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ARTICLE INFO ABSTRACT

We have studied surface anisotropy energy and surface pinning parameters of ferromagnetic semiconductor
GaMnAs film by analyzing spin wave resonance (SWR) measurements carried out on this material. The SWR
spectra were observed in various polar and azimuthal angular orientations of external static magnetic field with
respect to crystal axes of an annealed GaMnAs film with a Mn concentration of 8.0 at.%). The observed SWR
spectra were interpreted in terms of a recently developed spherical surface pinning (SSP) theory. As predicted by
the SSP theory, our data clearly show the existence of two critical angles in specific resonance configurations.
The experimental confirmation of this key prediction of the SSP model brings new insights into the behavior of
magnetic surface anisotropy of GaMnAs films. In particular, the agreement of our experimental results with SWR
theory shows that, by including higher-order terms with cubic symmetry in the description of the surface free
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energy, our analysis will improve our understandings of the magnetic surface anisotropy of GaMnAs films.

1. Introduction

Ferromagnetic (FM) semiconductors have emerged as highly pro-
mising materials for semiconductor spintronic applications [1]. Among
these, GaMnAs grown by low-temperature molecular beam epitaxy
(MBE) is especially interesting, showing ferromagnetic properties that
can be described in terms of a single-domain model characterized by
well-defined cubic and uniaxial magnetocrystalline anisotropy para-
meters [2,3]. A full understanding of magnetic anisotropy of this ma-
terial is especially important for its use in prospective spintronic ap-
plications, and is being extensively studied by a wide variety of
techniques, including magnetometry, magneto-transport, ferromagnetic
resonance (FMR) and spin-wave resonance (SWR) measurements [4-6].

Most of these methods have been applied to obtain information on
volume properties of this material, such as bulk anisotropy fields and
exchange constants. Recently, however, it has also been proposed that
one can employ the full potential of SWR measurements to obtain de-
tailed information on magnetic characteristics of the GaMnAs surface,
such as magnetic surface anisotropy energy and surface pinning para-
meters [7]. Note that mapping of the surface anisotropy of a ferro-
magnetic semiconductor is an important step toward designing and
building of nano-sized spintronic devices. Several early attempts [8]
have already been successful in determining surface pinning parameters
of GaMnAs from SWR spectra for certain angular configurations of
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external magnetic field Hg, by using a so-called surface inhomogeneity
(SD) model [9,10]. Although in those earlier studies the surface pinning
parameter A was obtained for only a limited range of field orientations,
those investigations have stimulated fruitful theoretical discussion and
insight [11,12].

These earlier results have also led to the development of a new and
more precise theoretical model, which we will call the spherical surface
pinning (SSP) model [7]. The SSP model can be applied to any ferro-
magnetic thin film systems which are magnetically uniform in the bulk
across thin film sample. Importantly, this model has predicted the ex-
istence of two critical polar angled in SWR measurements when the
magnetic field Hqy. is applied along certain out-of-plane directions, a
feature that has not been observed in earlier studies [13]. The ob-
servation of such double-critical-angle behavior would then constitute a
full confirmation of the SSP formulation. Stimulated by these predic-
tions, we have conducted detailed SWR measurements on a
120 nm Gag 95Mng ggAs film similar to that used in earlier studies [8].
SWR measurements were carried out using four basic geometries for
two purposes: to confirm the existence of the newly-predicted double
critical polar angle phenomenon, and to establish a procedure for
mapping surface anisotropy using the SSP model, thus allowing one to
explicitly account for the contribution of higher-order cubic symmetry
terms to magnetic anisotropy of ferromagnetic materials.
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2. Sample preparation and experimental setup

For the purposes of this study, a 120 nm Gag 9oMng ogAs film was
grown on (0 0 1) semi-insulating “epi-ready” GaAs substrate. Details of
the growth procedure can be found in Ref. [8]. The film was annealed
for one hour in N, gas at 310 °C [14]. Magnetic measurements carried
out on the sample show a saturation magnetization M = 32 emu/cm?®
at 5K and a Curie temperature T¢ of 100.3K, as shown in Fig. S1 in
Supplementary Information. The crystalline quality of the GaMnAs
epitaxial growth was examined by high resolution X-ray diffraction
(HR-XRD). As shown in Fig. S2 in Supplementary Information, the HR-
XRD spectrum shows a narrow GaMnAs peak with Pendellosung oscil-
lations, indicating a homogeneous Mn distribution in the GaMnAs layer.
FMR and SWR measurements were carried out using a Bruker electron
paramagnetic resonance spectrometer at 9.46 GHz [2]. Detailed de-
scription of the experimental setup used in the subsequent discussion
can be found in Ref. [4].

