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Abstract—In this paper, we present the results of studies of the spectral, temperature, and field dependences
of the transversal Kerr effect in Ga1 – xMnxAs (x = 0.0066–0.033) layers produced by ion implantation and
subsequent pulsed laser annealing. The complicated nonmonotonous nature of the temperature dependences
of the transversal Kerr effect and its dependence on the measurement range indicate a magnetic inhomoge-
neity of the layers. The reasons for the inhomogeneity can be the Gaussian distribution of Mn over the thick-
ness of the layers and the electron phase separation in them. The appearance of new features in the spectra of
the transversal Kerr effect is explained by the presence in the doped semiconductor matrix of nanoregions
with a higher carrier concentration and a higher Curie temperature and a shift of the Fermi level into the
valence band leading to an increase in the energy of optical transitions.
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1. INTRODUCTION
Ga(In)As-based systems doped with Mn belong to

dilute magnetic semiconductors (DMS) and are con-
sidered as promising materials for various spintronic
and magneto-photonic devices [1–3]. Despite its
nearly 20-year history of research, (Ga,Mn)As
remains one of the most studied and, at the same time,
one of the most controversial objects in condensed
matter physics [1–4]. This is due to several major rea-
sons. Firstly, replacing Ga, Mn ions act as acceptors
and supply holes that are involved in the ferromagnetic
ordering of localized moments of Mn. Secondly, the
presence of randomly distributed acceptors leads to
substantial disorder and fluctuations in the local elec-
tron density of carriers, i.e., to electronic phase sepa-
ration [4]. This electronic phase separation can lead to
a metal-insulator transition (MIT) in the region of
hole densities corresponding to the ferromagnetic
phase and the formation of inclusions from nanoscale
metallic ferromagnetic regions (enriched with holes)
in an insulating nonferromagnetic matrix (depleted in
holes). The presence of carrier-mediated exchange
interactions and the Anderson–Mott quantum local-
ization leads to unique properties that have not yet
been theoretically described.

Electron phase separation in (Ga,Mn)As was
experimentally observed in layers obtained by low-

temperature molecular beam epitaxy (LT-MBE) [5–
7] and was theoretically explained taking into account
nuclear quantum effects [8]. However, there are
always compensating defects in these layers: intersti-
tial Mn and antisite As replacing Ga in the lattice sites.
The types of structural and point defects and, there-
fore, the concentration of free carriers, the position of
the Fermi level, and the nature of possible phase inho-
mogeneities depend on the growth technology.

Contrary to the films formed by LT-MBE, in the
(Ga,Mn)As layers produced by ion implantation with
subsequent pulsed laser annealing (PLA), there are
practically no defects associated with interstitial Mn
and antisite As [9, 10]. These samples provide a unique
opportunity to study the effects of localization and
electron phase separation near the metal–insulator
transition, where these effects should appear most
clearly.

Methods of magneto-optical (MO) spectroscopy
[11–14] are widely used to study the DMS electronic
spectrum and to elucidate the mechanism of ferro-
magnetic exchange. MO properties are sensitive both
to long-range magnetic order and to the appearance of
short-range order. Therefore, the presence of mag-
netic phase inhomogeneities should manifest itself in
the appearance of additional features in the spectral
and temperature dependences of the MO response.
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Table 1. Conditions for preparation and parameters of the Ga1 – xMnxAs samples 1–5

* Since SIMS measurements for sample 5 have not been performed, the Mn concentration, x, in sample 5 has been estimated based on
the saturation magnetization value. 
** Under the assumption that each implanted Mn ion replaces the Ga ion and produces one carrier (hole). Ms = xN0mMn, N0 =
2.2 × 1022 cm–3, and mMn = 4 μB.

Sample no. 1 2 3 4 5

Mn concentration, x (%), SRIM modeling xpeak 
by SIMS (%)

