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Abstract

We review the phenomenon of ferromagnetic resonance (FMR) in ferromag-
netic (FM) Ga;_,Mn,As semiconductor alloys and their heterostructures in
thin film form. We will show that the analysis of FMR in Ga;_,Mn, As films
can directly provide values of cubic and uniaxial magnetic anisotropy fields
in these materials—i.e. the anisotropy associated with the natural (undistorted)
zinc-blende structure and that arising from strain-induced distortion, respec-
tively. In addition to the effects of strain, in this review we will also discuss
the use of FMR to determine the effects of annealing, temperature, and doping
on magnetic anisotropy. The FMR results attained on the temperature depen-
dence of anisotropy fields (both cubic and uniaxial) provide a natural explana-
tion of the easy-axis reorientation transition that is observed in these materials
as the temperature changes. Using results observed on Ga;_,Mn,As samples
where the concentration of holes is controlled either by annealing or by mod-
ulation doping, we will show that FMR also provides a convenient tool for
studying the correlation between hole concentration and magnetic anisotropy.
Additionally, we will show that the FMR studies of Ga;_,MnAs/Ga;_,Al,As
heterostructures modulation doped by Be reveal that the effective g-factor of
Ga;_,Mn,As is also strongly affected by the doping. The measurements of
the total g-factor can in turn be used to estimate the contribution which the
holes themselves make to the total magnetization of Ga;_,Mn, As. Finally, we
will review the results which are currently available on the FMR linewidth, in-
cluding its dependence on temperature, angle of applied field, and annealing.
Although the data on FMR broadening are at this time largely phenomenolog-
ical, the dependence of the linewidth on hole concentrations suggests that the
p—d coupling between the holes and the Mn?* ions contributes significantly
to the damping rate of the magnetization precession in FMR experiments on
Ga;_,Mn,As films. Finally, it should be noted that—although in this review
we focus on Ga;_,Mn,As, because the overwhelming majority of work on
FMR has been carried out on this material—the description of FMR and its
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analysis presented here can be applied to thin layers of all III;_,Mn,V alloys
generally.

(Some figures in this article are in colour only in the electronic

version)
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1. Introduction

1.1. Mn in the semiconductor lattice: making semiconductors ferromagnetic

Semiconductors and magnetic materials both play essential roles in the modern electronics
industry. Most electronic and optical semiconductor devices utilize the charge of electrons
and holes to process information; and magnetic materials use the spin of magnetic ions
for information storage. Thus—although the applications of semiconductors and magnetics
have evolved independently—it appears logical to combine their properties for possible spin-
electronic applications with increased functionalities [1, 2]. Coexistence of magnetism and
semiconducting properties in diluted magnetic semiconductors (DMSs) has in fact already
been realized by alloying the non-magnetic semiconductor host with magnetic elements as
early as the 1970s [3]. In those early years, the study of DMSs and their heterostructures was
primarily focused on II-VI-based materials (such as those based on HgTe, CdTe, and ZnSe),
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where the valence of group II cations is identical to that of many magnetic ions, such as Mn
or Co [3, 4]. The magnetic interaction in II-VI DMSs is dominated by antiferromagnetic
direct exchange among the Mn spins, which results in paramagnetic, spin glass, and
ultimately long range antiferromagnetic behaviour. Recent progress in doping technology
of II-VI materials is, however, gradually extending these limits to broader forms of
magnetism. For example, carrier-mediated ferromagnetism was recently discovered in p-
type II-VI DMS heterostructures, although at the present time this only occurs at very low
temperatures (the Curie temperatures 7¢ are typically below 2.0 K in these II-VI-based
systems) [5].

On the other hand, very significant strides have recently been made in developing Mn-
containing ferromagnetic III-V-based semiconductors which remain ferromagnetic to much
higher Curie temperatures than those observed in their II-VI-based counterparts [6—10].
These III-V-based semiconductor ferromagnetics are fabricated in thin layer form by low
temperature molecular beam epitaxy (LT-MBE). Attempts to grow such III;_yMn, V alloys
were first rewarded with successful MBE growth of uniform In;_,Mn,As films on GaAs
substrates [11]. The subsequent discovery of hole-induced ferromagnetic order in p-
type In;_,Mn,As [12] encouraged researchers to also investigate analogous GaAs-based
systems [13], ultimately resulting in the successful growth of ferromagnetic Ga;_,Mn, As [14].
Since their initial discovery, much progress has now been made in the fabrication of
Ga;_,Mn, As alloys, with Curie temperatures 7¢ now reproducibly exceeding 150 K [15-18].
The progress made with In;_,Mn, As and Ga;_,Mn, As alloys has been subsequently followed
by successful preparation of ferromagnetic III-V semiconductors Ga;_,Mn,Sb [19, 20] and
In;_Mn,Sb [21].

These III-V-based ferromagnetics taken together have already opened a number of
fundamental issues in magnetism and magneto-transport, as well as in the inter-relationship
between the two. Just as important, the development of these materials holds promise for
integrating ferromagnetic and non-magnetic semiconductors, with an eye on developing new
devices that depend—as already noted—on electron charge as well as on its spin [22]. For
example, III;_,Mn,V alloys have already been integrated with III-V-based non-magnetic
semiconductor systems to form spin-injecting structures [23], as well as structures that allow
electrical [24], optical [25], or other forms of external controls [26, 27] of the ferromagnetism
exhibited by IIT;_,Mn, V alloys.

It is generally accepted that when Mn is incorporated at the cation site in both II-VI and
II-V semiconductor materials it enters the lattice as a Mn2* ion, which has a half-filled d shell
with an angular momentum L = 0 and a spin of S = 5/2. The exchange interaction between
the Mn spin and band carriers is parametrized by exchange integrals Noow and NyB for the
conduction and valence band carriers, respectively. This parametrization scheme has been
spectacularly successful in describing various optical and magnetic phenomena observed in
II-VI-based paramagnetic semiconductors. In III-V semiconductors, however, Mn?* ions at
the group III cation site do not just serve as S = 5/2 magnetic moments inserted into the III-V
host, but also as acceptors, so that the resulting I1I; _,Mn, V alloys automatically contain a high
concentration of holes.

One should note at this point that—in spite of various theoretical attempts and
approaches [28-35]—the understanding of the origin of ferromagnetism in III;_, Mn, V alloys
is still rather incomplete. While the debate on this front continues, the theory of ferromagnetism
based on the Zener model [36], the Ginzburg—Landau approach to the ferromagnetic phase
transition in the III;_,Mn, V systems, and the Kohn—Luttinger k - p theory of semiconductors
are now rather widely accepted, since they are able to satisfactorily describe a number of
magnetic properties of these materials. In this review we will also adhere to this view.
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Figure 1. Schematic diagram of the EPR/FMR apparatus.

1.2. FMR: probing dynamic magnetic properties of ferromagnetic semiconductors

One of the key properties of III;_,Mn,V ferromagnetic semiconductors (FMSs) is their
magnetic anisotropy, since this is the basic parameter for developing future spin-based devices
(e.g. spin-injectors [37] and tunnel junctions [38], as well as devices based on the giant
planar Hall effect (GPHE) [39] and structures involving nano-constrictions, which exhibit
giant magnetoresistance [40]). Since the ferromagnetic interaction in III;_,Mn, V materials
is mediated by free holes [36], the magnetic anisotropy of III;_,Mn,V FMSs can therefore be
directly traced to the Fermi surface anisotropy of these charge carriers, since it is the holes that
determine the ferromagnetic exchange between the localized (isotropic) Mn?* spins [41, 30].

Ferromagnetic resonance (FMR) is one of the most powerful experimental techniques
for the study of ferromagnetic thin films [42], providing the opportunity for determining
all their essential properties, including magnetic anisotropy, total magnetic moment, Curie
temperature, magneto-elastic coupling coefficients, and parameters describing the relaxation
of magnetization. High sensitivity, high resolution, and relatively easy set-up and sample
exchange are among the advantages of the FMR experiment. In addition to reviewing the
results of FMR obtained on III; _,Mn, V FMSs, in this review we will take special note of how
the FMR technique complements the more conventional magnetic studies to obtain information
on basic magnetic properties of epitaxially grown thin Ga;_,Mn,As films.

To illustrate the capabilities of the FMR technique, we will make extensive use of FMR
measurements carried out by our own group at 9.4 GHz (X-band) using a Bruker electron
paramagnetic resonance (EPR) spectrometer. As shown in figure 1, in these experiments
(typical of many FMR set-ups) the applied dc magnetic field is confined to the horizontal plane,
and a weak microwave (rf-) field acting on the sample is vertical. The magnetic film is placed
in a sample holder tube inserted into a liquid helium continuous flow cryostat, which is in turn
inserted into the microwave cavity of the EPR spectrometer, the cavity itself remaining at room
temperature”. The helium flow is driven by a small-diaphragm vacuum pump, which circulates
the helium gas through the system. The under-pressure produced by the pump is sufficient to
achieve temperatures down to 3.6 K.

2 There are of course many types of FMR spectrometers, including those with the microwave cavity immersed in the
cryogen. We will find it convenient to use the system just described in discussing experiments in this review because
of the ease of varying the magnetic field orientation relative to the sample coordinates.
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Figure 2. Coordinate system used in this review. The orientation of the applied dc magnetic field
H is described by (6y, ¢r). The resulting equilibrium orientation of the magnetization M is given
by (0, ¢).

The FMR measurement procedure is similar to nuclear magnetic resonance (NMR) and
EPR [43]. One should bear in mind, however, that in the FMR measurements on III; _,Mn,V
films the total magnetic moment of the Mn-ion/hole complex comprising the ferromagnetism
of the system precesses as a whole around the resultant of all static magnetic fields present
in the system (i.e. the applied dc magnetic field, the magnetic anisotropy field, and the
demagnetization fields) at the Larmor frequency w. Since the experimental microwave
frequency is fixed by the resonance frequency of the cavity (for example, our FMR experiments
are carried out at 9.4 GHz), a dc magnetic field is swept as the independent variable. When
the Larmor precession frequency w coincides with the rf-frequency, a resonance takes place
between the motion of the Mn-ion/hole spin complex and the microwave signal. This resonance
condition manifests itself as a peak in absorption of the incident microwaves, resulting in a
decrease of the quality factor (the ‘Q’) of the cavity. As an operational detail, one should add
that it is convenient (and more precise) to observe the derivative of this resonant absorption—
and thus all raw FMR spectra shown in this paper will be in the form of the first derivative of
the absorption as a function of the applied field.

1.3. TDypical sample preparation and mounting for FMR measurements

In the experimental approach just described, the sample and the sample holder need to be free
from moisture in order to avoid spurious signals from condensates (particularly from oxygen
at low temperatures, which is paramagnetic). To achieve this, the samples are typically cleaned
with methanol and inserted into the sample tube, which is filled with helium gas and then
sealed with paraffin tape. The use of Suprasil as sample holder tubes rather than quartz has
been found to be advantageous, because impurities in quartz also result in spurious resonances
that can complicate in the observed spectra.

