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Ferromagnetic resonance investigation of magnetic anisotropy in Ga;_.Mn,As synthesized

by ion implantation and pulsed laser melting
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A systematic investigation of ferromagnetic resonance (FMR) was carried out on Ga;_,Mn,As layers syn-
thesized by Mn ion implantation into GaAs followed by pulsed laser melting. Angular and temperature depen-
dences of FMR were measured on layers prepared on GaAs (001), (110), and (311) surfaces. The observed
angular dependence of FMR can be understood in terms of contributions from cubic anisotropy fields defined
by the crystal symmetry of Ga;_Mn,As and uniaxial anisotropy fields perpendicular or parallel to the film
plane. For completeness, the angular dependence of the FMR linewidth was also investigated and was found to
be dominated by broadening ascribed to local inhomogeneities in magnetic anisotropy. Our results show that
both the magnetic anisotropy and the FMR linewidth in (Ga,Mn)As prepared by ion implantation are similar to
those observed on Ga;_ Mn,As samples grown by low-temperature molecular beam epitaxy, indicating that the

two very different growth methods lead to materials with fundamentally similar magnetic properties.
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I. INTRODUCTION

The ferromagnetic semiconductor Ga;_Mn,As has been
the subject of extensive studies both because of its funda-
mental physical properties (many of which are still not fully
understood) and because of the prospects which it offers for
applications in spin electronics.'> The vast majority of re-
search on this material was carried out on Ga;_MnAs
grown by low-temperature molecular beam epitaxy (LT-
MBE), low-temperature growth being necessary to circum-
vent the very low solubility limits of Mn in the GaAs host.?
Recently an alternative way of fabricating high-quality fer-
romagnetic Ga;_Mn, As has been discovered, using ion im-
plantation (II) of Mn into GaAs followed by pulsed laser
melting (PLM), a rapid liquid-phase epitaxial growth process
that recrystallizes the ion-damaged film.*> The differences
between the LT-MBE and the II-PLM are expected to result
in some differences between materials prepared by the two
methods, perhaps the most notable being that the LT-MBE
growth leads to the formation of Mn interstitials while
Ga;_Mn As prepared by II-PLM has been shown to be in-
terstitial free.® However, the electrical and magnetic proper-
ties of films grown via the two methods have been shown to
be nearly identical.® Since magnetic anisotropy plays a key
function in determining the magnetic properties of
Ga;_,Mn,As and is also expected to play a major role in
designing Ga;_ ,Mn,As-based devices, it is especially impor-
tant to obtain a thorough understanding of magnetic aniso-
tropy in II-PLM Ga;_Mn,As and how this property differs
(if at all) from magnetic anisotropy of Ga,;_,Mn,As grown by
LT-MBE.

Ferromagnetic resonance (FMR) is a powerful technique
for studying magnetic anisotropy in thin ferromagnetic
layers.”® In the present paper we use this technique to inves-
tigate magnetic anisotropy parameters in Ga;_Mn,As
samples synthesized by II-PLM, which can then be com-
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pared to the properties of magnetic anisotropy observed on
Ga;_MnAs grown by LT-MBE. The information on mag-
netic anisotropy can be obtained directly by studying the
dependence of FMR on the direction of applied magnetic
field with respect to the crystal axes, typically carried out by
rotating the field in some crystal plane. Earliest studies of
FMR in Ga;_Mn,As were performed on Ga;_Mn, As fabri-
cated by LT-MBE using films grown on (001) planes, which
automatically limits the selection of geometries in which the
angular dependence of FMR can be studied. Furthermore,
LT-MBE Ga,_Mn, As simply does not grow well on certain
planes, such as the (110) plane. Ga;_Mn,As samples fabri-
cated by II-PLM offer a special advantage in this respect
since fabrication of Ga;_Mn,As layers by the latter method
on higher-index planes [e.g., (110), (311)] may be carried out
with fewer added difficulties, thus offering a number of op-
tions for mapping out the properties of magnetic anisotropy
in this material. In the present paper we make use of this
feature by carrying out FMR measurements as a function of
angle in certain higher-index crystallographic planes which
had not been explored in earlier studies. Thus, in addition to
providing valuable information on the symmetry of magnetic
anisotropy generally, these studies also serve to illustrate the
behavior of FMR in hitherto unexplored geometries.

