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Ga1�xMnxAs layers prepared by ion implantation and subsequent pulsed laser annealing with the planned
Mn concentrations of x = 0.01–0.08 have been studied using the magneto-optical transversal Kerr effect
(TKE) and spectral ellipsometry. The spectral dependences of the diagonal and nondiagonal components
of the permittivity tensor (PT), as well as the spectrum of magnetic circular dichroism (MCD) have been
calculated for the layers. The obtained spectra of the diagonal PT components show that the layers under
study maintain the zinc-blende crystal structure of the parent GaAs semiconductor. All studied samples
reveal a strong TKE response at low temperatures with a dependence of an effective Curie temperature
(at which TKE appears) on the Mn concentration. A number of extrema in the low-temperature TKE
and MCD spectra are close to the energies of transitions in the C and L critical points of the parent semi-
conductor band structure that confirms the intrinsic ferromagnetism of the Ga1�xMnxAs layers. The MCD
spectra shape and its change with Mn concentration increasing are discussed on a base of the valence-
band model of ferromagnetism in DMS.

� 2017 Published by Elsevier B.V.
1. Introduction

The (Ga,Mn)As diluted magnetic semiconductor (DMS) is the
model object both for ascertainment of the nature of ferromagnetic
coupling in the (III,Mn)V DMS and for control of their magnetic
properties. However, despite the intensive research the debates
regarding the electronic states near the top of the valence band
and at the Fermi energy as well as the exchange mechanisms lead-
ing to ferromagnetic ordering still continue [1–3]. Some authors
assume that in heavily doped ferromagnetic (Ga,Mn)As the Fermi
level lies in the narrow impurity band separated by an energy
gap from the valence band, and the metallic conductivity of such
samples is due to the hole motion along the impurity band (the
IB-hole model) [4–8]. At the same time, according to [9–12], there
is no the impurity band detached from the valence band in ferro-
magnetic metallic (Ga,Mn)As samples, and the Fermi level is
located in the valence band (the VB-hole model).
In parallel with probing the spectrum of electronic states
magneto-optical (MO) spectroscopy allows one to detect and
identify various magnetic phases, which can be present in
(Ga,Mn)As samples. Magnetic circular dichroism (MCD) is usu-
ally considerably enhanced around the critical points of semi-
conductor band structure [13], therefore MCD spectroscopy is
especially widely exploited. However, the experimental MCD
data available in the literature are interpreted by authors from
different research groups as evidences supporting both points
of view.

Low-temperature molecular beam epitaxy (LT-MBE) is the most
common way to obtain (III,Mn)V systems [14,15] and the majority
of studies has been performed on LT-MBE (Ga,Mn)As samples. In
the course of the low-temperature growth the point defects (inter-
stitial Mn and antisite As) arise, which, being donors, compensate
largely the majority carriers (holes) and reduce the ferromagnetic
ordering temperature, TC, of (Ga,Mn)As. The discrepancies between
the experimental results of different authors, apparently, are
related to the problem of fabrication of the samples with well-
controlled defects.
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The other growth techniques such as metal organic vapour
phase epitaxy (MOVPE) [16], ion implantation and subsequent
pulsed laser annealing [17,18] as well as pulsed laser deposition
[19] are also used to prepare (Ga,Mn)As layers. In the case of these
methods, other defect types may arise during the growth process
that can have a significant impact on the character of impurity
states, concentration of itinerant holes and the Fermi level location.
Therefore, studies of (Ga,Mn)As grown by the alternative methods
can provide additional information on the details of the (Ga,Mn)As
electronic structure, particularly about the Fermi level position.

In our previous studies [20–22] the MO technique (the transver-
sal Kerr effect, TKE) was used together with spectral ellipsometry
to characterize the IIIMnV layers (III = Ga, In; V = As) grown by
laser deposition. It has been ascertained that these layers contain
ferromagnetic MnAs inclusions, which appreciably determine the
layers properties, in particular their strong MO response at room
temperature. In the TKE spectra of such layers both the structures
associated with the optical transitions in ‘‘bulk” MnAs inclusions
and the resonant TKE band (E = 0.5–2.0 eV) conditioned by excita-
tion of the surface plasmons can be present. The knowledge about
these spectra features allows one to detect the presence of the
undesirable MnAs phase in Ga(In)MnAs layers.