When magneto-crystalline anisotropy is present, FMR spectra will depend on the
orientation of the applied magnetic field with respect to the crystalline axes. In most examples
which we will describe, a given Ga;_,Mn, As layer has been cleaved into three square pieces
with edges along the [110] and [110] directions, as shown in figure 2. This figure illustrates
the polar coordinate system which we will use throughout this review. To preserve the desired
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Figure 3. Three experimental configurations used in this review. The orientation of the dc magnetic
field H (given by 0y and ¢y) can be varied continuously in the (110) plane (or in the (110) plane
when the [110] direction points up) (geometry 1, ¢y +45°), in the (010) plane (geometry
2, oy = 0°), and in the (001) plane (geometry 3, 6y 90°). The corresponding equilibrium
orientations of the magnetization M are given by (0, ¢).

orientation, each square piece is then cemented to a long parallelepiped of the GaAs(100) SI
substrate material (the same material as that used for growth of the ferromagnetic film) in
one of the three geometries shown in figure 3, and then inserted into the sample tube. With
the magnetic field confined to the horizontal plane, mounting the sample with the layer plane
vertical allows one to carry out magnetic resonance measurements in two basic configurations,
which we will refer to as geometries 1 and 2. Specifically, mounting the specimen with the
[110] (or [110]) edge vertical (geometry 1, gy = 445°) enables measurements with the dc
field H in any intermediate orientation between the normal to the layer plane, H || [001], and
the in-plane orientation, H || [110] (or H || [110]). Similarly, when the sample is mounted so
that the [010] direction—i.e. the diagonal of the square—is vertical (geometry 2, ¢y = 0°),
one can map out the FMR for field orientations between the normal orientation, H || [001], and
the in-plane orientation H || [100]. Additionally, a third configuration (geometry 3, 8y = 90°)
can be used by mounting the sample with the layer plane oriented horizontally (i.e. with the
[001] direction pointing up). In this configuration one can measure the angular dependence of
FMR when the field is confined to the layer (i.e. to the (001) plane), including the orientations
H || [110], H || [110], H || [100], and H | [010], as well as H along all intermediate
orientations in the layer plane. Typically, the direction of the magnetic field with respect to
the crystal axes of the sample is controlled using a single-axis goniometer located on top of the
microwave cavity. In this type of arrangement it is possible to rotate the sample holder through
360° with an angular precision of 0.125°.

In this review we will focus on the information obtained from the FMR field position Hg, at
different temperatures and at different orientations of the applied dc magnetic field H relative to
the crystal axes of the Ga;_, Mn, As specimen. Based on these results, we will show that FMR
provides a unique way of determining the magnetic anisotropy fields and the effective g-factor
of the precessing Mn-ion/hole complex.

2. Determining magnetic anisotropy by FMR

2.1. Overview of magnetic anisotropy in epitaxial IIl,_,Mn,V layers

Because of the low solubility of Mn in bulk III-V semiconductors, Ga;_,Mn,As alloys
with x sufficiently high to produce cooperative magnetic effects (x > 0.01) can only be
achieved in layers grown by low temperature molecular beam epitaxy (LT-MBE), and thus the
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Figure 4. Magnetization M as a function of applied magnetic field H for a Gagg7Mng g3As
film, measured at 7 = 5 K by SQUID for Gago97Mngo3As/GaAs (left panel) and
Gag.97Mng 03As/Gag g5Ing. 15As (right panel). The magnetic field is applied either in the [110]
or in the [001] direction. Gag97Mng g3As grown directly on a (001) GaAs substrate (left panel)
is under compressive strain in the layer plane; Gagg97Mng o3As grown on a Gag gsIng 15As buffer
(right panel) is under tensile strain. Note that the easy axis is different for the two samples.

in-plane lattice constants of such layers are locked to those of their substrates. For example,
x-ray diffraction (XRD) experiments reveal that Ga;_,Mn,As films grown by LT-MBE are
coherently strained throughout its thickness by the underlying layers (typically GaAs or
Ga;_,In,As), even for films as thick as 6.8 um [44]. Based on mean-field theory calculations,
it has been shown that for III;_,Mn,V films grown in the [001] direction the strain splits the
heavy and light hole bands of the III;_,Mn,V film, producing a uniaxial contribution to its
magnetic anisotropy with the following properties: the orientation of the easy axis along the
growth direction is favoured when the strain shifts the heavy holes below the top of the light-
hole sub-band; and an in-plane easy axis occurs in the opposite circumstance [30, 41].

Experimentally, it has also been clearly confirmed that a III,_,Mn,V film can be
magnetized more easily along certain crystallographic directions than others. This is
illustrated by figure 4, showing dc SQUID magnetization measurements carried out on
300 nm Gagg7Mng g3As films under different strain conditions. The hysteresis loops for
Gag.97Mng g3As grown on GaAs (figure 4(a)) clearly show that the easy axis of magnetization
of the Gag97Mngg3As layer is in the plane of the sample, as seen from the sharp hysteresis
loop when H is in the sample plane. In contrast, in the case of the Gag97Mng 03As grown on
a relaxed Gag gsIng 15As buffer layer (so that the magnetic layer under tensile strain), the easy
axis is obviously normal to the layer plane, as evidenced by the sharp hysteresis loop observed
when H is applied parallel to the [001] direction (figure 4(b)).

In the absence of strain the III;_,Mn, V would only be characterized by an intrinsic cubic
magnetic anisotropy, arising entirely from its zinc-blende symmetry. However, the cubic
magneto-crystalline anisotropy of materials grown on substrates having a lattice parameter
different from their relaxed cubic form is usually masked by the lattice mismatch effects
induced by the aforementioned strain, so that the cubic anisotropy terms can most readily be
identified by studying the variation of magnetization when the applied field H is confined to the
(001) plane [45-47], as illustrated in figure 5. Figures 5(a) and (b) show magnetization curves
for a Gag 97Mng 03As/GaAs sample at 15 and 35 K for fields along the in-plane [110], [110],
[100] and [010] directions. Distinct in-plane anisotropy of the magnetization is clearly seen. At
15 K, [100] is the easy axis, with essentially full magnetic moment at remanence. Hard-axis-
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Figure 5. Magnetization curves for a Gag97Mng 03As/GaAs sample at 15 K (a) and 35 K (b) with
magnetic field applied along different crystallographic directions. Note the striking inequivalence
of the data for [110] and [110] directions. (After Welp et al [45].)

like behaviour is seen for the [110] direction, with saturation occurring around 1.5 kOe. The
magnetization curves for the [100] and [010] directions are identical. The distinct difference
seen in the behaviour for the [110] and [110] directions is not expected on the grounds of crystal
symmetry, and will be discussed in some detail later in this review. However, figure 5(b) shows
that at 35 K the easy axis has switched to the [ilO] direction, whereas the [110] direction
continues to display typical hard-axis behaviour, with essentially zero remanence, indicating
that the orientation of the easy axis in the plane of a compressively strained sample can depend
on temperature.

The issue of in-plane anisotropy can be further illustrated by systematic studies carried
out on a series of as-grown Ga;_,Mn,As/GaAs films with thicknesses ranging from 0.2 to
6.8 um [44]. For all samples in that study one finds a clear difference between the [110]
and [110] directions, i.e. a uniaxial anisotropy contribution associated with the [110] direction.
It is important to note that the degree of the uniaxial anisotropy is essentially independent
of the thickness of the film for the studied range of film thicknesses. Based on recent
investigations on annealed-and-etched samples [48], it has been suggested that the uniaxial
anisotropy could originate from a small trigonal distortion, which may be associated with the
surface As dimerization, seeded by the anisotropy of the surface of the GaAs(001) substrate.
This As-dimer morphology, along with the resulting trigonal distortion, then replicates itself
layer by layer during the growth, leading to the uniaxial anisotropy of the film that persists
throughout the entire thickness of the Ga;_,Mn, As film.

2.2. FMR spectra of thin ferromagnetic semiconductor films

Historically, the first experimental observation of FMR was made by Griffiths in nickel
metal [49], and the initial theory of this resonance phenomenon was given by Kittel [S0]. Since
then, a large volume of research has been reported describing FMR in different geometries and
for different classes of materials. Quantitative information on the gyromagnetic ratio, magnetic
anisotropy (up to sixth order) and relaxation of magnetization in both bulk and thin film
ferromagnetic materials has been obtained in these studies. FMR can thus now be considered
as a well established technique, with a solid theoretical base for probing the ferromagnetic
properties, that often are not accessible by other means.

For diluted magnetic semiconductor (DMS) materials in the paramagnetic state, electron
paramagnetic resonance (EPR) experiments—the sister technique of FMR—have been carried
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Figure 6. FMR spectra observed at 7 = 4 K for a modulation-doped
Gao,94Mno,O(,As/quqf,A]o,yAs:Be sample at the perpendicular (H | [001]) and three in-plane
(H || [110], H || [110], and H || [100]) configurations.

out for as long as these materials have been known [51-58]. EPR studies of bulk GaAs:Mn
were also carried out, but the primary purpose of these studies was to identify the nature
of the Mn centre [A~ and A® (d° + h)] in GaAs [59, 60]. However, when MBE-grown
1T, _ Mn, V emerged as a material of interest, it was found that the magnetic resonance in
this new material system is different. For the Ga;_,Mn,As and In;_,Mn,As epilayers with
low Mn content, x < 0.01, only a single resonance is visible at a position corresponding
to g ~ 2.0 [61, 62], which can still be identified as a broadened A~ resonance. But for
Ga;_,Mn,As with higher Mn concentrations (x > 0.02), the EPR spectra become replaced
by FMR spectra produced by the coherent collective precession of the coupled Mn-ion/hole
complex. The earliest experiments of both EPR and FMR on a ferromagnetic Ga;_,Mn,As
specimen (x > 0.02) were carried out by Nojiri et al [63], Sasaki et al [64], Goennenwein
et al [65], and Balascuta et al [66]. These were followed by more detailed investigations of
Ga;_Mn,As and Ga;_,_,In,Mn,As, accompanied by a comprehensive analysis of the FMR
results [67, 68]. Moreover, recently FMR measurements have also been successfully carried
out in FM In;_,Mn, As films with an in-plane easy axis [69].