This paper is organized as follows. In Sec. II we describe
the sample preparation and FMR experimental details. Sec-
tion IIT discusses the theoretical model used to analyze the
dependence of the FMR field on the orientation of the ap-
plied magnetic field, with special emphasis on the effects of
magnetic anisotropy. The observed angular dependence of
the resonance field in various crystallographic planes is pre-
sented and discussed in Sec. I'V. This serves to obtain mag-
netic anisotropy parameters for the II-PLM samples studied
in this paper. For completeness, in Sec. V we discuss the
behavior of FMR linewidth and its dependence on magnetic
anisotropy. Although the linewidth results are discussed in
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empirical terms, they are sufficient to establish that in
Ga;_,Mn,As samples synthesized by II-PLM, as in the ear-
lier studies of Ga;_,Mn,As grown by LT-MBE, the resonance
linewidth is governed primarily by local magnetic inhomo-
geneities.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

A. Film growth by ion implantation and pulsed laser melting

Ga;_,Mn As specimens used in this study were prepared
by implantation of Mn ions into a GaAs substrate followed
by PLM. In ion implantation (II), Mn ions are accelerated by
an electric potential to energies typically in the range of 10 to
1000 keV and are directed onto the GaAs substrate at typical
doses of 10'*~10'® jons/cm?. The ion implantation results
in an approximately Gaussian depth profile of Mn concentra-
tion within the GaAs substrate that can be characterized by
its width and the location of its center, both of which scale
with incident energy.

When the implanted ions come to rest, they may or may
not inhabit substitutional Ga lattice sites and post-
implantation annealing of some form is then necessary to
allow them to diffuse onto those sites. Pulsed laser melting is
a highly effective method for converting the disordered im-
planted region into thin layers of crystalline ferromagnetic
II-Mn-V alloys. As an example, a single pulse (~30 ns)
from a KrF excimer laser (\=248 nm, E,;,,,=5 eV, flu-
ence 0.2—0.5 J/cm?), after being spatially homogenized, is
directed onto an implanted substrate. The absorption length
for the UV photons in amorphous GaAs is approximately 15
nm. Thus most of the laser energy is restricted to the near
surface region and converted to heat. As the heat flows into
the substrate, the liquid/solid interface moves through the
ion-damaged region into the underlying substrate, which
seeds single-crystalline epitaxial solidification as the liquid/
solid front returns to the surface. The short times and small
distances typical for this process result in truly unparalleled
solidification characteristics, involving solidification veloci-
ties of a few m/s and cooling rates of 10°~10'® K/s. Such
high velocities result in a departure from local equilibrium at
the interface referred to as solute trapping,” whereby the im-
planted atoms are essentially buried in the growing crystal at
concentrations far in excess of the equilibrium solubility lim-
its, because the solidification rate exceeds the diffusive ve-
locity. In the case of Mn in GaAs the equilibrium solubility
limit appears to be in the range of 10'-10'> cm™, while the
II-PLM process routinely produces films with Mn concentra-
tions in the range of 10*! cm™.

The experiments described in this paper involve a series
of Ga;_,Mn As layers synthesized by the II-PLM method on
the following GaAs surface planes: (001), (110), (311)A, and
(311)B. To allow meaningful comparison between measure-
ments on samples with different orientations, all samples
were grown using the same Mn ion dosage (1.5
X 10'® Mn ions/cm?), Mn ion energy (50 keV), and the
same KrF excimer laser fluence (0.30 J/cm?). These condi-
tions are identical to those used by Scarpulla et al.® in pre-
paring their sample A, which showed a Curie temperature of
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FIG. 1. (Color online) Four experimental configurations used in
the present study. For the (001) sample (sample A) the orientation
of the dc magnetic field H can be varied in the (110), (110), (010),
and (001) planes (setups 1, 2, 3, and 4); for the (110) sample
(sample B) the orientation of H can be varied in the (112), (111),
and (110) planes (setups 5, 6, and 7); and for the (311) sample
[sample C] the H orientation can be varied in the (011), (233), and
(311) planes (setups 8, 9, and 10). Crystal orientations for the
(311)B sample (sample D) are as for setups 8, 9, and 10, but with
Miller index signs in the horizontal plane reversed.

~100 K (see Table I in that reference) and an estimated
concentration of substitutional Mn of ca. 4.0%. Although
there can be differences in Mn distributions for different sub-
strate orientations, under identical conditions of II-PLM syn-
thesis these differences are expected to be small, and we will
therefore assume that the Mn concentration in the sample
series used in this study is also ~4.0%. In what follows we
will refer to the layers with the (100), (110), (311)A, and
(311)B orientations as samples A, B, C, and D, respectively.

B. Experimental details of FMR measurements

The FMR measurements were carried out at 9.4 GHz (X
band) using a Bruker electron paramagnetic resonance (EPR)
spectrometer. Note that the dc magnetic field of the EPR
spectrometer is confined to the horizontal plane and the mi-
crowave (rf) field is vertical. The magnetic film is placed in
a suprasil sample tube connected to a liquid helium continu-
ous flow cryostat. The sample-containing tube is then in-
serted into the microwave cavity of the EPR spectrometer.
The helium flow is driven by a small-diaphragm vacuum
pump which circulates the cold helium gas through the tube.
The underpressure produced by the pump is sufficient to
achieve temperatures down to 3.6 K and a heater along the
helium path provides a means of controlling the sample tem-
perature. The angular dependence of FMR is obtained by
rotating the sample tube.