In this paper, we present results of the investigations of
magneto-optical and optical properties of GaMnAs layers fabri-
cated by ion implantation and subsequent pulsed laser annealing.
The results show that the MnAs phase is absent in our samples.
The samples demonstrate ferromagnetic behaviour at low temper-
atures. We have calculated spectra of the real and imaginary parts,
e01(E) and ee02(E), of the nondiagonal components of the permittiv-
ity tensor as well as spectra of the magnetic circular dichroism for
samples under study and compared them with the published MCD
spectra of (Ga,Mn)As grown by LT-MBE [5,6,10,23–26]. Features in
the MCD and TKE spectra of our samples and their change with
increasing Mn concentration are explained on a base of the
valence-band model of ferromagnetism in DMS, taking into
account the electronic phase separation and quantum size effect.
1 The pseudo-dielectric function is obtained directly from the measured tanw and
cosD values with the use of the optical model assuming a flat substrate with infinite
thickness [29].
2. Material and methods

2.1. Ion implantation and further impulse laser annealing

The Ga1�xMnxAs layers on GaAs(0 0 1) substrates were pre-
pared by ion implantation at room temperature at the Ion Beam
Center at the Helmholtz-Zentrum Dresden-Rossendorf. Mn ions
were implanted into intrinsic GaAs(0 0 1) wafers at the energy of
100 keV at an incidence angle of 7� to avoid ion channeling.
According to SRIM simulations, the Mn concentration was planned
to be from 0.01 to 0.08 considering fluence of 1 � 1015–2 � 1016

cm�2. A coherent XeCl excimer laser with 308 nm wavelength
and 28 ns duration was used to anneal the implanted GaAs layer.
The profile of the laser beam was homogenized to 5 � 5 mm2.
The annealing energy was optimized to be 0.3 J/cm2. However,
the laser annealing made the amount of implanted Mn atoms
(inside the GaAs layer) diverged from the planned value, because
part of the implanted Mn atoms diffused to the surface during
the recrystallization procedure. Later on, the sample surface was
etched in concentrated HCl to remove the inert surface layer. Nev-
ertheless, substantial part of the Mn atoms still remained inside
the GaAs matrix. The Mn concentration was measured by sec-
ondary ions mass spectrometry (SIMS) and it was determined by
the obtained peak value. Fabrication conditions, x values planned
and determined by SIMS, samples spontaneous magnetization,
Ms, and thickness as well as Curie temperature magnitudes, TC,
got from magnetometry, magneto-optical and electrical measure-
ments are presented in Table 1. Magnetometry was performed
using a SQUID-VSM magnetometer from Quantum Design. More
details about the samples fabrication are shown in Ref. [17,18].
Data of SIMS and cross-sectional high-resolution TEM as well as
of magnetometry and electrical measurements for the given sam-
ples are presented in our work [27].
2.2. Magneto-optical and optical spectroscopy

Magneto-optical transversal Kerr effect, TKE, consists in an
intensity variation of the p-polarized light reflected by a sample
under magnetization. The value d = [I(H) � I(�H)]/2I(0), where I
(H) and I(0) are the reflected light intensities in the presence and
absence of a magnetic field, respectively, was directly measured
in the experiment. The alternating magnetic field up to 240 kA/m
was aligned parallel to the sample surface and perpendicular to
the light incidence plane. The sensitivity of the apparatus was
�10�5. The TKE spectra, d(E), were recorded in the energy range
of E = 0.5 � 4.0 eV. The temperature range for the studies was T =
15 � 300 K. The TKE value depends linearly on magnetization
and we have measured temperature dependences, d(T), as well as
TKE dependences on magnetic field, d(H), at some fixed energies
to characterize magnetic state of the layers.

To record the ellipsometry parameters spectra, tanw(E) and
cosD(E), we employed the ellipsometer SE 850 DUV SENTECH
Instruments GmbH (the energy range of E = 0.55 � 6.5 eV, samples
#1 – #3, #6,) and ellipsometer with binary modulation of light
polarization state [28] (E = 1.24 � 4.5 eV, samples #4 and #5).
The spectra were recorded at room temperature.
3. Results

3.1. Spectral ellipsometry

We used the ellipsometry spectra, tanw(E) and cosD(E), to
derive the spectral dependences of the real and imaginary parts,
<e1> and <e2>, respectively, of the diagonal components of the
pseudo-dielectric function1, for the samples investigated. The
obtained <e1>(E) and <e1>(E) spectra are shown in Fig. 1. Dashed
lines show the energies of the transitions at the C- and L- critical
points of GaAs at room temperature [30]. As is clear from Fig. 1,
peaks corresponding to the optical transitions near the L critical
point of the Brillouin zone of GaAs are present in the <e2>(E) spec-
trum of all Ga1�xMnxAs samples. Therefore, we can conclude that
the crystal structure of the GaAs parent semiconductor is conserved
in the layers under study. An increase in matrix imperfection when
the Mn dopant is introduced is a possible reason for decreasing the
maxima and smearing the doublet (E � 2.9 � 3.2 eV), as well as for
the increase in the <e2> values in the region E � 1.2 � 2.9 eV. The
transformation of the <e1>(E) and <e2>(E) dependences in the energy
region E < 3 eV is also associated with the light interference in the
Ga1�xMnxAs layers. The interference contribution appears and rises
below the E1 transition energy, where the optical absorption in the
semiconducting matrix abruptly decreases and the depth of the light
penetration into the sample increases. The interference fringes are
especially well marked in the spectra of sample #6. In Fig. 1 arrows
denote these fringes.