In figure 6 we show typical FMR spectra (i.e. the derivative of the absorp-
tion as a function of applied magnetic field) at 4.0 K for a modulation-doped
Ga.04Mng g6As(5.6 nm)/Gay 76Alg 24As:Be(13.5 nm) heterostructure® in four basic configura-
tions: H || [001], H || [110], H | [110], and H || [100]. Strikingly, sharp Lorentzian-
shape FMR lines are observed in all configurations (and persist up to the Curie temperature
Tc), indicating strong long range ferromagnetic coherence of the Mn>* spins. We find this
to be remarkable, since the 5.6 nm thick Gap94Mng ocAs film is approximately equivalent to
only one monolayer of Mn ions randomly distributed over the plane of the specimen. Note
that pronounced shifts of the FMR line are observed to fields above and below the g = 2.00
(H = w/y) resonance position for magnetic field orientations perpendicular and parallel to
the plane of the layer, respectively. Furthermore, obvious differences between FMR spectra
observed in the three in-plane geometries (i.e. H || [110], H || [110], and H || [100]) are
conspicuous in the figure. By their strong dependence on crystal geometry, the FMR spectra in
figure 6 thus establish that magnetic anisotropy plays a major role in determining the fields at

3 We will return to the doping issue later in the review. For the present, we use this sample series solely for illustrating
the properties of FMR in very thin Ga;_,Mn, As films.
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which the resonances occur [64]. The observation of sharp FMR spectra in these very thin spec-
imens also suggests that the magnetization is nearly homogenous throughout the Ga;_,Mn,As
layer, and can thus indeed be treated as a single magnetic moment precessing coherently around
a dc magnetic field.

2.3. Theoretical model of FMR: the uniform mode resonance

As shown in the preceding section, a ferromagnet can be magnetized more easily along certain
crystallographic directions than along others. One can then speak of easy, intermediate,
and hard axes of magnetization. In the FMS Ga;_,Mn,As/GaAs system at liquid helium
temperature, for example, these correspond to [100], [110], and [001] crystallographic
directions, respectively. Different orientations of M correspond to different free energies of
the system, and differences in these energies are referred to as magnetic anisotropy energy.
Magnetic anisotropy is essential not only for the fundamental understanding of the microscopic
origins of ferromagnetism in FMSs, but is of central importance for applications of these
materials, since it determines the direction of magnetization, coercive fields, and domain sizes.
Note that there are only two microscopic sources of magnetic anisotropy energy: (a) the dipole—
dipole interaction, which senses the outer shape of the sample, and (b) the spin—orbit coupling,
which couples the spin to the charge (orbital) density distribution in the crystal of interest [42].

In analysing experiments carried out on FMS films (e.g. FMR experiments aimed at
determining the effects of magnetic anisotropy on Ga;_,Mn, As layers), one can make use of
the Stoner—Wohlfarth model [70], which assumes the ferromagnetic layer to consist of a single
homogeneous magnetic domain. In this scheme, the free-energy density F can be expressed as
the sum of three contributions when an external magnetic field is applied (see the configuration
shown in figure 2): Zeeman, demagnetization, and magnetic anisotropy energies. The Zeeman
energy is given by Fzeeman = —H - M = —H M|[cos 6 cos 0 + sin 6 sin 0 cos(¢ — ¢n)]. The
demagnetization (sometimes also referred to as shape anisotropy) may, for the case of epitaxial
layers corresponding to the (001) plane of interest here, be approximated by the expression
describing demagnetization energy of an infinite plane: Fiyape = 27 M 2 cos?@. Finally, and
most important, there is the magnetic anisotropy energy term F3,, which depends on the
crystallographic structure of the material.

For a thin film of tetragonal symmetry (e.g. for a film of zinc-blende crystal structure such
as the FMS Ga;_,Mn,As layer under a slight tetragonal distortion) in an applied magnetic field
H, this leads to an expression for the free energy density F that can be parametrized by four
anisotropy fields—H, |, Ha 1, Hy), and Hy—as shown below [42, 67]:

F = %M{—ZH [cos 6 cos Oy + sin O sin Oy cos (¢ — py)] + 47 M cos?0 — Hy | cos> 6

1 4 1 1 4 L2 .2 b4
— —Hy co8"0 — = Hy~ (34 cos4g) sin® 0 — Hy| sin” 6 sin (go— —) .
2 2 4 4
(M

Here the first term describes the Zeeman energy; the second term is the demagnetizing energy
(the so-called ‘shape anisotropy’ term); and the remaining terms represent magnetic anisotropy
energy, where H,, and H,, represent the perpendicular uniaxial and perpendicular cubic
anisotropy fields, respectively; H,; and Hyj are the in-plane uniaxial and in-plane cubic
anisotropy fields, respectively; and angles (6 and ¢) and (6 and @y) are defined in figure 2.
The anisotropy fields H; appearing in equation (1) are defined in terms of anisotropy energies
K,' as H[ = 2K,'/M (e.g., H4|| = 2K4||/M).
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The value of the perpendicular uniaxial anisotropy energy K, is determined by the lattice-
mismatch-driven biaxial strain in the FMS Ga;_,Mn,As film, as would be expected from the
tetragonal distortion of the Ga;_,Mn,As lattice observed in x-ray diffraction studies [44, 71].
Since epitaxy of Ga;_,Mn,As is carried out at low temperatures (typically below 300 °C), such
strain can persist even beyond the critical thickness due to the relatively high thermal barrier
for the formation of misfit dislocations [44]. Note that the sign of K, will be different for
compressive and for tensile strains, thus also determining the sign of H,, for these two cases.
The cubic anisotropy energies K4 and Ky, on the other hand, which determine the difference
in energy between the M | [100] and M || [110] situations, are a result of the warping
symmetry of the valence band characteristic of the cubic GaAs host lattice. In the absence
of any tetragonal distortion the values of K4, and Ky should of course be equal. However, it
is expected that the tetragonal distortion (such as that caused by the lattice-mismatch-induced
biaxial strain in the present case) should induce a slight difference between K4 and Ky, such
as one finds in the FMS Ga;_,Mn,As system and in many thin-film metallic ferromagnetic
systems.

We finally discuss the in-plane uniaxial anisotropy energy K, which gives rise to the
last term in equation (1). This term indicates that there is a (slight) physical difference in the
GaMnAs system between the case when the external field is applied in the [110] and [110]
directions, respectively. This manifests itself in differences in the two geometries observed in
magnetization measurements [45, 46, 72], in magnetotransport [39, 47] and—as will be seen
below—in FMR measured for the two orientations. This is surprising, because in a cubic
system the two situations, H || [110] and H || [110], are expected to be physically equivalent
for a zinc-blende film in the (001) plane; and the origin of K| is not clear at present. Some
attempts at identifying the mechanism of the effect have been made in earlier literature, and we
refer interested readers to these sources [44, 73, 48]. For the purposes of the present review we
will simply acknowledge that such in-plane uniaxial anisotropy is an empirical fact verified by
diverse experiments in (001) GaMnAs films, and must therefore be incorporated in formulating
the free energy along with the other anisotropy terms as shown in equation (1).

The time evolution of the magnetization around the equilibrium position can be estimated
using the Landau—Lifshitz—Gilbert formulation, which takes into account the damping of the
magnetization [74-76]:

1oM - IF - G |- oam
—— =Mx|—-—+h)——— | M x — 2)
y o1 ( oM ) (y Ms)? [ a1 ]
where y = g % is the gyromagnetic ratio; g, ug, /i, G, and My are the spectroscopic splitting
factor, Bohr magneton Planck constant, Gilbert coefficient, and saturation magnetization; and
M, F, and h denote the magnetization, free energy density, and microwave magnetic field,
respectively.
It is a major convenience that the resonance condition for any given field orientation can
be obtained from equation (1) by solving the following equation [77, 42]:

o\ 1 2F 32F [ 9*F \° )
y/)] — MZIsin?0 | 307 09> \930d¢) |’
without the need to take into account the damping of the magnetization (i.e. without the explicit
knowledge of G comprising the right-hand side of equation (2)). Here w is the angular

frequency of the microwave field. For each specific orientation of the applied field (6y, @)
the equilibrium angles of the magnetization at resonance (6, ¢) are then uniquely defined by
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the minimization of the free energy density with respect to 6 and ¢ [78],

IF
— =0 (4a)
e
IF
—_— =0. 4b
50 (4b)

Considering equations (1)—(3), the value of the applied field corresponding to the
resonance condition can then be obtained from [67, 66]:

2
w

<;> = [(Hg x a1 + by)(Hg x ay + by) — b3]. )
Here
a; = cos 6 cos Oy + sin O sin Oy cos(¢ — ¢n),
by =— [471M — Hy| + Hy cos? (go + %)] cos 260

cos 26 + cos 46 cos46 — cos 20 3 + cos 4d¢
+ Hyy 2 + Hy > 1 )

3 4
by=—@nrM — H;)) cos’ 9 + Hy sin% @ <cos 4 — cos’ 9M>

4

T2
+ Hyy cos* 6 — Hy {sinZ(p + [cos@ cos (cp + Z)] }2

and
by = % cos(9) (%H4” sin4g sin® 6 + Hy cos 2(/’) .

It will be especially important in the process of analysing FMR data to determine the
resonance condition for certain high symmetry orientations. Specifically, for the orientations
of Hand M in the (110) plane (corresponding to ¢ = ¢y = 45°), which we defined as geometry
1, one finds

w 2 H4J_ H
<—> = {HR cos(fyg — 0) + (—471M + H, + — — —4") cos 20
14

2 4
H. H.
+ (% + %) cos49}

_ _ Ha ) o2
x { Hgr cos(fyg — 60) + dnM + Hy| + 5 cos” 6

Ha) ot
+ H4J_ + ) cos” 0 — H4|| - H2|| s (6)

for H and M in the (010) plane (g = 0°), referred to as geometry 2, we have

2
H H H
<£> = {HRcos(GH —0)+ (—471M +Hy +— -2 %) cos 2¢

y 2 2
Hyy | Hy
—— + — | cos46
+ ( 2 + 2
_ _ _ o Hy\
X § Hgrcos(Oyg — 0) + A M + H, | 2H4|| > cos” 6

2
4 Hy 2
+ (Hsi + Hyp)cos™ 60 + Hy ¢ — > cos” 0, (7)
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Figure 7. FMR spectra observed for the GagogMng g2As specimen at 7 = 10 K at various
orientations 0y for H between [100] and [001] directions in the (010) plane (geometry 2, 8y from 0°
to 90° in 10° increments). The full circle indicates the FMR position for the different orientations.
The low field variations in the signal for 6y < 30° arise from microwave magneto-conductivity
changes in the samples.

and for M and H in the (001) plane, i.e. parallel to the film plane (0 = 6y = 90°), which we
defined as geometry 3, one obtains

o\? 3+ cosdy . b4
; = HRcos(fp—(pH)+4nM—H2l+H4||?+H2||sm ((p—z)

T
X {HR cos(¢ — @u) + Hyjcosde — Hyj cos (2(p - E)} . ®)

These equations allow us to obtain the values of magnetic anisotropy fields and of the
effective g-factor of the Mn-ion/hole complex in the III;_,Mn,V system directly from the
FMR experiments. It should be noted that the angular dependence of the FMR field directly
reflects the symmetry of the magnetic free energy. In particular, the orientation at which the
FMR field has its lowest value corresponds to the orientation of the easy axis of magnetization.