The (001), (110), and (311) Ga,;_Mn,As layers are
cleaved into rectangular pieces, which are then placed in the
sample tube in specific orientations, as shown in Fig. 1. We
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first consider the experimental configurations for the (001)
samples in some detail. Setup 1 in Fig. 1 represents the ge-

ometry where the sample plane and the [110] edge are both

vertical, allowing angular FMR measurements in the (110)
plane, from HII[001] (normal field orientation) to the in-
plane H|I[110] orientation. In setup 2 the sample plane and
the [110] direction are also vertical, allowing FMR measure-
ments in the (110) plane from the HII[001] (normal orienta-

tion) to the in-plane H|[110] configuration. In setup 3 the
sample is mounted with the [010] direction in the plane of
the film vertical, which allows angular FMR measurements
in the (010) plane, between the normal HII[001] and the
in-plane HII[100] orientations. In setup 4 the sample plane is
horizontal, allowing us to map out the angular FMR behavior
when H is confined to the layer [i.e., to the (001)] plane.
Similarly, for the (110) sample we measure FMR in setups
5-7, with fields and crystallographic orientations shown in
Fig. 1. Finally, for the (311)A samples the geometries of the
FMR measurements are shown as setups 8—10. Geometries
for the (311)B sample can be obtained simply by changing
the signs of the Miller indices in the plane of rotation shown
for the (311)A case in Fig. 1.

III. THEORETICAL MODEL FOR FMR IN THIN
GAMNAS LAYERS

The theoretical formulation of FMR is based on the
Landau-Lifshitz-Gilbert (LLG) equation, which describes
both the precession of magnetization and its damping,'®!!

1 oM

a 1o oM
~T==Mx |- ——+h|- M x|

(1)
Here y= g% and a=7,LMS are the gyromagnetic ratio and
the damping coefficient, respectively; G and My are the Gil-
bert coefficient and the saturation magnetization; M, F, and
h denote magnetization, magnetic-free-energy density, and
the microwave magnetic field, respectively; and g, ug, and
have their standard meaning. For the purpose of determining
the position of FMR we will only need to use the first term of
Eq. (1); and we will return to the second (damping) term in
Sec. V, when we discuss the resonance linewidth.
Our main objective in this paper is to determine the mag-
netic anisotropy parameters for II-PLM Ga;_ Mn As. Ex-
pressing Eq. (1) in terms of F is particularly convenient for
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FIG. 2. (Color online) Coordinate systems used in this paper.
The orientation of the dc applied magnetic field H is described by
0y, ¢y The resulting equilibrium orientation of the magnetization
M is given by (6, ¢). From left to right: the (001) sample (sample
A); the (110) sample (sample B); and the (311)A sample (sample
0).

this purpose since F can be expressed in terms of magnetic
anisotropy fields as a function of orientation of the applied
magnetic field for various sample geometries used in this
study.'? The resulting FMR fields as a function of field ori-
entation can then be used to fit the observed angular depen-
dence of FMR, using the anisotropy fields as fitting param-
eters.

For samples formed on (001) GaAs surfaces the free en-
ergy density F has the following form:”!3

Foo; == MH][cos 6 cos 6+ sin 6 sin 6 cos(¢ — ¢p)]

2 02 _l 2
+2m7M* cos” 0 ZMHM cos” 6

- 11‘41‘1 in’ 0 si 2( - )— 1MH 4 (%
- s sm-| ¢ — — - Cos

- :—‘MH4H‘]—‘(3 + cos 4¢)sin* 6. (2)
Here the first term describes the Zeeman energy; the second
term represents demagnetizing energy (sometimes referred to
as shape anisotropy); the angles 6, ¢, 6y, and ¢y are defined
in Fig. 2 for all samples; H,, and H,, are uniaxial and cubic
anisotropy fields perpendicular to the sample plane, respec-
tively; and H,, and Hy are, respectively, uniaxial and cubic
anisotropy fields in the sample plane. For simplicity in cal-
culation, in what follows we will lump the 47mM —H, | to-
gether into a single term defined as H .

Similarly, by using direction cosines appropriate for the
crystallographic plane (110), we obtain the free energy den-
sity F o for the (110) sample (sample B) in the form:'*

1 1 1 1 4
Fli0=—MH][cos 6 cos 0+ sin 6 sin 0y cos(¢ — @) + EMHeff cos” 6— ZMHM(— ,—Esin 6 cos ¢ + —=cos 6‘)
JJ V! /

1
4

V2

1 1 R
- —MHy, ,—Esm 0 cos ¢+ TECOS 0] +(sin Osin @)* |, (3)
\ v

where the angles 6, ¢, 6y, and ¢y are now measured with respect to the axes shown in the central part of Fig. 2. Finally, using
direction cosines appropriate for the (311) crystallographic plane we obtain the free energy density F;, for samples grown on

(311) GaAs surfaces: %14
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4
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Note that in Egs. (3) and (4) we no longer use H,,. This is
because that term arises from the (still not fully understood)
magnetic anisotropy associated with differences between the

[110] and the [110] directions. The H,, parameter is simple
to identify in analyzing the FMR results obtained on samples
grown on the (001) plane.'> However, for layers formed on
other surfaces the situation is more complex. In the case of
the (110) plane it is readily seen that all effects arising from

the small differences between the [110] and the [110] direc-
tions will be overwhelmed by the large effect of H,; normal
to that plane. And in the case of the (311) samples, it is very
difficult to distinguish between the effects of [110] and

[110]. Since (as will be seen below) the Hy, is very small
compared to other anisotropy parameters, we will simplify
the analysis by assuming its contribution to Egs. (3) and (4)
to be negligible.