≈1 ≈1.5 ≈2 ≈4 ≈6
0.66 0.87 1.2 1.8 ∼3.3*

Radiation density (cm–2) of XeCl excimer laser, 
λ = 308 nm, τ = 28 ns

1 × 1015 1.5 × 1015 2 × 1015 8 × 1015 1 × 1016

Annealing energy (J/cm2) 0.3 0.3 0.3 0.3 0.3

TC(Tσ) (K) from measuring M(T) 7.5 17 31 60 60

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

Layer thickness (nm) 60 60 60 60 60
When comparing the MO and transport properties
of a series of GaMnAs samples produced by laser abla-
tion, the behavior of low-temperature MO response in
them was shown to be due to the presence of ferromag-
netic (FM) clusters (Ga,Mn)As in a paramagnetic
(PM) semiconductor matrix [15]. At the same time, in
relatively low-doped (Ga,Mn)As samples produced by
ion implantation and PLA, the ferromagnetic order
was established to evolve from the PM phase to the
FM phase through the formation of superparamag-
netic (SPM) clusters [16]. The MO spectra of the
same samples differ from the MO spectra of the layers
produced by LT-MBE and laser ablation, but can be
explained based on the valence-band model of ferro-
magnetism under the assumption of electron phase
separation in them [17].

In this paper, we present additional experimental
data confirming the phase inhomogeneity of relatively
low-doped (Ga,Mn)As layers produced by ion
implantation followed by laser annealing.

2. SAMPLES AND RESEARCH METHODS

The studied Ga1 – xMnxAs layers on GaAs(001)
substrates were prepared by ion implantation at room
temperature at the Ion Beam Center, Helmholtz-Zen-
trum Dresden-Rossendorf (Germany). Mn ions were
implanted into undoped GaAs(001) wafers at the
energy of 100 keV and incidence angle of 7° to prevent
ion channeling. According to the SRIM modeling
with allowance for the radiation density of 1 × 1015–
1 × 1016 cm–2, the expected concentration of Mn (x)
should be in the range from 0.01 to 0.06. A coherent
XeCl excimer laser with a wavelength of 308 nm and a
pulse duration of 28 ns was used to anneal the
implanted GaAs layer. The uniform profile of the laser
beam was 5 × 5 mm2. The optimized annealing energy
was 0.3 J/cm2. After laser annealing, the number of
Mn atoms introduced into the GaAs layer differs from
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the planned value since a part of the implanted Mn
atoms diffuses to the surface during recrystallization.
To remove the Mn-rich surface layer, the sample sur-
face was etched in a concentrated hydrochloric acid.
In so doing, the majority of implanted Mn atoms
remain inside the GaAs matrix. The Mn concentra-
tion profiles were determined by secondary ion mass
spectrometry (SIMS). The distribution of Mn is
approximately Gaussian. Since the measured Curie
temperature is determined by the peak Mn concentra-
tion in the distribution, the Mn concentration was
determined as an average value within the coherence
length (~5 nm) in the region around the maximum.

More information on obtaining the samples has
been published elsewhere [18, 19]. The results of
SIMS studies, transmission electron microscopy
(TEM), and also magnetometric and electrical mea-
surements are presented in [16].

The sample preparation conditions, the planned
and SIMS-determined x-values, spontaneous magne-
tization (MS) magnitudes and the values of the sample
thickness, as well as the Curie temperature (TC) values
obtained by magnetometry, are given in Table 1.

Magneto-optical properties were studied in the
geometry of the transversal Kerr effect (TKE), which
consists in changing the intensity of p-polarized light
reflected by a sample when magnetized in a magnetic
field parallel to the sample surface and perpendicular
to the plane of light incidence. The TKE value, δ =
[I(H) – I(–H)]/2I(0), where I(H) and I(0) are,
respectively, the intensities of reflected light in the
presence and absence of a magnetic field, is measured
by the dynamic method at modulation of the magnetic
field.

The TKE spectra, δ(E), were recorded in the
energy range of E = 0.5–4.0 eV in the magnetic fields
up to 3 kOe. The studied temperature range is T = 15–
295 K, and the equipment sensitivity to changes in the
light intensity is ~10–5 [20]. The value of effective
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Fig. 1. TKE spectra of samples 1–5 at T = 17 K and the
incidence angle of ϕ = 68°, as well as the spectrum of ref-
erence sample 6 (T = 20 K, ϕ = 67°). Dashed lines show
energies of the E0, E0 + Δ0, E1 and E1 + Δ1 transitions at
the Γ and L critical points of GaAs at T = 22 K [21]. (The
inset shows an enlarged image of the TKE band associated
with the transitions near the L point in GaAs.)
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Curie temperature was determined based on the tem-
perature dependences of TKE by extrapolation to zero
of the sharp fall section in the δ(T) curve measured
when heating.