Note that when ¢y = 0° (geometry 2), the equilibrium angle ¢ of the magnetization at
resonance is not always equal to ¢y due to the small but finite in-plane anisotropy field Hy.
However, to simplify the analysis in deriving equation (7), we have as a first approximation
ignored the possible small difference between ¢ and ¢y. Since the resonance field Hg > Hy,
this assumption is quite reasonable—and is confirmed a posteriori by our analysis. Note also
that the terms 47w M — H, always occur together. For this reason it is customary in calculations
to lump 47 M — H,, into a single term, which we will define as 4w M.g. Note finally that the
microwave skin depth of Ga;_,Mn,As equals § = /2(uriowo)~! ~ 2 um, a value much
larger than the thickness of all investigated films. This ensures that the microwave field is
uniform throughout the entire sample.

2.4. Angular dependence of the FMR field

As an illustration, we will now discuss the angular dependence of FMR for a representative
Ga;_,Mn,As sample (x = 0.02) [79]. In figures 7 and 8 we show the observed FMR spectra,
and the positions of FMR peaks for 7 = 10 K as a function of magnetic field orientation
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Figure 8. Angular dependence of FMR fields shown in three panels. Panel (1) corresponds to the
de magnetic field H and magnetization M in the (110) plane, i.e. geometry 1, gy = 45°, panel (2)
to H and M in the (010) plane, geometry 2, ¢y = 0°, and panel (3) to H and M in the (001) plane,
geometry 3, g = 90°. The solid curves in the figure are theoretical fits to the FMR positions HR.
Note that the inequivalence of [110] and [i 10] is clearly seen in panel (3).

relative to the crystal axes. As shown in figure 7, FMR peaks (indicated by full circles) are
observed for all field orientations. As the dc magnetic field H is rotated from the out-of-
plane ([H || [001], 6 = 0°) to the in-plane (H || [100], & = 90°) orientation, the FMR peak
position Hy clearly shifts from 1 to 5 kOe, then quickly decreases to 3.6 kOe. The FMR field
positions Hy for this geometry—obtained from the experimental curves after subtracting the
background—are plotted in figure 8 in panel (2). The strong dependence of the FMR spectra
on crystal geometry seen in figure 8 establishes the unambiguous role of magnetic anisotropy
in determining the fields at which the resonances occur.

In figure 8 there are three panels (1, 2, and 3) displaying the resonance field Hgr as a
function of applied field orientation, each panel corresponding to one of the three geometries
described in section 1.3. Strikingly, as shown in panel (1), the angular dependence of Hgr
for geometry 1 is dominated by a fourfold symmetry (arising from the cubic anisotropy
contribution). Similar symmetry characteristics are also present (though less obvious) in panel
(2), corresponding to the second out-of-plane configuration (geometry 2). We attribute the
observed symmetry of the FMR positions to the competition between the cubic (H,4 ) and the
uniaxial (H, ) anisotropies [79]. From such behaviour one can infer that at low temperatures
the angular dependence of Hy is dominated by the cubic anisotropy field (Hs; > H ). At
the same time one should note that the lowest resonance field is observed when H lies in the
film plane and parallel to the [100] direction (fg = 90°, gy = 0°). This indicates that the
easy axis of this Ga;_,Mn,As (x = 0.02) sample is along the [100] or the [010] direction at
this temperature. Panel (3) in figure 8, which shows the angular dependence of Hy for H in
the (001) plane, is particularly interesting for two reasons. First, it reveals that the magnetic
in-plane anisotropy (which we attribute to the cubic anisotropy term Ky ) is quite strong. The
origin of this behaviour can be ascribed to the physical difference between the [100] and [110]
orientations in the (001) plane. Second, it is evident that the symmetry of the FMR position
is not exactly fourfold in the (001) plane, but that a small difference exists between Hg for
H applied along the [110] and [110] directions (which we attribute to the uniaxial magnetic
anisotropy term K»|) [67].
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We now use the FMR data shown in figure 8 to obtain the magnetic anisotropy field as
follows: we first analyse the in-plane data in panel (3) via equation (8) by assuming that
g = 2.00. This gives us approximate values of 47t M., Hy and H,j, which we use as starting
parameters to carry out a weighted nonlinear least squares fit (using equations (6) and (7))
to the FMR positions shown in panels (1) and (2) of figure 8, allowing the three parameters
(g, 47w Mg, and Hy, ) to vary. Using the values obtained by this procedure as input parameters
for the next iteration, we return to the in-plane data to obtain 4w Mg, Hyy and Hy by using
the new value of g. We iterate these two steps until optimal fitting is achieved and all five
parameters (4w Mess, Hs1, Hyj, Hy, and g) converge and remain unchanged in subsequent
iterations.

For the specific case shown in figure 8, the final five parameters are 47 M = 2083 £+
64 Oe, Hy; = 182678 Oe, Hy = 1985+71 Oe, Hy) = —608+80 Oe, and g = 1.87£0.02.
One can see the excellent fits which have been obtained in this way for all data points, as shown
by the solid theoretical curves in figure 8. Note that the cubic anisotropy field Hy, is quite large.
We attribute this prominence of Hy, to the small value of the in-plane compressive strain in the
material due to the small Mn concentration (x = 0.02) in the specific sample under discussion.
One should note that an effective g factor obtained in this analysis is smaller than the g value
of 2.00 characteristic of isolated Mn>* ions. This can only be attributed to a contribution from
the magnetic moment of the holes to the collective FMR precession of the coupled Mn?* /hole
system [80].

In summary, the FMR data for this Ga;_yMn,As (x = 0.02) film and its analysis just
presented illustrate the importance of magnetic anisotropy fields, both uniaxial and cubic. The
reduction of the collective g-factor obtained by the analysis also illustrates that the localized
Mn?* ions and the free holes jointly constitute a coupled system which precesses in unison
together at the FMR frequency, that is different than the Larmor frequency of the Mn?* ions.

2.5. Spin wave resonances in ferromagnetic semiconductors

The FMR resonance mode discussed above corresponds to the spatially uniform precession
of M, i.e., at any instant of time during their motion all magnetic moments are parallel
over the entire sample. In the language of spin waves this type of mode can be regarded
as a spin wave with the wave vector k = 0. This is, however, only a limiting case, since
in principle the magnetization within the sample can depend on both space r and time ¢,
M = M(r, t), due to the presence of magnons excited either thermally [81] or by some other
input of energy. In thin films certain magnons from the continuum of magnon excitations can
then be selectively ‘amplified” when they satisfy standing waves (in a manner analogous to
Fabry—Perot resonances), the ‘selection” depending on the boundary conditions of the film; and
those magnons selected by the film geometry can in turn be observed as additional absorption
peaks. We will refer to such peaks as spin wave resonances (SWRs), which provide valuable
information of the exchange energy [74]. In such a case the local moments are no longer parallel
inside the sample and restoring torques due to exchange interaction and internal magnetic
dipolar interactions have to be included in the analysis, resulting in effect in k # 0 excitations.

The observation of £ # 0 SWRs that accompany the FMR spectra have been reported
by several groups [82, 83]. In this section we will focus on the detailed description of SWRs
in Ga;_,Mn,As films, and on how these excitations depend on film thickness, magnetization,
and temperature. We illustrate this by SWR results reported in [82] for three Ga;_,Mn,As
films with different thicknesses (100, 150, and 200 nm). The Mn concentration x of the three
samples used in that study was determined by x-ray diffraction to be x = 0.076 and their Curie
temperature measured by SQUID was 65 K.
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Figure 9. The derivative of the spin wave resonance (SWR) absorption as a function of applied
external magnetic field: (a) SWR in Gag 924Mng g76As films with three different thicknesses at 4 K;
(b) SWR for 150 nm Gag 924Mng g76As film measured at 4 and 40 K. The dotted line indicates the
resonance position for g = 2.00. (After Sasaki ez al in [82].)

SWRs were observed in this series of samples at various temperatures for H applied normal
to the layer plane (H || [001]). Figure 9 shows SWR spectra at 4 K for all three samples and
for the 150 nm thick sample at 40 K. In the spectra observed for all samples the uniform
FMR mode line (i.e. the k = 0 spin wave resonance) seen at around 8 kOe is accompanied
by a series of SWRs at lower fields. It is important to note that—since such resonances
represent a standing wave of magnetization due to the interference of spin waves reflected at
the sample interfaces—the very presence of SWRs indicates that the magnetic order is coherent
(i.e. long range) across the entire sample. Note that a series of such SWR modes is observed
in the samples—particularly in the 200 nm thick film, which shows as many as seven SWR
resonances. As seen in figure 9(a), the separation between the SWR modes increases as the
film thickness is reduced.

One should also note that the separations between the successive SWR modes decrease as
we increase the temperature, as shown in figure 9(b). Since the magnetization decreases with
increasing temperature, we ascribe the observed change in the SWR separations as resulting
either from the gradual reduction of the magnetization or from the changes in magnetic
anisotropy fields that result from increasing the temperature.

Surprisingly, the SWRs reported in [82] exhibit a somewhat unusual behaviour: the fields
H,, at which successive SWR modes are observed vary linearly with n, (H, ~ n). Goennenwein
et al [83] report a qualitatively similar SWR spectra, but in their case H, is seen to progress
as n?/3. One should note that both results are in qualitative disagreement with the original
Kittel pinning model for thin ferromagnetic films [84], which predicts that for a homogeneous
layer the resonance field H, of the nth mode should be proportional to ~n?. The origin of
the anomalous SW dispersion has been attributed to the magnetic properties of Ga;_,Mn,As
thin films and to the nature of pinning of the SWs at the sample boundaries. Thus, in order to
explain the anomalous SW dispersion, it is necessary to allow the magnetic parameters inside
the film to depend on the distance from the interface. In principle, an inhomogeneity in the
profile of either magnetization, spin stiffness, or magnetic anisotropy could all result in the
observed anomaly. However, the experimental and theoretical analyses [83, 85] point toward
a gradient in uniaxial anisotropy and/or spin stiffness rather than a variation of the value of
the magnetization itself as the cause of the observed n dependence. Variation of the uniaxial
magnetic anisotropy with either a linear [83] or a quadratic [85] dependence on the distance z
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from the Ga;_,Mn,As/GaAs interface has been invoked by different investigators to explain
their experimental results, indicating that more extensive experiments on this phenomenon are
still needed in order to draw definitive conclusions as to the causes of the SWR progression
observed in Ga;_,Mn,As layers.