A possible reason for the interference in sample #6 can be its
relatively high transmission in the range E < 3 eV. Note that the
structures associated with the transitions E1 and E1 + D1 in the
spectra of this sample are smeared weaker than those in the other
samples spectra. This is apparently due to smaller imperfection of



Table 1
Fabrication conditions, Mn concentration planned, x, and determined by SIMS, Xpeak, samples spontaneous magnetization, Ms, and thickness as well as Curie temperature
magnitudes from magnetic, magneto-optical and electrical measurements.

Sample number, N #1 #2 #3 #4 #5 #6

Mn concentration, x (%), SRIM simulation �1 �1.5 �2 �4 �6 �8
Xpeak from SIMS (%) 0.66 0.87 1.2 1.8 – –

Implanting fluence (cm�2) 1 � 1015 1.5 � 1015 2 � 1015 8 � 1015 1 � 1016 2 � 1016

XeCl excimer laser, k = 308 nm, s = 28 ns, Anneling energy (J/cm2) 0.3 0.3 0.3 0.3 0.3 0.3

TC from M(T) measurements (K) [ 7.5 17 31 60 60 95
*TC from TKE(T)** measurements (K) – 40 55 75 80 95

TC from R(T) measurements (K) (TRmax) – – 30 50 63 95

Ms (emu/cm3) 2.8 5.0 7.75 14.0 26.7 33.3

Layer thickness (nm) 60 60 60 60 60 �100*

*The estimation obtained using an interference pattern in optical spectra of sample #6 (see below).
**TC- an effective Curie temperature determined by the start of abrupt TKE rise when T decreases.
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Fig. 1. Spectral dependences of the real and imaginary parts of the pseudo-
dielectric function, <e1>(E) and <e2>(E), respectively, for Ga1�xMnxAs samples #1 –
#6 at T = 295 K. e1(E) and e2(E) spectra computed for an GaAs layer using the
tabulated data [26] are shown for comparison. Dashed lines show the energies of
the transitions at the C- and L- critical points of GaAs at room temperature [30].
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Fig. 2. TKE spectra of Ga1�xMnxAs samples #1 – #6 at T = 17 K and u = 68�. Dashed
lines show the energies of the E0, E0+ D0 and E1, E1+D transitions in GaAs at T = 22 K
[31].
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the crystal lattice in sample #6. In addition, for sample #6 we were
able to simulate the ellipsometry spectra using a two-layer model
that testifies to its relatively high homogeneity across the thick-
ness and less light scattering in it.

3.2. Transversal Kerr effect

TKE spectra, d(E), for samples #1 – #6 measured at T = 17 K and
light incidence angle of u = 68� are shown in Fig. 2. One can see
that the TKE spectra of samples #1 - #4 are similar. There is a neg-
ative polarity band with two local minima near the energies of E0
and E0+ D0 transitions (�1.5 and 1.8 eV) in the range E < 2.5 eV.
In the impurity region, E < 1.2 eV, a positive TKE band is observed.
As the Mn concentration increases, these features increase mono-
tonically, and a weak blue shift of the negative local extrema takes
place. In the spectrum of sample # 5, along with a significant
increase in the TKE signal, a change in the negative band shape is
observed. Instead of two minima, there is one negative peak near
1.6 eV in the spectrum of sample #5. In the spectra of all samples,
there is a negative band in the region of E1, E1+ D1 transitions in
GaAs. This band rises with increase of the Mn concentration,
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without changing the shape, in the spectra of samples #1 – #5.
Sample #6 with the highest Mn concentration represents an excep-
tion. The TKE response of sample #6 in the region of the E1, E1+ D1

transitions is weaker than one of the other samples. In addition, its
TKE spectrum differs appreciably from the spectra of samples #1 -
#5 in the range E < 2.5 eV.

