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In; xMnsAs (x = 6.9%) layers prepared by ion implantation and subsequent pulsed laser
annealing have been studied using the magnetooptical transversal Kerr effect (TKE) and
spectral ellipsometry. Ellipsometry data reveal the good crystal quality of the layers. The
samples show ferromagnetic behaviour below 77 K. Near the absorption edge of the parent
InAs semiconductor, large TKE values are observed. In the energy regions of the transitions
in the I' and L critical points of the InAs Brillouin zone, there are several clearly defined
structures in the low-temperature TKE spectra. We have calculated the spectral dependences
of the diagonal and nondiagonal components of the permittivity tensor (PT), as well as the
spectrum of magnetic circular dichroism (MCD) for our samples. A number of extrema in
the obtained MCD and PT spectra are close to the energies of transitions in the critical
points of the parent semiconductor band structure, which confirms the intrinsic

ferromagnetism of the Mn-doped InAs layers.
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1. Introduction

Diluted magnetic semiconductors (DMS), particularly (Ga,In)MnAs, attract much interest
owing to their potential for spintronics and novel magnetooptical device functionalities. It is
generally accepted that the holes donated by the substitutional Mn atoms mediate the
ferromagnetic order of the localized Mn spins.'™ Despite a considerable number of
experimental and theoretical studies, the electronic structure of these materials, character of
the holes, as well as mechanism of the ferromagnetic order in them are still not well
understood. Magnetooptical (MO) spectroscopy is a powerful tool for probing the electronic
structure of DMS systems. Magnetooptical Kerr effect (MOKE) spectra have to display the
peculiarities associated with the intrinsic ferromagnetism (such as spin-split interband
transitions between valence and conduction bands of the matrix) and the peculiarities
associated with the presence of different magnetic inclusions (MnAs, Mn-atomic cluster,
etc.), as well as with the spin-dependent transitions including the Mn impurity band. Most
MO studies of In(Ga)MnAs have been performed using layers fabricated by
low-temperature molecular beam epitaxy (LT-MBE).*® At the same time, when alternative
methods are used, other defects may arise in the growth process, which can have a
significant impact on the character of impurity states, concentration of itinerant holes, and
Fermi level location. Therefore, studies of In(Ga)MnAs grown by other techniques may
provide additional information on the details of the electronic structure.

In our previous studies, we investigated the MO properties of In(Ga)MnAs layers
prepared by laser ablation.'®"'? Usually, the Curie temperatures (T¢) of such samples were
around room temperature. However, investigation of the MOKE spectra revealed that, at
room temperature, their spectral peculiarities are related to the presence of ferromagnetic
MnAs inclusions.

In this work, we utilized the magnetooptical transversal Kerr effect (TKE) and
optical techniques to study the properties of In;.\MnsAs (x = 6.9%) layers prepared by ion
implantation followed by pulsed laser annealing in order to reveal and separate the signals
from different magnetic phases, as well as to explore the behaviour of spectral peculiarities

conditioned by the ferromagnetism of the (In,Mn)As semiconducting matrix.

2. Experimental methods

Apart from LT-MBE, ion implantation is an alternative nonequilibrium method to introduce

several orders more Mn into In(Ga)As than under solid equilibrium conditions.”*'* Pulsed
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laser annealing (PLA) on a time scale of nanoseconds is the only effective method of
fabricating a metastable diluted magnetic semiconductor from Mn-implanted In(Ga)As or
GaP."” During PLA, the near-surface region of the material melts, cools down within several
microseconds, and solidifies epitaxially onto the host semiconductor. The fast cooling rate of
PLA prevents diffusion and thus the formation of secondary phases. By optimizing the PLA
parameters, it is expected that a large hole concentration can be realized in Mn-implanted
In(Ga)As.

Unlike GaMnAs, few studies have been conducted on the MO properties in wide
temperature and spectral ranges for the narrow-bandgap InMnAs semiconductor.*>*'®) To
the best of our knowledge, there are no investigations on the MO properties of InMnAs DMS
prepared by Mn implantation with subsequent PLA until now.