3. FMR study of the effects of hole concentration in Ga;_,Mn,As

3.1. Fabrication of samples with varying hole concentration by modulation doping

It is now generally accepted that in the III;_,Mn, V systems the local Mn ions and the holes
form one ‘global’ complex bound together by strong magnetic exchange coupling [86]. To
understand magnetic phenomena in III;,_,Mn,V materials—such as the magnetic interlayer
interaction [87], the formation of magnetic domains [45], domain wall effects [88],
reorientation of the easy axis of magnetization [89], etc—it is therefore essential to investigate
the correlation between magnetic properties and the concentration of holes p in these systems.
It has recently been found that doping Gaj_,Al,As barriers in Ga;_Mn,As/Ga;_,Al,As
heterostructures by Be acceptors leads to an increase of p in the Ga;_,Mn,As layer, and
thus also to a significant increase in its Curie temperature T¢ [90]. Such modulation-
doped structures then provide a uniquely valuable opportunity for investigating hole-dependent
physical properties of Ga;_yMn,As, because one can vary p in these systems without
disturbing the Mn concentration within the magnetic layer. This feature is extremely important,
because in ‘normal’ III;_,Mn,V layers there exists a strong correlation between the Fermi
energy and Mn incorporation during the growth, so that changes in p automatically lead to
changes in the effective Mn concentration x, making it difficult to separate the effect of the
holes from those of Mn [91].

To achieve modulation doping of Ga;_,Mn, As without disturbing the Mn concentration—
a feature whose importance has been brought up in the preceding paragraph—the authors
of [80] have grown a series of Ga;_,Mn,As/Ga;_,Al,As heterostructures (x = 0.06, y =
0.24) by the procedure described below. Prior to growing the actual structure, a 450 nm
GaAs buffer layer was deposited by MBE at 590 °C on semi-insulating (001) GaAs substrate,
followed by 3 nm of GaAs grown at 210°C. A Ga;_,Mn,As/Ga;_,Al,As heterostructure
was then deposited at 210°C. A series of samples consisting of 5.6 nm of Ga;_,Mn,As
followed by a 13.5 nm Ga;_,Al,As barrier were grown in this manner. The barriers were
modulation-doped with Be at a distance of 1 ML away from the Ga;_,Mn,As. In preparing
specimens with different doping levels, the Be flux was kept constant during the growth, but
the thickness of the doped region dp. was varied: dg. = 0 (undoped control sample), 5.3, and
13.2 nm. From SQUID measurement, all three specimens showed similar values of remanent
in-plane magnetization at low temperatures (around 30 emu cm > at 7 = 5 K). Furthermore,
the magnetization data obtained by SQUID also show an unambiguous increase of 7¢ as the
degree of modulation doping is increased: Tc = 72, 85, and 95 K for the three studied samples,
respectively.

3.2. Determination of effective g-factor of the Mn-ion/hole complex from FMR

In order to determine the magnetic anisotropy parameters in this series of samples, the values
of FMR fields Hr were first analysed for the three high symmetry directions (i.e. H || [100],
[110], and [001]), following the procedure described in [67].* To simplify the analysis, the

4 Note, however, that in [67] the in-plane magnetic uniaxial anisotropy was also included, while in the present samples
this anisotropy is insignificantly small, and is therefore ignored.
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Figure 10. Angular dependence of FMR positions at 4.0 K for H in the (110) plane (geometry
I, oy = 45°) for an undoped and two modulation-doped Gag94Mng 0sAs/Gag76Mng24As
heterostructures. Dashed curves show theoretical fits obtained for g = 2.00, H4; # 0. The solid
curves are fits obtained for H4 = 0 and (top to bottom) g = 1.80, 1.87, and 1.92. Inset: schematic
plot of the energy band structure of the studied heterostructures.

small in-plane uniaxial anisotropy field H, associated with the difference between the [110]
and [110] axes was ignored in the calculation [44]. An independent determination of the g-
factor and the three anisotropy fields H,, Hyj, and Hy4, could not be achieved from the values
of Hy for these three orientations without additional information, since there are four variables
but only three equations (those corresponding to FMR observed for H parallel to [100], [110],
and [001]). To reduce the number of variables (i.e. fitting parameters), the value of g = 2.00
of the individual Mn?* ions was therefore assumed in the first step of the calculation, as was
done in [67]. This assumption gave the angular variation of Hr shown by the dashed curves
in figure 10. The dashed curves clearly depart from the data (see figure 10), indicating that the
assumption of g = 2.00, while close, is not valid. On the other hand, we note that—due to the
large in-plane compression of the Ga;_,Mn,As (x = 0.06) film—the effect of the cubic Hj,
term is expected to be completely overshadowed by H, |, and may therefore be neglected in the
samples under consideration. Using this approach in their iterative process, the authors of [80]
assumed that Hs; = O, treating g, Hy, and H, as fitting variables. With this approach, an
excellent fit to the angular variation of Hy is obtained, as shown by the solid curve in figure 10.

It should be mentioned that one can obtain the effective anisotropy parameters and the
g-factor in a self-consistent way by applying a recursive iterative fitting procedure to the
angular-dependent FMR results already described in section 2.4, if one can determine Hy
with sufficient accuracy [42]. The authors of [80] have therefore used the above results
(based on assuming H,; = 0) as starting parameters to carry out a weighted nonlinear
least squares fit to FMR positions for all values of @y in both the (110) and the (010) plane,
allowing all four parameters (g, Ha, Ha 1, and Hy ) to vary. The effective g-factors obtained
by this method for the three specimens with progressively increasing hole concentration are
g = 1.92 £ 0.04, 1.87 £ 0.03, and 1.80 £ 0.02, respectively. The result also confirms the
assumption that H4,; can be neglected as a first approximation. Indeed, Hy, turns out to be
much smaller than the fitting error.

It is clear from figure 10 that the contribution of the holes to the g-factor increases is
enhanced as hole concentration increases (i.e. the fits depart further from the g = 2.00)
as the doping level increases. One should note here that modulation-doped samples used
in [80] provide an ideal tool for tracking the effect of holes on magnetic parameters in
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IIT, _Mn, V alloys. This arises from the fact that the concentration of Mn (both substitutional
and interstitial) is the same in all samples, because the deposition of the modulation-doped
Ga;_,Al,As:Be layer after the Ga; _,Mn, As layer has been grown (as described in section 3.1)
does not affect the composition of the Ga;_,Mn, As layer that is already in place. The observed
changes for all three samples can thus only be ascribed to changes in the hole concentration.

3.3. Contribution of holes to the magnetization

The effect of holes on the g-factor of the precessing assembly seen in figure 10 can be
understood as follows. The total magnetization of Ga;_,Mn,As has two components: a
contribution from the Mn2t ions (or, more precisely, from the Mnéf ions that are not
magnetically compensated by pairing with Mn interstitials Mny) arising from their pure-spin
magnetic moments iy, = 5.0 up (that corresponds to gy, = 2.00) and the contribution of the
magnetic moments of the holes pp, which include both the spin and the orbital components.
We must thus account for the presence of two magnetically coupled sublattice magnetizations,
My = Bvnfivn and My = puy, where nyy, and p are the effective concentrations of Mn2t
and of the holes. To describe the coherent precession of such a coupled system, the g-factor that
is implicitly present in equations (5)—(8) through the relation y = gugh~! must be understood
as an effective g-factor, g, defined by [92, 93]
AMnMMn + PIh AMaiMn | P

= + —, &)
8eff 8Mn &h

where gy, and g, are the g-factors corresponding to the Mn?* and hole sublattices. In order
to determine the magnetization of the hole sublattice from equation (9), one should know how
the spins of the Mn ions couple with the spins of the holes, i.e. the sign of the p—d exchange
integral Nyf.

Despite its fundamental importance, the reader should note that various authors have
reported widely different results for Ny for the Ga;_Mn, As system, that vary in value—and
even in sign—over the range from 4-2.5 eV (ferromagnetic exchange) [94, 61, 95] to —1.2 eV
(antiferromagnetic exchange) [30, 96, 97]. However, it is essential to note that—while the
different values and signs of Ny lead to different magnitudes of uy in equation (9)—both
solutions indicate that the alignment of magnetic moments of the Mn* ions relative to that of
the holes is antiferromagnetic, pointing to the fact that the magnetization of the hole ‘sublattice’
acts to reduce the overall magnetization of the collective Mn/hole system. As a result, the
magnetic moments (not spins)® of the Mn ions and of the holes are antiferromagnetically
coupled together, and the ‘global’ Mn-ion/hole complex may then effectively be viewed as a
ferrimagnetic system. The above finding confirms that the magnetization of the hole subsystem
modifies the precession dynamics of the Ga;_,Mn,As magnetization as a whole. In particular,
for the most highly doped sample in [80] the magnitude of the magnetic contribution of the
holes M}, was estimated to be of the order of 10% of the total magnetization Mo,, reducing
the total magnetization by approximately that amount.

The fact that holes in the Ga;_,Mn,As system contribute a finite magnetization has
been predicted by many theoretical investigations [30, 98]. For example, by considering the
diamagnetic contribution from Landau currents associated with the spin—orbit interaction, Dietl
et al suggested that the magnetization of the free holes is opposite to the magnetization of the
Mn?t sub-lattice in Ga;_,Mn,As [30]. However, experimentally it is hard to determine the

5 This distinction needs to be made because the contribution of holes to the magnetization is determined by how their
magnetic moments align themselves with the moments of the Mn?* ions; and magnetic moments of holes contain not
only a spin, but also an orbital component.
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Figure 11. Temperature dependence of the FMR results for undoped (open symbols) and
modulation-doped (solid symbols) Gag9sMng 06As/Gag76Mng24As heterostructures. (a) FMR
positions observed for the four basic orientations of H. (b) Top and bottom panels show cubic
and uniaxial anisotropy fields, H4 and H> , respectively, for the two samples.

hole contribution to the total magnetization M using dc magnetization measurements, primarily
due to the uncertainty of the effective Mn concentration (given the fact that Mn makes a much
larger contribution to M). Magnetization measurements, however, do definitely show that there
is a magnetization deficit in the Ga;_,Mn, As system [99]. While there are several mechanisms
which can cause such deficit (removal of Mn from Mng, to Mn;y sites; Mng,—Mn; pairing; and
formation of Mn-based precipitates), the present FMR results indicate that such a deficit can
also in part be attributed to the negative contribution of the holes to the total value of M. It
should therefore be noted in this connection that in modulation-doped heterostructures one can
obtain significantly larger free hole concentrations than in ‘normal’ Ga;_,Mn, As, making these
systems especially well suited for studying the effect of the holes on the overall magnetization
of this alloy.

3.4. FMR studies of the dependence of magnetic anisotropy on hole concentration

We have already argued that measurements of FMR enable one to determine the temperature
dependences of both magnetic anisotropy fields and of the g-factor in ferromagnetic
Ga;_yMn,As films up to their Curie temperatures 7c. As an illustration these quantities,
obtained using the four basic FMR geometries (i.e. H || [001], H | [110], H || [110], and
H || [100]) by assuming H4; = 0 [80], are compared in figure 11 for undoped (open symbols)
and for the most highly doped sample (solid symbols). As shown in figure 11(a), when H
is perpendicular to the film, FMR occurs above the g = 2.00 resonance field (horizontal
dash—dotted line), and for in-plane H orientations the resonance appears below that field
position. Shifts from the dash—dotted line gradually decrease—and eventually vanish—as one
approaches T¢. But clearly the modulation-doped sample studied in [80] has a much stronger
shift (to our knowledge the strongest shift observed in any III;_,Mn,V samples studied by
FMR) than the undoped sample when H is normal to the film. This indicates a large increase
of magnetic anisotropy due to the doping.