Note that the TKE spectra of the Mn-doped GaAs samples pre-
pared by ion implantation and laser annealing significantly differ
in shape from those of the GaMnAs samples with MnAs inclusions,
which have been prepared by laser ablation [20–22]. In the spectra
shown in Fig. 2 the TKE extrema are located close to the energies of
the transitions at the critical points of the ‘‘parent” semiconductor
band structure that confirms the intrinsic ferromagnetism of the
layers under study.

The temperature and field dependences of the TRE response
have shown that all samples with x > 1% demonstrate ferromag-
netic behaviour at low temperatures. Dependences of reduced sat-
uration magnetization, M/Ms, on magnetic field derived from the d
(H) those as well as temperature TKE dependences, d(T), at fixed
energies are displayed for some samples in Fig. 3(a, b),
respectively.

The effective Curie temperature determined from the d(T)
curves rises with increasing the Mn concentration. For samples
#1-#5 it is slightly higher than the TC value obtained from the rem-
nant magnetization measurements in zero magnetic field [27],
Table 1. This distinction can be caused by the magnetic ordering
of nano-sized ferromagnetic clusters (arising in samples at temper-
atures a little exceeding TC) by a magnetic field applied when TKE
is measured. As a consequence, the detected magneto-optical sig-
nal will show a ferromagnetic-like behaviour above TC obtained
from measurements in zero field. In addition, for the samples with
inhomogeneous distribution of free carriers (electron phase sepa-
ration [27]) the TKE measurements may detect the contribution
from a small number of local regions with an increased carrier con-
centration and TC, which are localized in the near-surface layer.
Note that for metallic sample #6 (which differs by a higher optical
homogeneity) the difference in the Tc values is absent.

We did not observe any MO response at room temperature that
together with the TKE spectra character points to the absence of
MnAs clusters in our samples.

4. Discussion

We performed simulation of the TKE spectra by varying the
shape and spectral position of contours of the real and imaginary
Fig. 3. (a) Dependences of the reduced magnetization, M/Ms, on magnetic field for
samples #1 and #3, T = 16 K. (b) Temperature TKE dependences for samples #2 and
#6 measured at E = 1.9 eV. Arrows indicate the Curie temperature values obtained
from the magnetic measurements.
parts of the nondiagonal components of the permittivity tensor,
e01(E) and e02(E), and using the pseudo-dielectric functions of our
samples. It was found that the interference significantly influences
on the TKE spectrum shape of sample #6. For this reason next we
do not discuss the magneto-optical properties of sample #6 (being
of undoubted interest). The interference contribution in the TKE
spectra of the other samples is insignificant.

In order to compare the features in the discussed magneto-
optical (MO) spectra with the energy spectra of (Ga,Mn)As and
published MO spectra of ferromagnetic MBE-(Ga,Mn)As
[5,6,10,23–26], we calculated e’1(E) and e’2(E) (e0 = e01 � i e02, �i
e0 = exy) as well as MCD spectra for our samples #1 – #5. The cal-
culations were carried out using the formulae (1�3) from [32],
the d1,2(E) spectra recorded at T = 17 K and two incidence angles
as well as the <e1>(E) and <e2>(E) ones.2

d ¼ ae01 þ be02 ð1Þ

a ¼ 2A

A2 þ B2

� �
sin 2/; b ¼ 2B

A2 þ B2

� �
sin 2/ ð2Þ

A ¼ e2ð2e1 cos 2/ � 1Þ;
B ¼ ðe22 � e21Þ cos 2 / þ e1 � sin2 /

ð3Þ

With the e01(E) and e02(E) dependences and <n>(E), <k>(E) those,
derived from the pseudo-dielectric functions, the transmission
MCD spectra at T = 17 K were calculated. In so doing we employed
the relation (4) obtained with the use of formulae from [33].

MCD � Iþ � I�

Iþ þ I�
� DaðxÞ ¼ a�ðxÞ � aþðxÞ

¼ �2x
cl

� ne02 þ ke01
n2 þ k2

: ð4Þ

In Eq. (4) I+(I-) and a+ (a�) are the intensities of transmitted
right (left) circularly polarized light and corresponding absorption
coefficients, x is the angular light frequency, c is the speed of light,
and l is the sample thickness. Calculated MCD spectra in arbitrary
units, Da(E), for some samples are shown in Fig. 4. As is seen from
Fig. 4, the bands that are observed in the TKE spectra displayed in
Fig. 2 are well defined in the MCD those, too. The obtained MCD
spectra are substantially differ from the published spectra of LT-
MBE (Ga,Mn)As samples.