The In; xMnyAs layers on InAs(001) substrates with x = 6.9% were prepared by ion
implantation. lon implantation was performed at room temperature at the lon Beam Center
at the Helmholtz-Zentrum Dresden-Rossendorf. Mn ions were implanted into intrinsic
InAs(001) 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 x =
0.08 considering a fluence of 1.6x10'® cm™. A coherent XeCl excimer laser with 308 nm
wavelength and 28 ns duration was used to anneal the implanted InAs layer. The profile of
the laser beam was homogenized to 5x5 mm?. The annealing energy was optimized to be 0.2
J/em®. However, the laser annealing made the amount of implanted Mn atoms (inside the
InAs layer) diverge 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. Nevertheless, most of the
Mn atoms still remain inside the InAs matrix, and the final Mn concentration x was
determined as 0.069 by particle-induced X-ray emission (PIXE). The effective thickness of
the implanted layer was 80 nm. More details are shown in Ref. 17. Magnetometry was
performed using MPMS 3 (SQUID-VSM) magnetometer from Quantum Design.
Employing standard magnetometry measurements, we found that the In; (MnyAs layer is
ferromagnetic at temperatures below 77 K. '”

The magnetooptical properties were studied in transversal geometry. The TKE
consists of an intensity variation of the p-polarized light reflected by the sample under
magnetization. The value d = [I(H) — I(-H)]/21(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. An alternating magnetic field up to 240 kA/m was aligned
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parallel to the sample surface and perpendicular to the light incidence plane. The sensitivity
of the apparatus was ~ 10~."® The TKE spectra [8(E)] were recorded in the energy range of
E = 0.5 - 4.0 eV at different angles of light incidence defined from normal to the sample
surface. The temperature range for the studies was T = 15 — 300 K. Temperature
dependences [0(T)] as well as TKE dependences on magnetic field [§(H)], characterizing the
magnetic state of the layers, were measured at some fixed energies. Spectra of the
ellipsometry parameters, tany(E) and cosA(E), were recorded in the energy range of E =
0.55 - 6.5 eV at room temperature, using the ellipsometer SE 850 DUV (SENTECH

Instruments).

3. Results and discussion
TKE spectra measured at different angles of light incidence at T = 17 K are shown in Fig. 1.
As one can see, near the absorption edge of the semiconducting matrix (E; = 0.4 V), large
TKE values (+ 6x10) are observed, which are an order of magnitude larger than that for
Mn-doped In(Ga)As (~ 7x107) with different concentrations.'®'? The spectral location of
TKE band 1 is close to the Eg+A transition energy (0.78 eV), and the positive band 2 that
exceeds our measurement limit is apparently associated with the E transition (0.4 eV) in the
[ critical point of the InAs Brillouin zone.'” The significantly weaker structure 3, which also
consists of positive and negative bands, is observed in the region of the E;, E|+A, transitions
(2.5 and 2.8 eV, respectively) near the L critical point of the InAs band structure (inset of Fig.
1). In addition, a feature in the region E = 1.2 -2.0 eV (band 4) can be seen in the TKE
spectra. The TKE spectra of Mn-doped InAs prepared by ion implantation significantly
differ in shape from those of InMnAs samples prepared by laser ablation (Fig. 2). The TKE
spectra of the latter are due to the presence of the ferromagnetic MnAs nanoclusters.'?

The temperature dependences [6(T)] measured at two energies are presented in
Figs. 3(a) and 3(b). The Curie temperature T, derived from the &(T) dependence, which was
obtained near the L point, coincides very well with the value determined from the
magnetometry measurement, as shown in Fig. 3(c). At the same time, the 6(T) curve
recorded for band 4 shows that this band appears at a temperature exceeding T, Further
cooling leads to the change of the TKE sign at temperatures lower than T¢. One can conclude
that in the region in band 4, we see the competition of the TKE contributions from transitions
with different temperature dependences. Such behaviour of the 8(T) curve may indicate the
presence of some second magnetic phase in a near-surface layer.