Figure 11(b) illustrates several basic features of the dependence of magnetic anisotropy on
temperature and on the free hole concentration. First, we note that the cubic anisotropy fields
decrease very rapidly with increasing temperature, while H,; drops off much more slowly.
Second, the increase in doping unambiguously increases the perpendicular uniaxial anisotropy
field H>, while reducing the in-plane cubic field Hy. These observations are consistent with
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are guides for the eye.

theoretical calculations predicting changes of magnetic anisotropy with hole concentration,
although at this point the agreement is only qualitative.

Finally, in figure 12 we plot the g-factor obtained from the analysis for the doped and the
undoped specimens. For the doped sample the g-factor shows a clear tendency to decrease
for temperatures below ~50 K. While the values of the g-factor shown in figure 12 are only
approximate, the low temperature decrease of this parameter in modulation doped samples
may reflect the fact that larger numbers of hole spins from holes in the Ga,_,Al,As barrier will
couple to Mn”* spins in the Ga;_,Mn,As layer as the temperature decreases, thus increasing
the effect of Landau diamagnetism on the overall magnetization.

4. Effects of strain and annealing on magnetic anisotropy measured by FMR

4.1. The effect of strain

As shown in the preceding section, FMR complements the more conventional magnetic studies
of ferromagnetic films by its ability to directly determine magnetic anisotropy parameters [42].
Here we show that one can take advantage of this technique to obtain magnetic anisotropy
information in Ga;_,Mn, As films under various strain conditions (the SQUID data attained on
these films have been shown in section 2.1). We will illustrate this by mapping out the FMR
condition data for differently strained 300 nm Gag 97Mng ¢3As films as a function of magnetic
field orientation relative to the crystal axes, as described in [67]. The observed FMR field
positions obtained for the Gay 97Mng o3 As/GaAs sample are shown in figures 13(a) and (b), and
those for Gag.97Mng 03As/Gay g5Ing 15As are in figures 13(c) and (d). These FMR measurements
were carried out in geometries 1 and 3 (i.e. H in the (ITO) plane and H in the (001) plane),
corresponding to the upper (figures 13(a) and (c)) and lower panels (figures 13(b) and (d)) of
figure 13, respectively. We note parenthetically that figure 13(c), 6y = 0°, provides a dramatic
illustration of the decisive role played by magnetic anisotropy in positioning FMR: if K were
zero, H applied perpendicular to the ferromagnetic layer would never give FMR below the
g = 2.00 resonance position (i.e. below 3.38 kOe in the case of figure 13).

Note that the lowest resonance field for the Gag97Mng 03As/GaAs sample (figures 13(a)
and (b)) is observed when H lies in the film plane and is parallel to the easy axis—the
[100] direction (B = 90°, ¢y = 0° as defined in figure 2). We attribute this to the
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Figure 13. Angular dependence of FMR fields for a Gag.97Mng 03As/GaAs sample ((a), (b)) and
a Gag.97Mng 03As/Gag g5Ing.15As sample ((¢), (d)). (a), (c) dc magnetic field H and magnetization
M in the (IIO) plane (geometry 1, gy = 45°); (b), (d) H and M in the (001) plane (geometry 3,
6 = 90°). The solid curves in the figure represent the positions of Hy calculated theoretically.

fact that H,; (2K, /M) for this compressively strained sample is negative. Strikingly,
in figures 13(c) and (d) the full angular dependences of the resonance field Hy for the
Gag 97Mng 13As/Gag g5Ing 15As film measured under the same conditions reveal that the reversal
of the sign of the strain leads to a large positive Hy; (2K,, /M), which counteracts the
demagnetizing field, thus shifting the FMR position downward (i.e. below the g = 2.00
resonance field) when the magnetic field is applied normal to the plane. Furthermore,
figure 13(d) shows that there is also a strong fourfold in-plane anisotropy field Hy, and again
a very small but unmistakable planar twofold uniaxial anisotropy field H»). The solid curves in
figure 13 represent the positions of Hy calculated theoretically.

The above measurements of FMR show unambiguously that magnetic anisotropy plays
a decisive role in determining the resonance spectrum of epitaxially grown Ga;_,Mn,As.
Since the crystal structure of epitaxial Ga;_,Mn,As layers is slightly tetragonal due to the
distortion of its relaxed cubic structure by lattice mismatch with the substrate, it is expected
that the magnetic anisotropy of this material will be dominated by uniaxial anisotropy for
large Mn concentrations. Uniaxial anisotropy fields H, (2K, /M) as large as 4000 Oe have
indeed been observed in samples with high Mn concentrations [67], and even larger values
can probably be induced by greater lattice mismatches than those in the samples investigated
to date. As already revealed by the positions of FMR observed for Gagg7Mng 93As/GaAs and
Gag 97Mng 03 As/Gag gsIng 15 As, respectively, the sign of the H, | (2K, /M) term is determined
by whether the strain in the layer plane is tensile or compressive. Note, however, that the cubic
(fourfold) anisotropy fields are also very large in Ga;_,Mn,As (of the order of 2000 Oe), as
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Figure 14. (a) Comparison of temperature dependences of FMR fields observed at four high
symmetry field orientations for 120 nm Gag 9pMng 0gAs/GaAs before and after annealing (solid
and open symbols, respectively). (b) Comparison of the anisotropy fields before and after annealing
for the same sample.

evidenced by the angular variation of FMR observed when the orientation of H is varied in the
basal (001) plane.

4.2. FMR measurements on annealed Ga,_,MnAs

It is well established that point defects such as As antisites (Asg,) and Mn interstitials (Mny)
play a crucial role in determining the magnetic properties of Ga;_,Mn,As [100]. Appropriate
low temperature annealing can alter (improve) the ferromagnetism of Ga;_,Mn,As, most
notably by increasing its Curie temperature, magnetic moment, and hole concentration; by
improving the homogeneity of the material; and by changing the temperature dependence of its
magnetization to a more mean-field-like behaviour [101, 102].

To illustrate these effects, in figure 14 we compare the temperature dependence of FMR
positions and magnetic anisotropy fields for a Gag9pMng osAs(120 nm)/GaAs film obtained
before and after annealing [67]. In the case illustrated, the annealing was carried out in
the atmosphere of N, gas at the temperature of 280 °C for 1.0 h, and subsequently cooled
by a rapid quench to room temperature. FMR positions for the four basic geometries
(i.e. H || [001], H || [110],H || [110], and H | [100]) are shown in figure 14(a). For this
compressively strained sample, the FMR occurs above the g = 2.00 resonance position when
H is perpendicular to the film, and below that position for in-plane H orientations. Shifts
from the dash—dotted line (g = 2.00) gradually decrease as one approaches 7¢; but clearly
the annealed sample has a much stronger shift than the as-grown sample when H is normal to
the film, indicating a large increase of magnetic anisotropy due to annealing. The magnetic
anisotropy fields, obtained using the four basic FMR geometries and assuming Hy; = 0
(this parameter is completely overshadowed by H;, due to the large compressive strain; see
section 3.2), are plotted in figure 14(b) for the as-grown (solid symbols) and the annealed
sample (open symbols). Figure 14(b) illustrates several basic features of magnetic anisotropy
and its dependence on annealing. First, we note that annealing leads to a remarkable increase
in the magnitude of the uniaxial anisotropy field H,,. Second, figure 14(b) reveals that the
anisotropy in the sample plane (both cubic and uniaxial) has been dramatically reduced by the
annealing process. In particular, the in-plane cubic anisotropy field H4j has decreased by more
than an order of magnitude, from 1.5 to 0.1 kOe. Finally, the in-plane uniaxial anisotropy



R268 Topical Review

H,| is positive in the as-grown sample (the easy axis along [110]), but becomes much smaller
(and eventually negative) in the annealed sample, causing the easy axis to favour the [110]
orientation at low temperature. This ability of H,| in annealed samples to change its sign as the
temperature is increasing in fact corresponds to a type of spin reorientation transitions already
discovered by SQUID measurements in earlier experiments [48].

It has been demonstrated and is now widely accepted that the highly mobile Mn; defects
diffuse to the free surface during the annealing process [16]. This improves the ferromagnetic
properties of Ga;_,Mn,As as follows. By reducing the concentration of Mn interstitials,
appropriate low temperature annealing increases the concentration of magnetically active Mn
(which are otherwise cancelled by anti-ferromagnetically oriented nearest neighbour Mny), and
it increases the concentration of the holes by reducing the compensation by the Mn; donors.
As noted above, it is also believed that annealing may further improve the sample quality by
improving the homogeneity of the samples. XRD studies have also revealed that the out-of-
plane lattice constant of Ga;_,Mn,As is reduced after annealing (while the in-plane lattice
constant remains unaffected), thus implying a decrease in the compressive strain due to lattice
mismatch [71]. The increase of H,, in the presence of this reduction of the built-in compressive
strain can then only be attributed either to the improvement of the homogeneity or (more likely)
to an increase of the hole concentration. One should note here that the SQUID magnetization
studies by Sawicki et al [72, 48] performed on Ga;_,Mn,As samples annealed at various
conditions appear to point to the influence of the hole concentration and temperature on the
observed behaviour of the magnetic anisotropy (including the perpendicular and the in-plane
anisotropy fields).

4.3. FMR observation of temperature-induced spin reorientation

It is expected on theoretical grounds that the orientation of the easy axis in a III;_,Mn,V
system is not fixed, and can be re-aligned by changing the sample parameters, such as
the temperature, hole concentration, or strain. Sawicki er al [72] demonstrated by SQUID
magnetization measurements that one can induce a spin reorientation from the [001] (normal
to the sample plane) to the [100] (in-plane) direction by increasing the temperature of
Ga;_,Mn,As films grown on GaAs(001) substrates with appropriately low values of the hole
concentration p. Moreover, temperature-induced cross-over of the easy axes has been found
not only in Ga;_,Mn, As [45, 72, 103], but also in other alloys, e.g. in AlGaMnAs [104] and
In;_Mn,As [105, 26]. Here we will show that FMR can be used to identify the mechanism of
such spin reorientation by mapping out the magnetic anisotropy of the Ga;_,Mn,As sample.
Specifically, we will show that the temperature dependence of the cubic and uniaxial anisotropy
measured by FMR provides a natural explanation of the observed spin reorientation [106].