It should also be noted that in the case of samples grown
on (001) GaAs substrates the axes of cubic (i.e., Hy and
H,,) and uniaxial (i.e., H, and H,s) anisotropies coincide
with the axes of the crystal coordinate system (and thus also
with each other). However, in the case of the (110) and (311)
GaAs samples, the axes of cubic and uniaxial anisotropy no
longer coincide. In general the effective anisotropy term H, s,
is always along the direction normal to the sample surface
while the cubic anisotropy is always defined along the crys-
tallographic axes (100).

IV. OBSERVED BEHAVIOR OF FMR FIELDS AND
DISCUSSION

Our emphasis in this section will be on the dependence of
the FMR field on the direction of applied magnetic field,
from which we will obtain the anisotropy parameters for II-
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FIG. 3. (Color online) Selected FMR spectra for sample A taken
at 4 K from 6=0° to 180°, with H in the (110) plane (setup 1).

\
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PLM Ga;_Mn,As samples. Then, by measuring the angular
dependence of FMR at a series of temperatures, we will also
be able to obtain the dependence of magnetic anisotropy pa-
rameters on temperature. As already noted, in discussing the
data we will refer to samples synthesized on (001), (110),
(311)A, and (311)B as sample A, B, C, and D, respectively.

A. Results for II-PLM GaMnAs formed on the (001)
plane

To obtain the angular dependence of FMR for the
Ga,_Mn,As sample grown on the (001) plane (sample A),
we measured the resonance spectra as a function of magnetic
field orientation taken in 6° steps over a 180° range in each
of the setups 1 through 4 shown in Fig. 1. As an example of
raw data, Fig. 3 shows the FMR spectra observed at 4 K on
sample A for a series of field orientations in setup 1, i.e., for

magnetic field H rotated in the (110) plane. The position of
the resonance is symmetric about the 90° orientation of setup
1 as expected for the cubic geometry. The cause of the much
weaker resonances seen at fields above FMR in the near-
normal field orientations (i.e., near 0° and 180°) is unclear
although it could be related to departures from the Gaussian
depth profile of the Mn concentration within the samples.
Figure 4(a) shows the angular dependence of the FMR
position for sample A measured at 4 K for setups 1, 2, and 3,

corresponding to the applied field H rotated in the (110),
(110), and (010) planes, respectively. The twofold symmetry

5[001] [007] [070] [010]
[
O 4} 1t ]
53
S
QO 3t
0}
o
g 2}
c
o
g o
0'd 1r o
(@) ~ setup3] [(b) < Setup4
0 ! ! ! ! ! !
0 45 90 135 1800 45 90 135 180
0,, ?,

FIG. 4. (Color online) Angular dependence of the FMR field
observed at 4 K for sample A grown on (001) plane, including all
setups for that plane as shown in Fig. 1. Points are experimental;
solid curves are theoretical fits.
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FIG. 5. (Color online) Temperature dependence of the cubic
anisotropy field H, and uniaxial anisotropy fields H,ss and Hy for
sample A.

(rather than fourfold) about the 90° orientation for all three
setups indicates that the angular dependence of FMR is
dominated by the uniaxial anisotropy field. Note, however,
the difference in the FMR position at 90° observed in setups
1 and 2, showing that H applied in the sample plane along

the [110] and the [110] directions results in markedly differ-
ent values of the FMR field.® The upward peaks in the curves
near 25° and 155° in Fig. 4(a) result from the cubic aniso-
tropy term. Figure 4(b) corresponds to setup 4, where H is
confined to the sample plane. Note again that FMR occurs at

different fields when H is parallel to [110] and to [110]; and
that the results in Fig. 4(b) are in excellent agreement with
all in-plane FMR positions shown in Fig. 4(a), as indicated
by the dash-dotted horizontal lines. Except for the difference

between the resonance field for the [110] and [110] orienta-
tions, the angular dependence of FMR positions for the in-
plane geometry is dominated by the cubic anisotropy term.
One should also note that the resonance field has its lowest
value when H is in the layer plane and aligned with the easy
axis ([100] or [010]) in Figs. 4(a) and 4(b), exactly as is
observed in FMR experiments on LT-MBE GaMnAs films
grown on GaAs.513

The analysis of the angular dependence of the FMR data
for sample A shown in Fig. 4 yields the following values of
the anisotropy fields:  H,;=(1,663+59) Oe; Hy,
=(858 £72) Oe; Hy=(770%=65) Oe; and Hy,
=(327%x65) Oe. Note that H,, and Hy differ by less than
the margin of error. The angular dependence of FMR for
sample A was also measured at a series of temperatures in
increments of about 10 K apart for all four setups, allowing
us to calculate anisotropy fields at each temperature. The
results are plotted as a function of temperature in Fig. 5.
Since the results for H,, and H, are within the margin of
error at all temperatures, we conclude that the data obtained
in this geometry are insufficient to meaningfully distinguish
between the two cubic anisotropy fields and in Fig. 5 we
therefore only plot their average value as H,.