In this study we performed a complete mapping of resonance
spectra as a function of magnetic field orientation, as described below.
The sample was first cleaved into four square pieces with edges along
[110] and[1 1 0] directions. Each square piece was then cemented to a
parallelepiped of GaAs (1 00) in one of the four geometries shown in
Fig. 1(a). In configurations 1 and 2, the GaMnAs layer was cemented
with either the [110] or the [110] edge of the specimen oriented
vertically. This allowed measurements with the static magnetic field
Hgc applied in any intermediate direction between the normal to film,
Hgy.||[001], and the in-plane field orientation of either Hg||[1 I 0] or
Hy||[110] (e, ¢ = —45° or ¢y = 45°), respectively, as shown in
Fig. 1(a). In configuration 3 the [01 0] crystal direction is oriented

Geometry 1 Geometry 2

[110]|

[110]|

E

(b)

Geometry 3

Journal of Magnetism and Magnetic Materials 494 (2020) 165752

vertically, allowing us to map the SWR spectra for field orientations
between Hgc|[[001], and the in-plane field orientation Hgc||[1 0 0]
(ie., ¢y = 0°). Finally, in configuration 4 the sample was mounted
horizontally with the [0 01] direction pointing up, allowing us to map
the resonance spectra with Hyq. confined to the (001) plane (ie.,
6y = 90°) [4,7].

3. Experimental results

Fig. 2a-c show the results of SWR measurements at T = 4K in
geometries 2, 3 and 4, respectively. The angular dependence of SWR
spectra in geometry 1 is almost identical to that observed in geometry
2. The results for this configuration are also similar to those reported in
Ref. [8], and were discussed in detail there. For Hg||[00 1] the spec-
trum contains at least five well-resolved bulk-type resonances separated
by equal magnetic field increments. As one rotates the sample away
from Hgc||[00 11, the higher-order SWR modes diminish in amplitude,
and vanish altogether at a critical angle 6. (24° in Fig. 2a), leaving only
a single narrow resonance that corresponds to the uniform FMR mode.
For angles 0 > 0., the multi-mode resonance spectrum re-emerges,
the resonance lines representing both bulk and surface modes [8,13].

The evolution of SWRs in configuration 3 (Fig. 2b) is much more
complicated, displaying two critical angles, at 6 = 20° and 38°. This is
a newly-observed phenomenon, and we elaborate on it in what follows.
As one rotates the sample away from the Hqc||[0 0 1] orientation, the
bulk-type resonance modes eventually disappear at the first critical
angle 6.; = 20°, at which the multi-mode spectrum transforms into a
single narrow resonance line as the higher-order modes become ex-
tinguished. As Oy increases beyond 0., the multi-mode spectrum

Geometry 4

[001]|

[010]

Fig. 1. (a) Schematic diagrams of the four geometries used in SWR measurements; and (b) the coordinate system used in this paper.
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Fig. 2. Angular dependence of SWR spectra observed for the GaMnAs film at T = 4 K: (a) at various orientations 0y for Hg. between [0 01] and [1 I 0] directions in
the out-of-plane configuration (¢ = —45°); (b) at various orientations 6y for Hq. between [0 0 1] and [1 0 0] directions in the out-of-plane configuration (¢ = 0°);

and (c) at various orientations ¢y for Hg. in in-plane configuration (6 = 90°).

reappears again. However, the multi-mode spectrum again transforms
into a single resonance at the second critical angle, 6., = 38°. For an-
gles 6 > 6.2 (ie., as Hyq. approaches the easy axis [1 0 0]), the spec-
trum gradually develops into bulk-type multi-mode SWR spectrum. Our
present measurements are the first observation of such predicted
double-critical-angle phenomenon [7], constituting an experimental
verification of the SSP model. The results in configuration 4 (Fig. 2c)
are similar to those observed in earlier studies (Fig. 3 in Ref. [8]) for the
same in-plane geometry, a single resonance line occurring at ¢, in each
quadrant (in Fig. 2c, at ¢ = 66° and 116°).