In figure 15, dc SQUID magnetization measurements carried out on a Gagg,Mng og
As(100 nm)/Gag gsIng ;sAs(l wm) film show a remarkable temperature-dependent feature: at
a low temperature (i.e. T = 5 K) the square-like hysteresis loops clearly show that the
easy axis of magnetization is in the plane of the sample; in contrast, at a higher temperature
(i.e. T = 30 K) the easy axis of magnetization is seen to be normal to the plane of the sample.
FMR measurements have been performed on the same sample as that used in figure 15 to
explore in detail the process by which such spin reorientation occurs [106]. In figure 16,
we show the FMR fields in the sample of interest measured at different polar and azimuthal
angles (geometry 1 and 3, respectively) at two temperatures. The resonance field at H || [100]
(B = 0°, g = 0°) is the lowest at 4 K, but at 30 K the lowest FMR field shifts to the H || [001]
orientation (fg = 90°). Since the lowest point in FMR data corresponds to the orientation of
easy axis of the magnetization in this sample, the difference between figures 16(a) and (b)
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Figure 16. Angular dependences of FMR fields at 4 K (a) and 30 K (b) for a
Gap.9oMng 03 As(100 nm)/Gag gsIng ;sAs (1 wm) film, each shown as three panels. The left panel
corresponds to the dc magnetic field H and magnetization M in the (110) plane (geometry 1,
@i = —45°); central is (110) plane (geometry 1, g = 45°); and right is (001) plane (geometry 3,
6 = 90°). The solid curves in the figure are theoretical fits to the FMR positions Hg.

indicates that the easy axis of M has rotated from an in-plane direction at 4 K to normal to the
plane at 30 K.

As mentioned before, the uniaxial and cubic anisotropies can be obtained from a fit
to the angular-dependent data. Here we use in-plane data to determine the in-plane cubic
anisotropy field (Hyj). We then follow the fitting procedure described in section 2.4 to obtain
the magnetic anisotropy fields and the g-factor (~2.0 £ 0.1) in the sample under investigation.
Note that the procedure yields a small value of Hy; due to the large built-in tensile strain
in the Ga;_,Mn,As/Ga;_,In,As layer (see section 3.2). The best-fit curves according to
equations (6)—(8) are also plotted in figure 16 for comparison.

The resonance and anisotropy fields obtained from the FMR analysis are shown in figure 17
as a function of temperature. In figure 17(a) we observe a steady evolution of resonance fields
at H || [100] as the temperature is raised from 4 to 30 K, indicating a continuous anisotropy
change and the accompanying spin rotation. In figure 17(b) the temperature dependences
of 4w M.ty and Hy are especially informative, and we believe that their behaviour plays a
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Figure 18. (a) Temperature dependence of the free energy difference between M | [001]
and M || [110] for a Gag 92Mng 03As(100 nm)/Gag g5Ing 15As(l pwm) film using the anisotropy
parameters plotted in (b). (b) Remanent magnetization as function of temperature 7' observed by
SQUID for two crystalline axes. Note that a spin reorientation transition occurs at 7 ~ 20 K.

crucial role in the process of the easy axis reorientation. At the lowest temperatures the
magnitude of the cubic anisotropy is much larger than that of the perpendicular uniaxial
anisotropy. This causes the magnetic moments of Mn?* ions to align themselves in the plane.
However, the cubic anisotropy term varies rapidly with temperature, quickly diminishing as the
temperature increases. As a result, above 20 K the perpendicular uniaxial anisotropy becomes
dominant, causing the spins to rotate to a new easy axis perpendicular to the sample surface.
The cause of this spin reorientation is clarified in figure 18. In figure 18(a) the difference
between the free energy when M || [001] and M || [110] calculated with the parameters
obtained from FMR is shown as function of temperature for the sample of interest, and the
remanent magnetizations measured by SQUID for the [110] and [001] directions are plotted in
figure 18(b) for comparison. Thus the behaviour of the free energy shown in figure 18 clearly
suggests that the spin reorientation in the studied samples can be fully understood in terms of
the competition between the uniaxial and the cubic anisotropy.

Changes of M as a function of temperature have been studied in several III;_,Mn,V
systems experimentally (see, e.g., [104, 26, 72, 48, 103]) as well as theoretically (see,
e.g., [30]). Note that the magnetic anisotropy in III;_,Mn,V systems corresponds to the
symmetry of the hole subbands as shaped by the strain, and the geometry and the population
of these sub-bands depend on the magnetization (through Zeeman splitting) and on the hole
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concentration, both of which are functions of temperature. It is therefore important to explore
the temperature dependence of anisotropy with the aim to fully understand the mechanism
of ferromagnetism in III;_,Mn,V systems. While the physical origins of the dependence
of magnetic anisotropy on temperature are complicated and as yet unclear, it is important to
appreciate that such dependence provides an important practical opportunity for manipulation
of magnetic anisotropy (e.g. through the bolometric effect [26]), which is in turn likely to lead
to future device applications. It is therefore especially important to address this issue by further
rigorous theoretical studies.

5. FMR linewidth and relaxation of magnetization

5.1. Angular and temperature dependences of FMR linewidth

The peak-to-peak ferromagnetic resonance linewidth A H,,, is a measure of the relaxation rate
of the magnetization. A H,, is caused by two mechanisms: intrinsic relaxation of magnetization
(often referred to as Gilbert damping); and relaxation caused by magnetic inhomogeneities
within the ferromagnet. Although these mechanisms are far from understood in III;_Mn,V
alloys, for completeness in this section we will present the observed behaviour of the
FMR linewidth A H,, as a function of temperature and field orientation for a representative
Ga;_,Mn,As sample. In general, the linewidth can be expressed as follows [107, 42]:

2 G
N .

Here the second term—the Gilbert damping—reflects ‘viscous’ damping of the precessive
motion of magnetization associated with FMR, and is frequency dependent, as seen in
equation (10). The first term on the right in equation (10)—the inhomogeneous broadening
A Hizhom—is caused by sample imperfections, and can be viewed as arising from a distribution
of resonance fields that vary slightly from point to point, thus increasing the width of the FMR
absorption as a whole. Such imperfection may include local fluctuations of alloy composition
and fluctuations of hole concentration, as well as variations from point to point in the orientation
of magnetic anisotropy. As a result, this part of the FMR linewidth provides a measure of the
homogeneity of a magnetic sample. Note that the narrowest lines are usually observed for
samples which are structurally and magnetically most homogeneous. However, by considering
the coupling between the uniform mode resonance (k = 0) and the spin waves (k # 0) [108],
one must realize that the narrowest line may not necessarily correspond to the field applied
along either the easy axis or the hard axis.

Like the FMR field position, A H,,, shows a distinct dependence on the orientation of the
magnetic field with respect to the crystal axes of the specimen [109]. This is clearly seen in
figure 19(a), which shows the FMR linewidth for a 300 nm thick Gag97Mng ¢3As/GaAs sample
when H is in the sample plane (geometry 3; left panel), and when H is rotated from the in-plane
([110]) to the out-of-plane ([001]) (geometry 1; right panel). Very similar angular behaviour
of the linewidth is observed in other Ga;_,Mn,As/GaAs samples. It is rather striking that the
FMR linewidth becomes very narrow for H || [100] (about 100 Oe), and broadens by a factor
of three when the field is rotated by 90° in either direction in geometry 3 (i.e. when the field
is confined to the plane of the film). Note that the strong dependence of the FMR linewidth
on the field orientation suggests that magnetic inhomogeneities in the ferromagnetic layer
contribute significantly to the FMR broadening [107, 110]. According to equation (8), a large
inhomogeneity of the anisotropy parameter—A Hy in the case of geometry 3—would produce
such a large angular-dependent FMR linewidth. However, the analysis of A H,, becomes more
complicated by the fact that the shape of the resonance line will differ from a pure Gaussian or

A[-IPP = A[_Iinhom + AI_Ihom = AI'Iinhom + (10)
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Figure 19. (a) Angular dependence of the FMR peak to peak linewidth AH,, for
Gap.97Mng 03As/GaAs observed in geometry 3 (left panel) and geometry 1 (right panel)—as a
function of the azimuthal angle ¢y and the polar angle 6y, respectively. The lines are guides for the
eye. (b) Temperature dependence of A H,, observed in three high symmetry field configurations:
H || [001], H || [110], and H || [100].

Lorentzian if the resonance field is applied at intermediate angles between an easy and a hard
magnetic axis. In this case the orientation of M would be expected to vary with the applied field
strength, and differences in the degree of ‘dragging’ of the magnetization by the field would
in turn cause changes in FMR for different points within the specimen, thus broadening the
resonance line [111]—yet another manifestation of inhomogeneous broadening.

As shown in figure 19(b), AH,, is consistently seen to broaden as the temperature is
increased for the same sample. Again the behaviour of the temperature dependence of A H,,
is similar to that observed in other Ga;_,Mn,As/GaAs samples. Note that the respective
linewidths for H || [001] and H || [110] remain relatively constant to approximately 40 K
(i.e. over the major range of temperatures where Ga;_,Mn,As is ferromagnetic), but begin
to broaden rapidly as one approaches the Curie temperature 7c. This can be understood as
an increase of scattering (‘de-phasing’) due to spin disorder, which is expected to increase
rapidly as one comes close to the ferromagnetic-to-paramagnetic transition and the long range
coherence becomes disrupted. In other words, as the long range FM mode vanishes at T¢, the
contribution of intrinsic damping to A Hp, (seen in equation (10)) increases accordingly. In
light of the remarks just made, we find the behaviour of A H,,, observed for H || [100] to be
quite anomalous: the linewidth in this orientation is the narrowest at low temperatures; and it
broadens steadily to become the widest at high temperatures. We tentatively attribute this to a
re-orientation of the easy axis (see section 4.3) as the temperature increases [45].

5.2. Effect of annealing on the FMR linewidth

Finally, we wish to point to the dramatic narrowing of the FMR linewidth observed
after Ga;_,Mn,As has been annealed, as shown in figure 20 [112]. In figure 20(a)
the angular dependence of the FMR linewidth is shown for both as-grown and annealed
Gap.9oMng g3 As(120 nm)/GaAs samples investigated in [67] and [112], when the dc magnetic
field H is confined to the sample plane (left panel), and when it is rotated from the in-plane
[110] orientation to the [001] direction normal to the layer (right panel). When H is in the
plane (left panel), the as-grown sample has larger and more divergent linewidths at all angles,
but otherwise the angular dependence of A H,, is very similar for both as-grown and annealed
samples—the FMR linewidth is the narrowest when the field is applied along the easy axis,
H || [100], but wider for H || [110] and [IIO]. On the other hand, when H is rotated from the
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Figure 20. Experimental FMR peak-to-peak linewidth AH,,, in as-grown (solid symbols) and
annealed (open symbols) Gag goMng ggAs measured (a) at 4 K as a function of the azimuthal and
polar angles of the applied field and (b) as a function of temperature for four high symmetry dc
magnetic-field orientations indicated in the figure. The curves in (a) are guides for the eye.

in-plane (H || [110]) to the out-of-plane (H || [001]) orientation as shown in the right panel, the
FMR linewidth becomes not only narrower after annealing, but also the angular dependence
of the linewidth changes quite drastically. The intuitive interpretation of this behaviour is that
the magnetic properties of as-grown samples are much more inhomogeneous than those in
annealed specimens [113]. Note that the narrowest lines are found as one approaches the hard
axis (i.e. the [001] direction) or the easy axis (i.e. the [100] direction) for both as-grown and
annealed samples.