As seen in Fig. 5, the perpendicular effective uniaxial
anisotropy field H,; decreases rapidly from around 1660 to
300 Oe as the temperature increases from 4 to 100 K. The
in-plane uniaxial and the cubic anisotropy fields have much
smaller values compared to H,, indicating that the angular
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FIG. 6. (Color online) Selected FMR spectra for sample B taken
at 4 K for 6y from 0° to 180°, with H in the (112) plane (setup 5).

dependence of the FMR field is dominated by H,s at all
temperatures in these experiments. This behavior is similar
to that observed on samples grown on higher-index planes
discussed below and also to the behavior observed on
Ga,_Mn,As grown by LT-MBE."3

B. Results for II-PLM GaMnAs formed on the (110) plane

The angular dependence of FMR in II-PLM GaMnAs
formed on the (110) plane (sample B) was studied in setups
5, 6, and 7. The FMR spectra observed at 4 K in setup 5 are
shown in Fig. 6. Note that the FMR positions are asymmetric
with respect to the 90° orientation in setup 5, consistent with
the absence of fourfold symmetry in the (112) plane in
which the field is rotated in this setup. An asymmetry in the
FMR field is also observed in setup 6 (i.e., for field rotated in

the (111) plane). In contrast, the spectra in setup 7 are two-
fold symmetric, as expected for the (110) plane geometry.
In Fig. 7 we plot the angular dependences of FMR ob-
served at 4 K for sample B for all three setups. In the case of
setup 5 (i.e., when H is rotated in the (112) plane), there is a

g[110]  [T70] [110] _ [T70] [T10] _ [170
Sk o
Q i
~ 0
©
o3 1
3
c2F E
©
c {
o
2t 1L 1L o1
o
(a) Setup 51 (b) Setup 6 (c) Setup 7
0 -
0 45 90 1351800 45 90 1351800 45 90 135 180
eH eH Py

FIG. 7. (Color online) Angular dependence of FMR for sample
B at 4.0 K observed in setup 5 (field rotated in the (112) plane),
setup 6 (field rotated in the (111) plane), and setup 7 [field in the
(110) plane]. Points are experimental; solid curves are best theoret-
ical fits; dotted curves represent theoretical fits with Hy | =Hy.
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large “dimple” in the angular dependence of the FMR field

as the orientation of H approaches the in-plane [111] axis,
with a pair of asymmetric valleys on the two sides of the
dimple. The solid lines in the figure are theoretical fits ob-
tained using Eq. (4). The agreement between theoretical fits
and the experimental data is quite good, confirming the ob-
served symmetries of the angular dependences of FMR in the
three geometries.

The observed behavior can be understood in terms of con-
tributions from the two cubic anisotropy fields Hy, and Hy
defined along the (001) crystal axes, and the uniaxial aniso-
tropy field H,z normal to the sample plane. Theoretical fit-
ting yields the value of the effective uniaxial anisotropy field
as H,;;~1000 Oe at 4 K. The in-plane cubic and the per-
pendicular cubic anisotropy fields H,, and Hy, are different
for this sample: At 4 K, Hy=1400 Oe, while Hy,
~1000 Oe. It is this difference between the two cubic an-
isotropy fields that is responsible for the asymmetry of the
angular dependence of FMR observed in the two out-of-
plane geometries, setups 5 and 6 in Fig. 7. To illustrate this
point, we have also plotted (dotted curves) the theoretical
angular dependence calculated with H, , =Hy, which then
shows complete symmetry around the in-plane 90° field ori-
entation. The above results illustrate that, because the
uniaxial and the cubic anisotropy fields are not coaxial for
samples grown on the (110) plane, one is able to use this
geometry to observe directly the difference between the two
cubic anisotropies.

Finally, one should note that—similar to the case of
A—the resonance field in sample B has its lowest value
when H is in the layer plane and aligned with the easy axis in
Fig. 7(c), setup 7 ([001], ¢5=90°), as is observed in FMR
experiments on LT-MBE GaMnAs films grown on GaAs.
The resonance field observed in setups 5 and 6 in the in-
plane orientation (65=90°) is considerably above that field
because in those cases H is not aligned with the easy axis
when it reaches its in-plane (6,=90°) orientation.