In Fig. 3, we zoom in on SWR spectra around two critical angles we
observed in Fig. 2(b). Two criteria are used to identify the critical an-
gles: 1. The spectrum at the critical angle having a single symmetric
Lorentz-shape resonance line; 2. The spectrum at the critical angle
having a local maximum of the peak-to-peak intensity or local minima
of the peak-to-peak width. As shown in Fig. 3(a) comparison of spectra
at 20° and 22° near the critical angle 6.1, shows that, although both
have a single Lorentz-shape resonance line, we choose 20° as the critical
angle, since that spectrum has a larger peak-to-peak intensity. As shown
in Fig. 3(b), around critical angle 6.,, the shape of the spectra evolves
from asymmetric, to symmetric, and then to asymmetric as the 0y
changes from 33° to 44°. The arrow in the figure marks the appearance
of a shoulder in the spectrum at 44°. A carefully analysis of the spectra
by fitting with the Lorentzian function indicates that the spectrum at
38° is more symmetric than that at 40°. Based on this, we define 38° as
the critical angle.

We also plot resonance positions of SWR modes as a function of 6y
for Hq. between [00 1] and [1 0 0] directions in Fig. 4. In the figure, the
distribution of resonance postpositions clearly shows the existence of
three types of multi-mode SWR spectra observed as the angle 0y varies
from 0° to 90°, and two cross points at two critical angles. At these two
critical angles the uniform resonance mode (single peak) is observed. As
a result, we have demonstrated the existence of the two-critical-angle

phenomenon, and determined the values of the critical angles with a
precision around 2°.

4. Theory

Traditionally, the interpretation of FMR in GaMnAs is carried out in
terms of the phenomenological formulation of magnetic free energy
[2],

%: — H(cos6 cosBy + sinf sin6y)cos(¢p — ¢;,)
-3 A cos26

- %H‘u cos*8 — H, sin?6 sin? (¢ - %)

- %H4,| sin*6(3 + cos4¢). 1)

Here the first term is the Zeeman energy, HZE]Z represents the ef-
fective perpendicular uniaxial anisotropy field of the first order, Hy, is
the second order perpendicular anisotropy field, and Hy, is the in-plane
uniaxial anisotropy field. The last term accounts for the cubic aniso-
tropy of the sample. The polar angles 6 and 6y indicate, respectively,
the orientations of M and H with respect to the [001] axis, and the
azimuthal orientations of M and H are given by angles ¢ and ¢,, mea-
sured with respect to the [100] axis, as shown in Fig. 1(b). We will
refer to the model described by Eq. (1) as the “first order model”, and
will denote it as M1. Recently, a more precise formulation of the free-
energy density F in GaMnAs has been developed in Ref. [7], given by
the following expression:
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Fig. 3. Zooming-in of SWR spectra at various orientations 6y around the two
critical angles in the out-of-plane configuration (¢y = 0°). The experimental
data (solid) is fitted by Lorentzian curves (dashed).
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Fig. 4. (a) Angular dependence of SWR modes observed for the GaMnAs film at
T = 4K at various orientations 0y for Hq. between [0 0 1] and [1 0 0] directions
in the out-of-plane configuration (¢y = 0°).

We will refer to this formulation as the “extended model” M2. The
M2 model differs from M1 in how it takes into account the magnetic
cubic anisotropy. In model M1, cubic anisotropy is simply represented
by the term H,), whereas in M2 the contribution of cubic symmetry to
F/M is expanded in Eq. (2) as a superposition of terms originating from
fields H,y, He,, Hes, Hes, as discussed in Ref. [7], Egs. (1) and (2). The
Zeeman and uniaxial anisotropy contributions in M1 are the same as in
M2.

Additionally, in earlier papers [11,12] some of us have shown that
in order to obtain a full understanding of spin wave excitations in fer-
romagnetic thin films, it is necessary to also include the contribution of
free energy associated with magnetic surface anisotropy. This was ac-
complished by formulating the so-called surface inhomogeneity (SI)
model, which describes spin wave excitations in a ferromagnetic film by
truncating the homogeneity of magnetic properties in the form of dis-
continuities at surfaces. The spin wave behavior of the system can then
be formulated by introducing a surface pinning parameter A [9,10],
defined as:

2
A=1- d—KZf';'f -
Dey 3
where D, is the exchange constant (both bulk and surface), d is the
lattice constant of magnetic ions, m represents the unit vector of the

magnetization of the film, and Ke}‘;»rf is referred to as the effective sur-

face anisotropy field. The field K;;’f is understood as a phenomen-
ological quantity that accounts for the difference between the “pinning”
of surface and bulk spins, as discussed in detail in Refs. [9] and [10]. In
terms of view of free-energy density, the value of A is represented by
[7,15]