The temperature dependences of A H,, for both as-grown and annealed samples are shown
in figure 20(b) for the four basic geometries (i.e. H || [001], H | [110], H | [110], and

I [100]). It is clear that the variation of the linewidth with angle becomes strikingly
weaker after annealing, especially at low temperatures. Furthermore, the resonance linewidth
of the annealed samples becomes narrower by almost one-third compared to the case of as-
grown specimens, as seen in both panels of figure 20. This observation is consistent with the
improved quality of the sample (as indicated, e.g., by the enhanced 7¢, and especially by the
more Brillouin-like temperature dependence of the magnetization), and also by the increase of
the size of magnetically homogeneous regions [73]. Since it has already been established that
annealing reduces the number of Mn interstitials [100]—and since it is reasonable to expect
(and in fact experimentally confirmed) that the annealing process also serves to ‘smooth out’
local inhomogeneities [113]—we are tempted to suggest that the spectacular narrowing of
FMR evident in annealed specimens is in some way related to the reduction of inhomogeneous
broadening associated with the removal of local defects by such post-growth heat treatment.
As a result, the experimental results in figure 20 imply that the leading contribution to the
FMR linewidth in annealed samples might come predominantly from the homogeneous (Gilbert
damping) broadening [112].

5.3. The Gilbert damping coefficient

From the macroscopic point of view, the intrinsic (i.e., Gilbert) damping term reflects the
‘viscous’ damping of the motion of magnetization associated with FMR, as described on the
right side of equation (2). Thus the Gilbert coefficient G in equations (2) and (10) is one
of the key parameters that characterize collective magnetization dynamics in a ferromagnet.
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Early theories of magnetization dynamics in transition metals viewed exchange coupling
(o< S -+ s) between the localized d-shell spins S and the itinerant s—p band carrier spins s as
a key relaxation mechanism [114]. It was later found that this microscopic view needs to
be modified for transition metals to account for the itinerant character of their d-electrons.
On the other hand, in many FMSs (e.g. Ga;_,Mn, As), models of localized d-shell moments
that are exchange-coupled to itinerant s—p band carriers—in this case itinerant holes—provide
a good description of their ferromagnetism [8]. Thus the p—d exchange-coupling between
localized moments and itinerant holes should also contribute significantly to Gilbert damping
in ferromagnetic semiconductor systems such as Ga;_,Mn,As. The basic process for this
damping mechanism can be viewed as comprised of two steps: first, a local-moment magnon
(spin wave) is annihilated by p—d exchange interaction with a hole that suffers a spin flip;
second, the spin of the itinerant hole then relaxes through spin—orbit interaction [112]. As
a result, the Gilbert damping of the precession of magnetization discussed here is intimately
dependent on the spin—orbit characteristic of the valence band.

A fully microscopic theory of the kinetic-exchange contribution to the Gilbert coefficient
in DMSs is presented by Sinova ef al [112]. By comparing the linear response predicted
by the classical phenomenological Landau—Lifshitz—Gilbert (LLG) equation with microscopic
linear-response theory, the authors of [112] identify the Gilbert coefficient with the dissipative
part of the susceptibility diagram. Furthermore, this mechanism implies that the theoretical
Gilbert damping coefficient strongly depends on Mn-moment density, hole concentration, and
lifetime of the hole spin (the value of lifetime was chosen to be in the range estimated in
previous detailed studies of transport properties of these systems [115]). Note that comparison
of the theoretically calculated Gilbert coefficient with experimental FMR data presented above
suggests that in annealed strongly metallic samples the p—d coupling contributes significantly
to the damping rate of the magnetization precession at low temperatures. However, since the
frequency dependence of the FMR linewidth is not available, it is not possible at this time to
experimentally decouple the inhomogeneous broadening from the intrinsic Gilbert damping
contributions to the FMR linewidth, and to make a quantitative comparison with the theory.

Gilbert damping depends intrinsically on the spin—orbit interaction, which is in turn
related to the finite spin lifetime of the valence band holes. According to the analysis of
Kambersky [116] of scattering processes of itinerant electron spins and phonons, one can then
assume that G is related to the g-factor of the Mn-ion/hole complex,

G x (g —2)° (11)

As a result, considering the dependence of the g-factor on the hole concentration p as
discussed in section 3.2, equation (11) implies that G will increase with increasing p, which is
consistent with the theoretical calculations in [112]. Such consistency thus reflects the validity
of the picture of the Mn-ion/hole complex—which is formed by strong p—d exchange-coupling
between the localized Mn moments and the itinerant holes—precessing in unison in the local
static field in FMR measurement, as has already been argued in connection with the effective
g-factor. It is clear from the above discussion that extending the measurements of the FMR
linewidth to other frequencies would contribute to a better understanding of the Gilbert damping
coefficient in Ga;_,Mn, As and other III;_,Mn,V alloys.

6. Concluding remarks

In reviewing the experimental and theoretical material presented above it was our hope to
demonstrate that FMR is a powerful—and at the same time a versatile—tool for investigating
magnetic properties of ferromagnetic semiconductor alloys and their heterostructures. In the
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presentation we have used FMR results obtained on Ga;_,Mn, As, since most FMR studies so
far were carried out on this material; but all conclusions presented are expected to apply equally
well to other III;_,Mn, V systems.

The unambiguous observation of FMR in Ga;_,Mn, As constitutes, of course, yet another
convincing demonstration of ferromagnetism in this material. In this context the appearance
of clear spin wave resonances is especially valuable, in that they represent an interference
of coherent magnetic excitations spanning the entire sample, thus attesting to the long range
character of ferromagnetic ordering across the entire sample.

In terms of serving as an experimental tool, FMR experiments—and particularly
experiments performed as a function of angle between the applied magnetic field and
crystallographic axes of the specimen—have proved invaluable in providing a rather complete
understanding of magnetic anisotropy parameters characterizing Ga;_,Mn, As. This aspect of
FMR arises from the fact that the angular symmetry of FMR directly reflects the symmetry of
free energy, which for any given function depends very directly on the numerical values of the
cubic (K4, and Ky)) and uniaxial (K>, and K») anisotropy terms. Thus, carrying out FMR
measurements on strategically selected series of samples enabled the investigators to identify
how the various anisotropy terms depend on strain, temperature, annealing, and doping. This
capability of FMR has a practical relevance to the field of spintronics, since understanding and
controlling magnetic anisotropy parameters are essential for the design of devices based on spin
polarization in the new III;_,Mn, V alloys and their multilayers.

On the fundamental level, the correlation of the behaviour of magnetic anisotropy obtained
from FMR with the properties of the valence band (hole concentration, doping, and other
aspects that affect the Fermi energy) is particularly informative, since it is the properties of
the holes (i.e. the anisotropy of the hole Fermi surface) that ultimately determine magneto-
crystalline anisotropy of Ga;_,Mn,As. Indeed, the dependences of the various magnetic
anisotropy (K41, K4, and K5 ) on strain conditions, temperature, and doping levels are a
direct reflection of how these external parameters affect the behaviour of the (heavy and light)
holes at the Fermi level. A conspicuous exception to this relationship of the various values
of K; with the Fermi surface of the holes within Ga;_,Mn,As is the emergence of a finite
value of K| representing uniaxial anisotropy in the fourfold symmetric (001) plane. While
some suggestions of this anisotropy have been made, it must be stated that its origin remains
unresolved, and may be related to mechanisms other than the nature of hole-mediated exchange
between the Mn?* ions.

Continuing with the issues involving the role of holes in the FMR phenomenon, it must
be strongly emphasized that FMR represents a collective precession of the system of Mn>*
magnetic moments and the valence band holes that act in unison, coupled by exchange
interaction. The ability of determining the effective g-factor for such collective precession
thus provides the opportunity to measure the contribution of the holes themselves to the
magnetization of the system as a whole. While at this time we only have first experimental
indications of such a contribution of the holes to M (as evidenced by the unambiguous
reduction of the g-factor below the value of 2.00, the reduction increasing with increasing
hole concentration), this result clearly points to the opportunity provided by FMR for exploring
this contribution in detail in future experiments. This we feel is quite important, because the
various factors determining the total M of the system are difficult (if not impossible) to separate
in dc magnetization measurements.

While a great deal is now understood about the FMR position in Ga;_,Mn,As (as can
be judged from the rather excellent theoretical fits to the resonance field as a function of
angle), the study on peak-to-peak FMR linewidth still remains relatively unexplored. We
feel strongly that this direction should be vigorously pursued, inasmuch as the information
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of magnetization lifetime is a key parameter for all processes relying on spin coherence in
Ga;_,Mn,As and related III; _, Mn, V alloys. The problem here is of course complicated by the
presence of two different mechanisms that contribute to FMR broadening: the intrinsic Gilbert
damping term G, and the effect of inhomogeneities. Although separating these contributions is
difficult, we have already seen that, in the FMR, linewidth can be dramatically affected by such
processes as annealing. These latter very striking results suggest that linewidth experiments
on samples with strategically planned properties (such as the hole concentration and various
attempts at reducing inhomogeneities) may lead us to a better understanding of how to control
magnetization lifetime in III;, _,Mn, V alloys.

While the work on FMR in Ga;_,Mn,As reviewed in this review clearly establishes
it as a powerful tool for the study of many of its magnetic properties (some of which
are difficult to determine by other methods), several aspects of FMR in the III;_,Mn,Vs
are still poorly understood. The most notable among these is the origin of the in-plane
magnetic anisotropy (also observed in more standard measurements, such as SQUID); and
the entire issue of magnetization relaxation. Nevertheless our understanding of FMR is now
sufficiently complete to undertake FMR studies of systems other than simple III;_,Mn,V
epilayers grown on the (001) plane, which constituted the main focus of this review. In
particular, FMR studies of epilayers grown on high index planes or on vicinal (tilted) substrates
should shed additional valuable light on magneto-crystalline symmetry issues that characterize
these materials. FMR studies on exchange-biased III;_,Mn,V layers should further extend
our understanding of the symmetry of the ferromagnetic structure in these materials to
unidirectional anisotropy—an issue that is of interest both for understanding exchange coupling
across antiferromagnetic/ferromagnetic interfaces and—on a practical level—for design of
IIT; _yMn, V-based devices. Finally, FMR studies of III;_,Mn, V-based multilayers should
also shed valuable light on the coupling between ferromagnetic layers across non-magnetic
‘spacers’. All these options still await exploration, but the excellent correlation between
experiment and theory described in this review indicate that FMR can be extremely useful
in the study of these more advanced structures.
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