The negative band around 1.5 eV and positive one around 1.8 eV
have been observed in the MCD spectra of paramagnetic LT-MBE
Ga1�xMnxAs samples (x = 0.004–0.01) and these band have been
attributed to the E0 and E0 + D0 transitions, respectively [5,26].
Fig. 5(a,b) shows the well-known scheme of the states in the
valence and conduction bands of (Ga,Mn)As split by the exchange
interaction. The E0 and E0+D0 transitions are marked by numbers 1
and 2 in Fig. 5(b). The positive band near 3.0 eV has been explained
in Ref. [5,26] by the merging of two structures conditioned by the
E1 and E1 + D1 transitions. The spectra of ferromagnetic (Ga,Mn)As
layers with metallic conductivity investigated in Ref. [6,10,23–25]
represent a broad positive band (E � 1.3 � 2.4 eV) with two
peculiarities.

In the framework of the ‘‘valence-band” model of ferromag-
netism such a character of the MCD spectra is explained by the
Fermi level shifting into the valence band, which results in chang-
ing the transitions 1 sequence compared to one shown in Fig. 5(b).
2 The spectral width of the interference bands in the optical spectra in Fig. 1 is
much large than the shift of the GaAs absorption edge when cooling from 300 to 17 K,
DEg � 0.09 eV [31]. Consequently, the influence of the temperature absorption edge
shift on the samples optical response is insignificant. This allows us to use the <e1>(E)
and <e2>(E) spectra obtained at room temperature to process the low-temperature
TKE data.
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In the MCD spectra of our Ga1�xMnxAs samples #1 – #4 the
broad band of negative polarity with two local extrema is observed
in the region E � 1.1 � 2.25 eV. Such the MCD spectra cannot be
explained based on the scheme displayed in Fig. 5(a,b) under the
assumption that the Mn and/or holes distributions through the
samples are homogeneous. However it becomes possible, if it takes
into account the presence of regions with different hole concentra-
tions in consequence of inhomogeneous Mn distribution and elec-
tronic phase separation.
The negative band in the MCD spectra of samples #1 – #4
appears to be a superposition of two bands. The first MCD extre-
mum (�1.5 eV) can be due to transitions 1, Fig. 5(b), from the filled
or almost filled valence band to the conduction band in the regions
with a low free hole concentration. In the MCD spectra of such
regions, a less intense band of the positive polarity near 1.8 eV,
which is conditioned by the transitions 2 from the ‘‘split-off”
valence band, should also be. However, the second feature in the
spectra of our samples has the opposite polarity. According to
the data of Ref. [27] the Mn distribution through the samples thick-
ness is approximately Gaussian and in addition the electronic
phase separation takes place in them. Consequently, contributions
from nano-sized regions with distinguishing concentrations of Mn
and holes and different TC values can be present in the magneto-
optical spectra of our samples. If the hole concentration in enriched
nanoregions is sufficiently high, the Fermi level lies appreciably
below the valence band top (for p � 1 � 1020 cv�3 the shifting of
�250 meV) [34]. The height of the energy barrier at the border
between the hole-rich and hole-pure regions depends on the rela-
tion between the hole concentrations in these regions. Under cer-
tain conditions, the potential well formed by this barrier will
represent a zero-dimensional quantum well for holes (a quantum
dot) with a discrete energy spectrum. Previously, the large blue
shift in the MCD spectra caused by the size quantization in
heterostructure with a (Ga,Mn)As layer 2 nm thick was observed
[35]. And perhaps the second feature in our MO spectra is caused
by the transitions in the (Ga,Mn)As quantum dots (QDs). With an
increase in the Mn concentration in the matrix, one can expect a
slight blue shift of the first extremum (the Burstein-Moss shift in
the ‘‘hole-pure” regions) and a red shift of the second one due to
a decrease in the potential barrier at the boundary of the regions
with high and low hole concentrations. If with the Mn concentra-
tion rise the QDs increase, it will also cause the red shift of the sec-
ond extremum. The single negative peak of about 1.57 eV in the
MCD spectrum of sample #5 may be a result of superposition of
the considered bands owing to their opposite concentration shifts.

The explanation supposed for the negative MCD (and TKE) band
around 1.8 eV is an assumption and further studies are needed to
ascertain this band nature.
5. Conclusions

For the first time the optical and magneto-optical properties of
Mn-doped GaAs/GaAs prepared by ion implantation with impulse
laser annealing have been studied.

The enhancement of the TKE and MCD spectral features near
the energies of the transitions in the critical points of the GaAs
band structure has been observed that is an evidence of intrinsic
ferromagnetism in the studied Mn-doped GaAs layers.

The features in the TKE and MCD spectra of the studied Mn-
doped GaAs layers can be caused by inhomogeneity in the hole
concentration, the Fermi level shift inward the valence band in
the hole-rich nanoregions and size quantization in them.
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