In the dynamic method of measurement, the TKE
value linearly depends on magnetization, and measur-
ing the temperature, δ(T), and field, δ(H), TKE
dependences at a fixed energy of the incident light
allows characterizing the magnetic state of a sample.
For homogeneous samples, the temperature and field
dependences of the reduced δ(T)/δmax and
δ(H)/δ(Hmax) values should not depend on the inci-
dent light energy. However, in the case of phase sepa-
ration and the presence of several magnetic phases
with different Curie temperatures (TC), exchange
splitting values and the Fermi level position, the
δ(T)/δmax and δ(H)/δ(Hmax) dependences should
depend on the measurement range.

3. RESULTS AND DISCUSSION
At room temperature, the TKE signal from the

samples under study is not recorded, i.e., the possible
high-temperature ferromagnetic MnAs phase is
absent in them. At low temperatures, there is a strong
MO response from all samples. The TKE spectra of
samples 1–5 in the range of 0.5–4.0 eV are given in our
recent study [17].

The TKE spectra are shown in Fig. 1 for the range
of E = 1.0–4.0 eV, which includes the edge and intrin-
sic absorption region of GaAs. The TKE spectra of
samples 1–4 are seen to be similar. In the range of E <
2.5 eV, the spectra contain a negative polarity band
with two local minima near the energies of the transi-
tions E0 and E0 + Δ0 (≈1.5 and 1.8 eV) in GaAs. As the
Mn concentration increases, these features monoto-
nously increase, and their weak blue shift is observed.
In the spectrum of sample 5, the shape of the negative
band changes along with a significant increase in
TKE. Instead of two minima in the spectrum of sam-
ple 5, there is one negative peak around 1.6 eV. In the
spectra of all the samples, there is a negative polarity
band (Emax ≈ 3.05 eV) in the region of the E1, E1 + Δ1
transitions (at the L-point) in GaAs. With increasing
the Mn concentration, this band increases without
changing the shape. A magnified image of this band is
shown in the inset in Fig. 1.

Most often, magnetic circular dichroism (MCD)
spectroscopy is used to study the electronic structure
of (A3,Mn)B5, since the MCD signal amplifies near
the critical points of the Brillouin zone of the original
semiconductor. We calculated the MCD spectra of
samples 1–5 [17]. All the features that can be seen in
Fig. 1 are present in the calculated spectra at close
energies. The difference between the TKE and MCD
spectra consists in the change in the polarity of the
band near 3.05 eV to the positive one and in an
increase in its relative intensity. The presence of this
PHY
band in the MCD spectra is an evidence of the preser-
vation of the GaAs crystal structure and intrinsic fer-
romagnetism of (Ga,Mn)As, since the introduction of
high Mn concentrations, which noticeably changes
the energy and intensity of the transitions near the
Γ point, has a little effect on the transitions near the L
point remote from the Brillouin zone center.

The MCD spectra of our samples 1–5 with the
wide negative band in the region of 1.0 ≤ E ≤ 2.1 eV (in
the region of contributions from the E0 and E0 + Δ0
transitions) differ from the published spectra [12, 22–
24]. We associated this band with the superposition of
contributions from regions with different concentra-
tions of Mn and/or holes [17]. The presence of phase
inhomogeneities in the studied samples should also
manifest itself in the temperature and field depen-
dences of TKE.

Figure 2 shows the magnetic field dependences of
reduced TKE, δ(H)/δ(Hmax), for samples 1–4 at T  =
16 K. The linear δ(H)/δ(Hmax) dependence of sample
SICS OF THE SOLID STATE  Vol. 61  No. 3  2019
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Fig. 2. Dependences of reduced value δ(H)/δ(Hmax) on
magnetic field for samples 1–4. T = 16 K. E, eV: (1 and 2)
1.73 and (3 and 4) 1.89. (To exclude overlap of the curves,
δ(H)/δ(Hmax) dependence for sample 5 is not shown).
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Fig. 3. TKE temperature dependences for sample 3 at E =
1.57 eV and two amplitudes of the magnetic field, H, Oe:
(1) 1300 and (2) 100. Inset: δ(T) dependences normalized
to the maximal value.
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1 indicates the absence of a ferromagnetic phase at the
measurement temperature and agrees with the data
[16], according to which superparamagnetic granules
with a size of 8–20 nm are contained in the paramag-
netic matrix of the sample with x = 0.0066, ferromag-
netic coupling in which occurs at T ≤ 7 K.

The δ(H)/δ(Hmax) curves of samples 2–5 demon-
strate the presence of a ferromagnetic phase in them.
At the same time, a paramagnetic component, whose
slope and relative contribution decrease with increas-
ing x, is observed in the fields of H > 1000 Oe.