C. Results for II-PLM GaMnAs samples grown on (311)A
and (311)B surfaces

It is expected that the alloy composition, doping, layer
thickness, and strain conditions can all lead to differences in
the properties of an alloy. Additionally, the atomic arrange-
ment of constituent elements corresponding to the orientation
of the surface on which the layer is formed can also play a
role in determining the physical properties of the resulting
system. Recent combinatorial materials design methods!®!’
have predicted that the role of atomic configuration in
Ga;_,Mn,As—and especially the arrangement of the Mn
ions—can have a dramatic effect on its magnetic
properties.'® Bearing this in mind, we have extended our
FMR study also to Ga,_,Mn,As layers formed on higher-
index planes—in this case, on (311) GaAs substrates.

As in the case of the (110) sample, we measured the FMR
spectra on two Ga,;_,Mn,As samples specimens implanted,
respectively, on (311)A and (311)B surfaces of GaAs. We
note parenthetically that (311)A and (311)B surfaces are po-
lar, the former being As-rich and the latter Ga-rich, which
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FIG. 8. (Color online) Selected FMR spectra for samples C and

D taken at 4 K for 6 from 0° to 180°, with H in the (011) plane
(setup 8).

could in principle lead to different physical properties of the
layers formed on surfaces so terminated. The FMR measure-
ments were carried out as a function of 6y and ¢ in setups
8,9, and 10 shown in Fig. 1 for this layer orientation. Figure
8 shows the FMR spectra at 4 K for (311)A and (311)B
samples obtained in setup 8§, i.e., when H is rotated in the

(011) plane. The spectra are asymmetric with respect to the
05=90° orientation in setup 8 but are symmetric in setups 9
and 10, reflecting the respective symmetries of the planes in
which the field is rotated. Traces of spin wave resonances are
observed in both (311)A and (311)B samples below the FMR
position in Fig. 8 at and near the perpendicular orientations,
such as 0° and 180° in setups 8 and 9. These resonances are
weaker than those seen typically in LT-MBE Ga;_Mn As
layers,®!3  possibly because the boundary between
Ga;_,Mn As and the GaAs substrate is less sharp in the II-
PLM material.

The angular dependence of FMR for (311)A and (311)B
specimens (samples C and D) was measured at 4, 25, and 50
K in setups 8, 9, and 10. In Fig. 9 we show the angular
dependence for sample D observed at 4 K in these three
setups. Theoretical fits obtained using Eq. (4), shown as solid
curves in Fig. 9, are in very good agreement with experimen-
tal data. Note that the calculated results reflect closely the
observed symmetry of the angular dependence of FMR in
each plane. The fits to the data obtained on sample C corre-
sponding to the layer formed on the (311)A plane show com-
parably good agreement. These fitting results show that the
observed angular behavior of FMR can again be understood
in terms of contributions from the cubic anisotropy field H,
parallel to the (001) axes, and the uniaxial anisotropy field
H, s normal to the sample plane, i.e., in this case parallel to

224403-6



FERROMAGNETIC RESONANCE INVESTIGATION OF...

6 3111 [311] [311] [311] [233] [233
©
@)
S
o
Q
Y
)
&)
c
©
c
?
& 1L Setup 8 | Setup9 | | Setup 10 |
J@ ] [® ()
0 90 1800 90 180-90 0 90
eH eH Py

FIG. 9. (Color online) Angular dependence of FMR for sample
D observed at 4 K in setups 8, 9, and 10. Points are experimental;
solid curves are theoretical fits.

the [311] direction.'>!*1° Note that here, as in the case of the
(110) sample, we do not distinguish between H,, and Hy;
and we also no longer distinguish between anisotropy fields

along the [110] and [110] directions. Such (small) differ-
ences can only be identified in data obtained in sample A,
which has the highest in-plane symmetry of the series of
geometries examined in this study.

Note again the agreement between the FMR positions in
Setups 8 and 9 when the field reaches the in-plane orienta-
tion (65=90°) and the FMR positions in the corresponding
orientations observed in the in-plane scan in setup 10, as
indicated by the dash-dotted lines. It is also gratifying that

the value of FMR field for the [011] orientation (maximum
value in setup 10 and minimum in setup 9) is very close to
the value of FMR observed for the in-plane [110] orienta-
tions for samples A and B [see Figs. 4(a), 4(b), and 7(c)].
This consistency is an indication that the magnetic properties
of the samples formed by the II-PLM process—and, thus, the
degree of Mn incorporation—are quite similar for the entire
sample series used in these experiments.

The best fits shown in Fig. 9 yield the value of the cubic
anisotropy field H, of ~1000 Oe at 4 K, and the effective
uniaxial anisotropy field H,; of ~1800 Oe at that tempera-
ture. The cubic anisotropy field H, obtained in our analysis is
smaller than the value reported by Bihler et al.,'” who stud-
ied (311)A Ga;_,Mn,As layers grown by LT-MBE. To esti-
mate the behavior of the anisotropy parameters for samples
C and D as a function of temperature, we have also measured
and analyzed the angular dependence of FMR at 25 and 50 K
for both samples. The results are shown in Fig. 10. Both
magnetic anisotropy fields decrease with increasing tempera-
ture, the value of H,,, being always larger than H,.

