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1. Introduction

Dilute ferromagnetic semiconductors are a class of very
promising materials of the future [1-6]. Gallium man-
ganese arsenide (Ga,Mn)As, created on the basis of the
semiconductor gallium arsenide by the addition of a small
percentage of manganese as a magnetic dopant, is one of
the most intensively studied compounds in this class [7—
12]. Spin-wave resonance in thin films has been studied
particularly intensively in gallium manganese arsenide in
the past decade [13—-21]. Especially rich resonance spec-
tra were obtained in studies with a variable configura-
tion of the static field with respect to the film surface.
The field was rotated perpendicularly to the film surface,
which corresponds to variable polar angle 8y between
the direction of the external field and the surface nor-
mal. In the present paper we shall analyze SWR, mea-
surement data concerning the out-of-plane rotation of the
magnetic field, mainly because of the controversy that
arose in the interpretation of these results over an issue
which therefore requires elucidation. If researchers tend
to agree on the interpretation of SWR spectra in two
extreme configurations—the perpendicular and parallel
configurations, corresponding to gy = 0 and 6y = 90°,
respectively—the interpretation of results obtained in in-
termediate configurations is under debate. Almost as a
rule, a particular configuration of the external field tends
to occur in this range at a critical angle 6%, for which
the multi-peak SWR spectrum collapses to a single-peak
FMR spectrum. There are two schools of thought regard-
ing the interpretation of the occurrence of this critical
angle. Both schools agree that in the critical configu-
ration the thin film is magnetically homogeneous, and
the boundary conditions (specifically, the surface spin
pinning) correspond to the natural conditions, only re-
sulting from the reduced neighborhood of the surface
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spins. The difference of opinion concerns the configura-
tion evolution leading to the above-described “naturally
homogeneous” magnetic state. One school [18] uses the
surface inhomogeneity (SI) model and assumes that ro-
tation of the magnetic field does not modify the profile
of the bulk magnon potential, which remains homoge-
neous across the film; only the surface pinning conditions
change, diverging from the natural conditions as the an-
gle grows above or decreases below the critical configu-
ration (with the surface pinning decreasing or increas-
ing). In contrast, the other school [20, 21], using the
volume inhomogeneity (VI) model, claims that it is the
bulk profile of the magnon potential that changes with
the field configuration: remaining linear, but inclined at
different angles with respect to the surface of the film,
the magnon potential increases or decreases inside the
film as the configuration diverges from the critical an-
gle, while the natural conditions prevail invariably on
the surface. In this paper we opt for the interpretation
based on the SI model and propose a theoretical model
of the configuration evolution of the surface spin pinning
in agreement with the experimental data. Our interpre-
tation leads to some physical conclusions, which provide
new insights into the surface properties of ferromagnetic
semiconductor (Ga,Mn)As thin films.

2. Out-of-plane angle dependence of the surface
parameter in (Ga,Mn)As thin films

The experimental SWR, spectra analyzed in this pa-
per were measured in the “ out-of-plane geometry”, as
referred to by the Authors of Ref [18]. The external
magnetic field H was confined to the horizontal plane
(i.e. perpendicular to the film surface) allowing SWR
measurements with H in any intermediate orientation
between the normal to the film surface, H||[001], and
the in-plane orientation, H||[110]. In this particular ge-
ometry the magnetization M of the sample lies in the
same horizontal plane as the field H. Thus, the spatial
orientation of the vectors H and M is defined by two
polar angles, 8y and 6);, between the respective vectors
and the normal to the surface of the film.
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Fig. 1. Magnetization angle dependence of the surface
pinning parameter A (6a7) according to the experimen-
tal data obtained by Liu et al [18].

On the basis of their SWR study of (Ga,Mn)As thin
films Liu et al [18]. plotted the configuration depen-
dence of the surface parameter A () with the magnetic
field rotating from the perpendicular (§g = 0) to parallel
(0 = 90°) configuration. Figure 1 shows the configura-
tion dependence of the surface parameter, which we have
recalculated to plot A versus the new variable 0,,; the
graph corresponds to the measurement data of Liu et al.
presented in Ref [18], Fig. 9. The natural surface pinning
is found to occur for the critical angle 6, = 35° (which
corresponds to the experimental angle g = 19°). Also,
the new plot reveals the occurrence of a local maximum
in the A (6ar) dependence around the angle 0%, = 54.73°,
for which the term (3 cos? 6}, — 1) equals zero (below we
shall take advantage of this finding in further analysis of
the experimental data obtained by Liu et al [18]).

