific field orientation yields similar results
as ours.'® A comprehensive calculation for all angles using
this general approach is expected to be important for a better
understanding of mechanisms of surface spin pinning in
(Ga,Mn)As. In this regard, the present work should be valu-
able for generating a valid form of F (6, ¢).

The last issue which must be discussed is that, although
the pinning parameter A” in Puszkarski’s SI model provides a
qualitative explanation for the angular dependence of the
SWR spectrum observed in (Ga,Mn)As films, an alternate
model—the Portis VI model—is needed for a detailed de-
scription of the SW spectrum observed for HII[001]. One
should note that Puszkarski’s theory is formulated in terms of
the Heisenberg localized-spin model that assumes nearest-
neighbor exchange interactions and a Zeeman Hamiltonian
in its standard form. This theory thus only includes the ex-
change interaction between nearest neighbors, assuming the
exchange interaction to be short range. In the case of (Ga,M-
n)As, the assumption of a “short-range” interaction is not
fully justified since the pd exchange between the holes and
localized Mn moments cannot be treated as short range and
neither can be the superexchange interaction between Mn
spins. Thus the effects of the surface anisotropy are not only
felt (directly) by the spins on the surface, but the bulk spins
can also be affected by the surface anisotropy through non-
local exchange interactions. In fact, the results shown in Fig.
9 suggest that the range of the exchange interaction is deter-
mined by the strength of surface spin pinning, the magnitude
of surface anisotropy, and dHp/JH,, and dHp/IHy.

V. CONCLUSIONS

We have presented a detailed study of the angular depen-
dence of the SWR spectrum in MBE-grown (Ga,Mn)As
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films. The SWR modes were analyzed in the framework of
the ST and VI models. The observation of a quadratic (Kittel-
like) dispersion relation for H|[[100] and the surface modes

for HII[110] and HII[110] provides a clear indication that the
SW modes strongly depend on surface spin pinning condi-
tions (i.e., pinned or unpinned). In the case when H is per-
pendicular to the sample plane, the observation of a linear
(Portis-like) dispersion relation suggests that the uniaxial
magnetic anisotropy field H,, is in our case probably not
constant along the growth direction and nearly vanishes at
the surfaces of the film. And as H tilts away from either the
[001] or the [100] directions, a “critical angle” is observed, at
which only a single narrow uniform mode is excited. We thus
conclude that the set of SW modes observed in the present
FMR experiments clearly indicates the existence of spin pin-
ning at the film/substrate interface and at the film surface.
Moreover, using a simple SI model which takes into account
dynamic surface spin pinning as well as a surface
anisotropy,'*?>3¢ we have been able to explain most of the
features of SWR spectra observed in our (Ga,Mn)As films.

Our analysis of SWR modes also demonstrates three in-
tercomplementary ways for obtaining the exchange stiffness
constant D: (i) from the quadratic dispersion relation of the
SWR spectrum observed for HII[100]; (ii) from the linear
dispersion relation of the SW modes observed for HII[001],
given that the distortion parameter &~ 1; and (iii) from the
relation between the field separation and the intensity ratio of
the first two SW modes. One should note that we do not as
yet have a good understanding of the origin of the surface
spin pinning, the nonuniformity of magnetic anisotropy, and
their interconnection. Thus the determination of the funda-
mental magnetic parameters (e.g., bulk magnetic anisotropy,
g factor, exchange stiffness constant, and surface spin pin-
ning condition) obtained from the angular dependence of
SWR spectra provides an important step for gaining a better
picture of spin dynamics in (Ga,Mn)As films and thus of
ferromagnetism in this material generally.
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