D. Summary of angular dependence of FMR field in II-PLM
GaMnAs

Based on the results discussed in Sec. IV A-IV C, we
conclude that the angular and temperature dependences of
FMR positions observed in I[I-PLM Ga,_ Mn,As can be sat-
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FIG. 10. (Color online) Temperature dependence of the cubic
magnetic anisotropy field H, and the effective uniaxial magnetic
anisotropy field H,; for samples C and D.

isfactorily represented by a magnetic-free-energy density de-
fined in terms of cubic and uniaxial anisotropy terms, similar
to the results obtained on LT-MBE Ga;_Mn As. Moreover,
the observed values of the anisotropy fields obtained from
the II-PLM Ga,_,Mn,As experiments are of the same order
of magnitude as those from LT-MBE Ga,_Mn As. We can
therefore conclude that the magnetic anisotropy is an intrin-
sic property in Ga;_Mn, As system, which depends strongly
on Mn and hole concentrations, but does not depend in any
essential way on the method of synthesis. Furthermore, by
comparing the results from II-PLM Ga;_,Mn,As synthesized
on different crystal planes, i.e., on (100), (110), and (311)
surfaces, we notice no signs indicating that there exists a
specific relationship between the arrangement of Mn ions
and the orientation of the surface. In particular, we observe
excellent consistency between the FMR fields when the ex-
ternal field is applied along the same crystallographic direc-
tions in samples grown on the different crystal planes. We
conclude from this that the Mn distribution in Ga;_Mn,As is
relatively random for all surface orientations, suggesting that
it may be difficult to control the arrangement of Mn ions in
Ga,;_,Mn,As by choosing specific growth directions.

V. FMR LINE WIDTH

As was already noted, the second term in the Landau-
Lifshitz-Gilbert equation—(y_;;ls) -[M X %]—providcs infor-
mation on the relaxation rate of the magnetization, which
manifests itself as the peak-to-peak FMR linewidth
AH,,.""!"" As part of this study we have also investigated
AH,, in II-PLM Ga,_Mn,As samples as a function of field
orientation and temperature. Although the mechanisms deter-
mining AH,, are far from understood in Ga;_,Mn,As, it will
be shown below that even a semiphenomenological analysis
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of the linewidth provides valuable information about the ex-
istence of local fluctuations of magnetic properties within the
material.

The resonance broadening AH,, is usually caused by two
mechanisms: an intrinsic (often called Gilbert) damping of
the magnetization; and damping due to magnetic inhomoge-
neities in the ferromagnetic material. This can be expressed
as follows:!!20

AH,,=AH 2 G

pp inhom T \5 szw-
Here the second term—the Gilbert damping—reflects “vis-
cous” damping of the precessive motion of the magnetization
associated with FMR, a process that is directly proportional
to frequency, as seen in Eq. (5). The first term, on the other
hand—the inhomogeneous broadening AH,,,,,,—is caused
by sample imperfections, and can be viewed as arising from
a distribution of local resonance fields. The imperfections
causing such broadening of FMR may include local fluctua-
tions of alloy composition and hole concentration, as well as
local fluctuations in the orientation of magnetic anisotropy
fields. As a consequence, this term is expected to depend on
the orientation of the applied magnetic field. This part of the
FMR linewidth thus provides a measure of the magnetic ho-
mogeneity of the sample. The overall linewidth can be ap-
proximated by:’

(5)

O, +AH /2 (6)
" 5Hint '

oH,

AH,,=AH,+ AHE + A(P&PH
where AH,, contains the Gilbert damping term lumped to-
gether with angle-independent contributions from randomly
distributed defects, and H, denotes the value of the FMR
field at a given orientation. The second and third terms on the
right are due to small local variations (Af and A¢) of the
anisotropy axes and are therefore expected to depend on the
angle of the applied field. The fourth term in Eq. (6) is due to
a distribution AH;,, of the magnitude of the internal field
H,;,,. Note that H;,, reduces equal to the effective anisotropy
field H,=4mM-H,, when cubic anisotropy terms are
small.

We have measured the FMR linewidth as a function of
applied field orientation for each setup shown in Fig. 1. The
points in Fig. 11 show the angular dependence of AH,,, ob-
served at 4.0 K for sample A [i.e., the sample formed on the
(001) plane] for the four setups corresponding to this sample
geometry. The observed data were analyzed by fitting with
Eq. (6). The fitting results are in reasonable agreement with
the experimental results, indicating that the FMR linewidth
of this sample is dominated by inhomogeneous broadening.
Quantitatively the observed angular dependence of AH,, is
primarily determined by the terms AH% and Ago%. Best
fits (shown by continuous curves in Fig. 11), obtained when
these terms are dominant and the remaining terms in Eq. (6)
are negligible in comparison, yield A and A¢ of about 6°.