Note that the experiment only provided the values of
the surface parameter A in the 0, range in which A > 1;
in the angle range corresponding to A < 1 the solid line in
Fig. 1 is a mere extrapolation of the dependence beyond
this range. Strikingly, two characteristic angles can be
observed in the A (0;7) dependence, one—the critical an-
gle 0$,—corresponding to A (65,) = 1, the other—which
we will call the magic angle 0%,—to a local maximum
A (0%;) = maz. The angular dependence of the surface
parameter presented in Fig. 1 can be described by the
function:

A(HM)zl—i—ao—ag(@M) (3COS2@M—1). (].)
Thus, the following equalities are fulfilled at the above-
mentioned characteristic angles:

ap = as (05;) (3cos? 05, — 1) (2)
for the critical angle 65,, and:
3cos?0Y —1=0 (3)

for the magic angle 0}, corresponding to the maximum
value Apqar (0%) =14 ao. The procedure of numeri-
cal fitting of the relation (1) to the measurement points

shown in Fig. 1 allows to determine the function as (6pr).
On the other hand, according to our earlier considera-
tions in Refs. [22-24], a3 (0)s) can be expressed as follows
by structural and magnetic quantities:

1 sefacer 02
az (0ar) = 5 |4 (Meg™ = Meg™) 55| (4)

where 4w Mg = 4nM — Ho , M is the saturation magne-
tization, Ho | the effective uniaxial anisotropy field, a the
lattice constant (the average Mn-Mn distance), and Dey
the exchange stiffness constant.

3. Physical implications of the model

Using the formula (4) and knowing the as (65s) depen-
dence (determined numerically), we could determine the
configuration dependence (see Fig. 2) of the quantity de-
fined:

A AMog = 47|-be‘f41k _ 47.I.M:§rface =

€

A (Mbulk o Msurface) _ (H;)Ju_lk _ HSirface) , (5)
which relates the bulk and surface effective magnetiza-
tions. From Fig. 2 it follows that the magic angle is that
particular angle at which the two (bulk and surface) ef-
fective magnetizations become equal.
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Fig. 2. Magnetization angle dependence of the sur-
face contribution to the effective bulk magnetization
4 MEF™ calculated from Eq. (4) (in units of 2Dcy/a?);
4rAMeg is defined by Eq. (5).

This is a consequence of the following interpretation
of Fig. 2: When the field H is perpendicular to the sur-
face of the film (which corresponds to 6p; = 0), both
the surface and bulk magnetizations can be assumed to
be aligned with the out-of-plane easy axis normal to the
surface of the film, but the bulk magnetization predomi-
nates over the surface magnetization, since, as indicated
by Fig. 2, 4rAM.g > 0 for 6); = 0. As soon as the
orientation of the applied field diverges from the normal
direction, all the spins immediately incline towards the
film plane, in which the (Ga,Mn)As film has two easy
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axes; this will result in reduced effective bulk magne-
tization. The surface magnetization, however, will not
decrease as much as the bulk magnetization, since the
surface spins are additionally constrained by the uniaxial
surface anisotropy field that aligns them in the direction
normal to the surface of the film. Thus, M*** will de-
crease at a higher rate than M*"fec¢ a5 the field will con-
tinue to rotate towards the film plane; as a consequence,
the two effective magnetizations will be approaching a
common value to reach it at the magic angle 05;.

The particular role of the magic angle can be also
demonstrated otherwise, by referring to the interaction
length X\ defined separately in the bulk and surface (and
denoted A\, and \g, respectively):

DeX Dex
Ap = bulk ’ As = surface (6)
4 M g 4 M3g

At the magic angle the two interaction lengths defined
above are equal. In the angle range 05, > 6}, the surface
interaction length A; is shorter than the bulk interaction
length Ay; for 8y < 0, in contrast, A; > Ay. The model
using the concept of local interaction length provides an
intuitive explanation of an experimental finding [18] that
has not been elucidated yet, that spin-wave resonance
in (Ga,Mn)As thin films meets the assumptions of the
surface inhomogeneity (SI) model [25-28] in the in-plane
configuration of the external field, and the volume inho-
mogeneity (VI) model [29] in the out-of-plane configura-
tion with the field oriented close to the surface normal.
The plot shown in Fig. 2 indicates that the surface in-
teraction length Ay is only slightly smaller than the bulk
exchange length )\, for any angle 6); between the magic
angle 63, and the parallel configuration angle 6;; = 90°;
thus, in this angle range a surface disturbance will not
go beyond the first sub-surface plane formed by the spins
directly under the surface. This means that the assump-
tions of the SI model are fulfilled very well in this angle
range. In contrast, for angles 6, < 0}, As is greater than
Ap and grows steeply as the perpendicular configuration
Oy = 0 is approached. This means that in this angle
range a surface disturbance will not be localized at the
surface, but rather will penetrate into the bulk, affect-
ing deeper sub-surface planes. Thus, the applicability of
the SI model is very limited in this angle range, and the
volume inhomogeneity model will be more adequate.
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