The temperature dependences, δ(T), for samples
3–5 were measured near the extremes in the TKE
spectra. Figure 3 illustrates changes in the TKE tem-
perature dependence of sample 3 measured at E = 1.57
eV when decreasing the magnetic field amplitude from
1300 to 100 Oe. The decrease in H value leads to atten-
uation of the TKE signal, and in the inset in Fig. 3, the
dependences δ(T)/δmax are shown to highlight qualita-
tive changes in the δ(T) curves. The estimation of the
effective Curie temperature using curves 1 produces
the value of ≈40 K. At the same time, according to
curves 2, regions with TC ≈ 32 K (main contribution
with TC close to magnetometry data) and TC ≈ 42 K
(weak contribution) contribute to the TKE signal.
Distinction between curves 1 and 2 is apparently due
to the ordering in the sufficiently strong measuring
magnetic field of nanoscale ferromagnetic regions
arising in the sample at temperatures slightly above TC.
The measurements in the weak field also revealed the
contribution from local regions with the higher TC
PHYSICS OF THE SOLID STATE  Vol. 61  No. 3  2019
value, i.e., they confirmed the magnetic inhomogene-
ity of sample 3.

Figures 4–6 show the TKE temperature depen-
dences measured for samples 4 and 5, in which the Mn
and holes concentration exceeds the boundary value
(x = 1.4%) of the formation of “global” ferromag-
netism in the Ga1 – xMnxAs layers obtained by the
same method [16]. The temperature dependences,
δ(T)/δmax, for sample 4 normalized to maximum and
measured at several energies and two magnetic field
values are shown in Figs. 4a and 4b. As can be seen in
the figures, the decrease in the magnetic field from
1500 to 95 Oe leads to a change in the shape of the δ(T)
curves. At T ≤ 50 K, the features most pronounced
when measured in the small field and consisting in the
replacement of the TKE increase by the decrease at
cooling, are observed for the all curves.

As noted above, in a uniform ferromagnetic the
TKE signal is proportional to the magnetization, and
the δ(T) dependence reproduces the monotonic
growth at decreasing T. If the electronic and/or mag-
netic structure of a sample is inhomogeneous, regions
with differing characteristics can make contributions
with opposite polarities to the total TKE spectrum.
The competition of these contributions will affect the
nature of the δ(T) dependence, and with comparable
contributions the total signal decrease become possi-
ble. For the energies of 1.54, 1.73, and 3.06 eV, at
which the δ(T) dependences have been measured, the
polarity of the TKE signals is negative (Fig. 1), and the
decrease in the signal at T < 40 K indicates the pres-
ence of a positive contribution and its growth during
cooling. The presence in the spectrum of the contri-
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Fig. 4. δ(T)/δmax dependences for sample 4. (a) E, eV: (1 and 2) 1.54, (3) 1.73; H, Oe: (1) 1500, (2 and 3) 95. (b) E = 3.06 eV,
H, Oe: (1) 2500 and (2) 95.
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bution of positive polarity was detected when measur-
ing in the region of weak signals. Figure 5 displays the
δ(T) curve measured at E = 2.41 eV, which shows the
appearance of a positive signal at approximately 70 K
and the change in its polarity below 50 K.

Note that the decrease in the TKE signal with
decreasing T depends on the measurement range. At
E = 1.73 eV, the maximal absolute and relative (∼40%)
decrease in TKE is observed. The relative decrease in
TKE at E = 1.54 and 3.06 eV is ∼20% and 10%,
PHY

Fig. 5. δ(T) dependence for sample 4 at E = 2.41 eV and
H = 150 Oe.
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respectively—see Figs. 4a and 4b. Therefore, the posi-
tive TKE contribution cannot be explained only by the
monotonically falling “tail” of the impurity band,
which has been observed in [17]. Metallic ferromag-
netic inclusions with a higher TC, as well as areas with
a lower holes concentration and lower TC value, whose
positive TKE signal is associated with the E0 + Δ0

transition, can be the sources of the signals with posi-
tive polarity.
SICS OF THE SOLID STATE  Vol. 61  No. 3  2019