A=1+

d2
[Fsurf _ Fbulk]
MD,, ()]

where F**7 and F?k are the free-energy densities of surface and bulk
spins, respectively. The parameter A can now be expressed in terms of
models M1 and M2 described earlier, thus generalizing these models to
include the effects of the surface. We will refer to the models so gen-
eralized as SM1 and SM2, respectively. In the SM1 model, A now reads
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Similarly, in the model SM2, corresponding to model M2, A can be
written as,
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Note that the term A.; is absent in the SM2 model since, as will be
explained later, including it in Eq. (6), leads to overfitting (see dis-
cussion of a similar issue concerning bulk anisotropy [16]). Im-
portantly, by experimental mapping of the pinning parameter A at
various polar and azimuth angles, we can obtain pinning energy den-
sities for surface spins, as shown in the next Section.

5. Theory versus SWR experiment

In order to fully understand the effect of surfaces in GaMnAs films as
they relate to SWR, one can map the behavior of parameter A as a
function of magnetization orientation. As introduced in earlier litera-
ture [10], A identifies the wave vector k and the amplitude for each
SWR mode, as well as the separation between the first two (surface and
bulk) spin wave modes when A > 1 [9,10]. Thus, by carefully fitting
the SWR spectra by multiple Lorenz peaks, we can quantify the value of
A with an error of around 1% as a function of orientation (6y, ¢y) of the
applied field Hgc.

The experimental results for all four geometries used in our SWR
measurements are shown in Fig. 5 as blue square symbols. Note that we
cannot obtain reliable values of A when only bulk-type spin wave
modes are present (i.e., in the region A < 1), since in that case A has
little effect on the SWR peak intensities. In Fig. 5 we show results of
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Table 1

Surface pinning parameters obtained from model “SM1”. The definition of
(Ekys), an error function, the positive square root of the sum of squares of
residuals, is given in Ref. [16].

Ay Eon Agy Ay iso (Ebus)
0.2541 —0.1130 1.351 0.004603 0.1038 0.01392
Table 2

Surface pinning parameters obtained from model “SM2”. The definition of
(E}us), an error function, the positive square root of the sum of squares of
residuals, is given in Ref. [16].

Aa Ac Aca Azl AsL Ay Qiso

(Ekus)

0.4027 —2.793 5.168 —0.4000 -1.800 0.01018 —0.05962 0.01250

application of SM1 and SM2 models to fit available experimental data.
To avoid overfitting, we have used the cross-validation procedure de-
scribed in Ref. [16] to find the pinning parameters in Egs. (5) and (6).
The best fits for both models are plotted in the figure, with the corre-
sponding fitting parameters listed in Tables 1 and 2. Both fits present
the experimental results quite reasonably. The function (Ep,), as de-
fined in Ref. [16], measures the ability to predict new data resulting
from the given model - if its value was zero, the model prediction
would be accurate. Therefore, we see that the model SM2 has a better
predictive ability than the SM1 model. In particular, the SM2 model fits
the critical points for all geometries much better than SM1, as can be
seen from Table 3.

In Fig. 6 we plot color maps resulting from our SSP model for both
SM1 and SM2, calculated using the pinning coefficients shown in
Tables 1 and 2. In particular, Fig. 6 maps the conditions for the ex-
istence of surface modes for the (0y, ¢y) plane of the GaMnAs sample
investigated in this work. In Fig. 6, the white areas indicate regions
where A < 1; blue areas are for A > 1; and the borders between blue
and white areas indicate the conditions where A equals unity, ie.,

Fig. 5. Dependence of the surface pinning
parameter A on dc field orientation (solid
lines) according to our two SSP models in
the four configurations used in our mea-
surements, compared with experimental
points (blue squares). The two sets of data in
(a)(b)(c) are for 6y and — 6y, respectively.
In principle, the SWR modes should be
symmetric with respect to 0° due to mirror
symmetry. The difference is due to experi-
mental error. The error bars are within the
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Table 3
Critical angles: experiment vs. theory.
Geometry 2 Geometry 3 Geometry 4
(out-of-plane) (out-of-plane) (in-plane)
Experiment 6, = 24° 61 =20 6,=38 ¢ =66 ¢ =116"
Theory — SM1 20° 21° 49° 71° 111°
Theory — SM2 22° 19° 42° 65° 115°
(a) SM 1 Asurf
225 1.07
2 180 1.06
S
= 135 1.05
) 1.04
8 90 '
2 1.03
2 45
E 1.02
0 1.01
1
0O 30 60 90 120 150 180
Out-of-plane angle 6, [deg]
(b) SM 2 Asurf
—_— —m 1.06
>
&
> 135 - /@ 1.04
k)
& 1.03
S 90 - -§ 1
C
©
o 45 —F 1.02
£ ||
0+ — - 1.01
1