The angular dependence of AH,,, in II-PLM Ga,_Mn,As
is similar to that observed in annealed Ga;_ Mn,As samples
grown by LT-MBE.? indicating that the inhomogeneous
broadening in both II-PLM and annealed LT-MBE
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FIG. 11. (Color online) Angular dependence of FMR linewidth
for sample A at 4.0 K observed in four setups corresponding to the
(001) plane geometry of this sample. Points are experimental; con-
tinuous curves are best theoretical fits for each setup obtained using
Eq. (6).

Ga,_,Mn,As samples results from crystal imperfections such
as vacancies and/or other defects. However, the magnitude of
AH,, in the II-PLM Ga;_Mn,As samples is considerably
larger (AH,,,>400 Oe), suggesting that there exists a larger
concentration of such imperfections in the II-PLM material.

In principle, one should be able to use a similar method as
that just described to analyze the linewidth in samples fabri-
cated on other surface orientations. However, we find that the
angular dependences of AH,,, observed in samples B, C, and
D are much more complicated than those observed in sample
A and for those samples we were unable to obtain fits com-
parable to those shown in Fig. 11 using Eq. (6). We will
therefore restrict ourselves only to a qualitative discussion of
the linewidth in samples grown on higher-index planes. We
should note, however, that the correspondence in symmetry
between the angular dependences of the linewidth and the
FMR position (and thus of its angular derivatives) is also
quite evident in the case of those higher-index-plane
samples, suggesting that the linewidth in these samples is
again dominated by inhomogeneous broadening.

The angular dependence of the FMR linewidth AH),, for
sample D grown on the (311)B plane is shown in Fig. 12 for
the three setups corresponding to the geometry of this
sample. The linewidth has a strong angular variation at 4 K,
which gradually becomes weaker with increasing tempera-
ture. It is obvious that the angular dependence of the FMR
linewidth in setup 8 is asymmetric about the 90° orientation
while those in setups 9 and 10 are symmetric about 90° and
0°, respectively, similar to the angular dependence of the
FMR position seen in Fig. 9. In setup 8 the FMR linewidth is
very large at approximately the field orientation correspond-
ing to the prominent dimple in Fig. 9 (near 110°). It is rather
striking that the linewidth shows sharp peaks at several well-

defined orientations ([311], [233], and [011]) and at some
intermediate angles (36° and 144° in setups 8 and 9). We find
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FIG. 12. (Color online) Angular dependence of FMR line width
at 4.0 K for sample D observed in setups 8 to 10. Points are experi-
mental; solid curves are guides for the eye.

that the peaks in the intermediate angles can be explained by
Eq. (6), but the peaks in specific orientations and at the
dimple position are not understood. Therefore, although we
see a clear relationship between the respective symmetries of
the angular behavior of the FMR position and the linewidth,
the mechanism of linewidth in Ga;_,Mn As fabricated on
high-index substrate definitely requires further investigation.

VI. CONCLUDING REMARKS

We have studied the angular and temperature dependences
of FMR in Ga;_Mn As samples fabricated by Mn ion im-
plantation and pulsed laser melting on (001), (110), (311)A,
and (311)B GaAs surfaces. The angular dependence of the
FMR position was analyzed using the Stoner-Wohlfarth
model and LLG equation in order to obtain the values of
magnetic anisotropy parameters for this material. For the

PHYSICAL REVIEW B 80, 224403 (2009)

sample grown on the (001) plane (sample A) the angular
dependence of the FMR field observed in out-of-plane geom-
etries was found to be dominated by uniaxial anisotropy in
out-of-plane geometries; but in the in-plane geometry (corre-
sponding to setup 4 in Fig. 1) cubic anisotropy was found to
be dominant at low temperatures. For the (110) or (311)
samples the observed angular behavior of FMR can, simi-
larly, be described in terms of contributions from cubic an-
isotropy fields H, parallel to the (001) axes and an effective
uniaxial anisotropy field H, s normal to the plane of the film
(i.e., along the [110] and [311] directions, respectively). The
property of the sample formed on the (311)A surface is very
similar to that of grown on (311)B, the effective uniaxial
anisotropy field being much larger than the cubic anisotropy
field.

We have also investigated the angular dependence of
FMR linewidth AHPP in these samples, and found that in the
sample grown on the (001) crystal plane (sample A) the
value of AH),, is primarily determined by the derivative of
the angular dependence of the FMR field, suggesting that the
linewidth in II-PLM Ga;_Mn,As results primarily from in-
homogeneous broadening due to local fluctuations of mag-
netic properties, such as small local variations of the aniso-
tropy fields. Our results show that magnetic anisotropy in
II-PLM Ga;_,Mn,As, as well as the behavior of its linewidth,
are fundamentally similar to those seen in Ga;_Mn,As
samples grown by LT-MBE, indicating that materials formed
by these two very different growth methods have very simi-
lar magnetic properties.
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