Fig. 6. Normalized δ(T)/δmax dependences for sample 5.
E = 1.73 eV; H, Oe: (1) 1600 and (2) 90.
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The estimation of effective TC from the curves
measured in the small field gives values of ≈67 K (E =
1.54 and 1.73 eV) and ≈70 K (E = 2.41 eV). Using the
curve measured near the L point (E = 3.06 eV), the TC
value of ≈60 K, which coincides with the magnetome-
try data, was obtained. Comparison between the TKE
temperature dependences and magnetic measure-
ments data leads to the conclusion that the ferromag-
netic phase with TC ≈ 60 K prevails in sample 4. How-
ever, along with this phase, there are ferromagnetic
inclusions with the higher Curie temperature. It is
possible that the detection of these inclusions contri-
bution when measuring TKE is related to their local-
ization in the near-surface region owing to migration
of a part of implanted Mn ions to the surface during
recrystallization after laser annealing. The presence in
the sample of lower temperature regions, whose con-
tribution to the total TKE signal is not spectrally
resolved, is not excluded too.

Figure 6 shows the normalized δ(T)/δmax depen-
dences of sample 5 (x ∼ 3.3%) measured at E = 1.73 eV
in the strong (1600 Oe) and weak (90 Oe) magnetic
fields. In the strong field, there is a slight drop in TKE
at 45 K > T > 30 K. In the weak field, the signal
decreases by about 50% when cooled from 60 to 20 K.
The estimation of the effective Curie temperature of
sample 5 from curve 2 gives TC ≈ 75 K, which exceeds
the data of magnetic measurements.

Temperature dependences, δ(T), at fixed energies
were also measured for GaMnAs sample 6 produced
by laser ablation, whose spectrum is shown in Fig. 1.
The study of magneto-optical, electrical, and mag-
netic properties of samples from the same growth
series has shown that sample 6 consists of a weakly
doped paramagnetic matrix and local (Ga,Mn)As fer-
romagnetic regions with TC ≈ 80 K [15]. The δ(T)
measurements near extremes in the TKE spectrum
(E = 1.63, 1.97, and 3.17 eV) showed a monotonic
increase in the |δ| value during cooling and the coinci-
dence of the normalized curves within the measure-
ment error. These data indicate that the TKE spec-
trum is formed by regions with close magnetic charac-
teristics. The monotonic rise of |δ| and coincidence of
the normalized dependences, δ(T)/δmax, were also
obtained when measuring δ(T) in different parts of the
spectrum of a metal ferromagnetic (Ga,Mn)As sam-
ple (x = 6% and TC ≈ 130 K) grown by LT-MBE. The
nonmonotonic character of the TKE temperature
dependences of the Ga1 – xMnxAs layers produced by
ion implantation and laser annealing indicates a mag-
netic inhomogeneity of the layers in the larger range of
Mn concentrations than it follows from the magnetic
measurements [16].

Taking into account the inhomogeneity of the sam-
ples, the negative band in the TKE (and MCD) spec-
tra of samples 1–4 can be associated with the superpo-
sition of contributions from the mesoscopic regions
differing by the Curie temperature, hole concentra-
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tion, Fermi level position, and transitions energy near
the Г point. These inhomogeneities are due to electron
phase separation, the inhomogeneous (Gaussian) dis-
tribution of Mn ions over the sample thickness, and
possibly an increased Mn concentration in the near-
surface layer. The first extremum (about 1.5 eV) is
associated with the transitions from the filled or
almost filled valence band to the conduction band in
the regions with a low hole concentration. The MCD
spectra of these regions should also contain a less
intense band of positive polarity near 1.8 eV associated
with the transitions from the “split-off” valence band.
However, there is the band of opposite polarity in the
MCD spectra of our samples. Transitions in the
regions with a higher hole concentration and a marked
Burstein–Moss shift are the possible cause of the sec-
ond negative band. The presence of one negative peak
(about 1.59 eV) in the spectra of sample 5 can be
caused by the superposition of the negative contri-
butions from dissimilar regions due to the convergence
of their characteristics at increasing the Mn con-
centration.

4. CONCLUSIONS
Measured at various photon energies, the tempe-

rature dependences, δ(T), of the ferromagnetic
Ga1 ‒ xMnxAs (x = 0.012–0.033) layers fabricated by
ion implantation and subsequent laser annealing
reveal their magnetic inhomogeneity. The reasons for
the inhomogeneity can be the Gaussian distribution of
Mn over the layers thickness and electron phase sepa-
ration in them. The appearance of new (previously
unobservable) features in the TKE and MCD spectra
can be associated with the presence in the doped semi-
conductor matrix of the regions with a higher carrier
concentration, higher TC, and shift of the Fermi level
into the valence band.
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