0 30 60 90 120 150 180
Out-of-plane angle 6 [deg]

Fig. 6. Spherical contour plots for bulk and surface spin wave modes according
to the SM1 model (a) and SM2 model (b). Blue regions are regions in the (0y,
¢u) plane where surface SWR modes will occur, since in these regions the value
of surface parameter is greater than one (A > 1). The value of A is less than
one (A < 1) in the white areas, indicating conditions where bulk SWR modes
are present. At the contour boundaries of the blue area A = 1, indicating con-
ditions for critical pinning, k = 0, as discussed in Ref. [7]. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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where critical angles occur. The color-bar next to the figure indicates
numerical values of A in the color map. We recall that surface spin wave
modes can only exist in regions when A > 1. Thus the edges of the blue
areas define the sets of critical angle configurations in which the spec-
trum of multiple SWRs reduces to a single resonance, as predicted by
both models.

We now correlate these maps with the results shown in Fig. 2. The
SWR spectra obtained for various values of 6y in the ¢y = —45° plane
(Fig. 2a) correspond to moving horizontally at ¢y = —45° in Fig. 4. As
we increase Oy in that plane, at 0y = 24° we will cross the boundary
between the white and the blue zones, entering the regime where bulk
SWs cease to exist, and surface SWs begin to form. Proceeding hor-
izontally with increasing 6y, we remain in the regime where surface
conditions for surface SWs continue to be fulfilled, all the way to
Oy = 90°, as is indeed confirmed by experiment. The situation is,
however, very different when 6y is varied in the ¢y = O plane, corre-
sponding to Fig. 2b. In this case, as we move horizontally at ¢y = 0°
starting at 0y = 0° in Fig. 6 (where A < 1, ie., where bulk SWs are
observed), we first cross the blue/white boundary at that critical angle
0.1 = 20° and enter the zone of A = 1, where conditions for surface SWs
are satisfied. Importantly, however, as 0y is increased further, we exit
these conditions at another critical angle 6., = 38°, and re-enter the
colored zone (A < 1) where surface spin waves transform to bulk
waves. Our SWR results reveal that for fields applied in the ¢y = 0°
plane two critical angles, at 6.; = 20° and 0., = 38° indeed exist, thus
confirming the predictions of the SSP model. Summarizing the insights
provided by Fig. 4, the critical polar angle 0., can be observed at all
values of the azimuthal angle (i.e., in all out-of-plane configurations);
but, in contrast, critical angle 6., is very sensitive to ¢y, and can only be
observed in very limited angular ranges around ¢y = 0° and ¢y = 90°.
Outside of these ranges, only one critical polar angle can be found in
out-of-plane configurations. Finally, by comparing experimental results
at critical angles for the two models (see Table 3 and Fig. 6), we find
that this critical feature is more correctly represented by model SM2.

6. Mapping of surface pinning terms

Let us finally analyze the individual pinning terms in the expres-
sions for the pinning parameters in the SM1 and SM2 models, Egs. (5)
and (6) by mapping their contributions in spherical coordinates. In
Fig. 7 we plotted hypersurfaces for different pinning terms — as in-
dicated on the graphs — and for the resulting total pinning parameter. As
one can see, the main difference between models SM1 and SM2 arises
from the cubic symmetry term in the pinning energy expansion. Note,
however, that in both models the [001] crystal axis is the “strong”
surface pinning direction, whereas axes [100] and [01 0] are “weak”
axes.

In Fig. S3 we have also plotted the angular dependences of the
surface spin pinning parameter A in the (6y, ¢y) plane that result from
our two SSP models, with experimental data shown as red squares. It is
clearly seen that A(6y, ¢,) has a four-fold symmetry with respect to
¢, and a two-fold symmetry with respect to 8y. This behavior is of
course expected from the angular dependence of the free energy density
F, see Egs. (1) and (2), since the pinning hypersurface graphically ex-
presses the co-existence of cubic and uniaxial anisotropy contributions.
One should note, however, that without the cubic contribution no cri-
tical angles could exist in the in-plane configuration. Additionally, the
observation of two critical polar angles, 6., and 6.,, provides indis-
putable evidence that cubic surface anisotropy contributes significantly
to the process of surface pinning in GaMnAs films.

7. Concluding remarks
It should be mentioned that the GaMnAs film studied in this work is

not an isolated case showing the existence of the two-critical-angle
phenomenon. In Supplementary Information, Figs. S4-S7, we show
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Fig. 7. Surface pinning terms in spherical coordinates, as discussed in the text, see Eqgs. (5) and (6). Top row corresponds to the SM1 model, where A, + A4y
represent the pinning term resulting only from perpendicular anisotropy; A4 represents pinning due to cubic anisotropy; and a;, + A>; + A4y + Ay is total pinning.
Bottom row shows the same results calculated with model SM2, where A,, + Ay, is the pinning term due only to from perpendicular anisotropy; Ac + Acx + Aca
represents pinning due to cubic anisotropy; and a;, + A2y + A4y + Aa + Az + Ag is the total surface pinning. The parameter a;, stands for the dimensionless
surface pinning constant (see Eq. (4.9) in Ref. [7]); its values for both models are given in Tables 1 and 2. In both models the [1 001, [0 1 0] are “weak” axes of surface

pinning, whereas [0 0 1] is the “strong” axis.

SWR data observed in another GaMnAs film, demonstrating same
phenomenon in the same configuration. These results indicate that the
effect of surface anisotropy and the angular dependence of pinning
conditions are an intrinsic property of GaMnAs films, and that the
analysis used in this work can be therefore applied to other magnetic
films. In addition, as shown in Fig. 8, a critical temperature at T, = 15K
is also observed, showing a uniform mode for Hg.||[1 0 0]. As a result,
at the temperature above the critical temperature, the two-critical-
angle phenomenon disappears, and only a single critical angle phe-
nomenon is observed in all four configurations. It is well known that the
in-plane cubic anisotropy in GaMnAs decreases faster than the in-plane
uniaxial anisotropy as the temperature increases, while the biaxially-
magnetized domains make a transition to uniaxial domains. We there-
fore suggest that the observed the critical temperature and the dis-
appearance of the two-critical-angle phenomenon are related to the
decrease of cubic anisotropy terms (both surface and bulk).

Note that several previous reports suggested that the magnetic
properties of GaMnAs film are not fully homogeneous along the growth
direction [17,18], and that the boundary conditions could be different
for the top and bottom surfaces of the film. Resonance spectra and the
analysis in this work might shed light on assessing the magnetic uni-
formity and boundary conditions of the film. The fact that SWR spectra
reveal the existence of the critical angle phenomenon is consistent with
that the homogeneity of the sample meets the assumptions of the SI

model. This is based on the interpretation of the quantum theory of
SWR [9,10], according to which the critical angle occurs only in the SI
model, because this phenomenon is strictly a surface effect. It occurs
only when surface pinning allows a reduction of its strength to the level
of natural pinning in a certain strictly defined angular configuration,
which is called the critical angle configuration. Furthermore, it should
be pointed out that there are no signs of the boundary asymmetry [10]
from the observed SWR spectra — a single Lorentz-shape spectrum is
observed at all critical angles. Finally, note that a certain volume in-
homogeneity can appear in GaMnAs film in some range of angles, i.e., in
configurations close to the perpendicular configuration (6y = 0). For
these configurations surface pinning is very strong (A < 1), and such
pinning, as was shown in an earlier work [11], is accompanied by a
large value of surface exchange length. Due to such increase of the
exchange length, the strong surface pinning induces a certain degree of
magnetic inhomogeneity in the near-surface region of the sample.

In conclusion, mapping SWR spectra in all four configurations in-
vestigated in this paper has revealed the existence of two critical angles
in specific angular configurations investigated experimentally in this
paper. This observation verifies the SSP model of SWR, bringing new
insights to surface phenomena in GaMnAs films, and providing in-
formation that will be of interest in designing spintronic devices. In this
context the agreement of our experimental results with SWR theory
shows that, by including higher-order terms with cubic symmetry in the
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Fig. 8. SWR spectra observed at various temperatures at Hg||[1 0 0]. These
results suggest the disappearance of the double critical angles as the tempera-
ture exceeds 15 K.

description of the surface free energy, our analysis will improve our
understandings of the magnetic surface anisotropy of GaMnAs films.
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