In Fig. 4(a), the dependence of the TKE value on magnetic field amplitude

4
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measured for the Ing 931 Mng oe0As layer at T = 50 K is shown. Figure 4(b) shows the directly
measured field dependence of the magnetization at 50 K by SQUID-VSM magnetometry.
Both curves exhibit a similar shape, indicating the ferromagnetic ordering of the sample.
However, the saturation field values in the dependences obtained by the magnetooptical
measurements are significantly larger, which could be related to both the large magnetic
anisotropy of the near-surface layer and the presence of the second magnetic phase. Since
this second magnetic phase is detected only by the magnetooptical measurements and it is
indistinguishable in the magnetization measurements conducted for the sample as a whole,
one can assume that the second magnetic phase is located in the near-surface layer and its
volume is small, so the sample is mostly Ing 93;Mng gsoAs.

We also performed ellipsometry measurements to determine the spectra of the real
and imaginary parts, <¢;> and <e»>, respectively, of the diagonal components of the
pseudodielectric function (Fig. 5). As seen in Fig. 5, peaks corresponding to the optical
transitions near the L and X critical points of the Brillouin zone of InAs are present in the
<g;>(E) spectrum of our sample. Therefore, we can conclude that the crystal structure of
the InAs parent semiconductor is conserved in the layer 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 = 2.5 —2.8 eV), as well as for the increase in the <¢>>

values in the region E ~ 1.0 — 2.4 eV. The transformation of the <¢;>(E) and <e;>(E)
dependences in the energy region E < 2 eV is also associated with the light interference in
the layer under study.

The interference contribution appears and rises below the E; transition in the
L-point, where the optical absorption in the semiconducting matrix abruptly decreases and
the depth of the light penetration into the sample increases. The interference may be a reason
for the downturn in the <¢;>(E) dependence in the range E < 0.8 eV, as well as of the
minimum in the <¢;>(E) one near E = 0.75 eV.

We have used the <¢;>(E) and <e;>(E) dependences together with the TKE spectra
to calculate spectra of the real and imaginary parts of off-diagonal components, €’ =¢’; - ig’;

(exy =-1€’), of the permittivity tensor (PT). Following the formulas from Ref. 20:

S=ae +be,
b

b= 2sin2(pL

. A
a=2sin2¢p——- i
+

A% + B

(1
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A=e,7(2¢g coszgo—l), B=(522—512)0052(p+51—sin2(p

where the angle ¢ is the incidence angle, and using d;(¢;, E) and 0,(¢,, E) values from the
TKE spectra recorded at T = 17 K at two different angles of light incidence, €”;(E) and €’»(E)
can be found. The calculated ¢’(E) and ¢’,(E) dependences are presented in Fig. 6. The
reported energies of the Ey, Eg+Ay, and E+ A, transitions in the " and L critical points of the
Brillouin zone in InAs ' are also shown in Fig. 6 by the vertical lines. One can see that a
number of peculiarities are near the I' and L critical points in the spectra of the off-diagonal
PT components.

The obtained ¢’;(E) and €’»(E) spectra allowed us to calculate the spectral
dependences for other magnetooptical effects and compare our data with the published MO
spectra of (In,Mn)As. Magnetic circular dichroism (MCD) spectroscopy is the most
common method of detecting and studying peculiarities in the electronic structure of
(In,Ga)MnAs, since MCD spectra are the most simple to interpret.””” Employing the &’,(E)
and €’»(E) dependences together with the optical constants spectra, we calculated the
transmission MCD spectrum for our (In;xMny)As sample.

This MCD spectrum corresponding to T = 17 K is presented in Fig. 7(a), where the
dashed lines show the energies of the transitions in the I" and L critical points in InAs. The
reflection MCD spectrum of the LT-MBE (In;.xMn,)As sample (x = 8%) * is shown in Fig.
7(b) for comparison. In the MCD spectra of both our sample and the LT-MBE- grown
(In,Mn)As, *>'¥ the dispersive structure (3) near the L point is present. There is also the
negative peak (2) near the I' point (the E transition) in the spectrum of our sample, as well as
in the spectra of samples prepared by MBE. The strong negative contribution from an
additional band (4, Emax = 1.6 €V) is apparently the reason for the absence of band (1)
corresponding to the Ey + Ay transition in our MCD spectrum. The ascertainment of the band
4 nature requires further investigation.

The extremum locations in the MO spectra of the sample under study are close to
the energies of the transitions in the critical points of the parent semiconductor band
structure. This fact, as well as the character of the temperature and magnetic field
dependences of TKE, 6(T) and 6(H), respectively, confirms the intrinsic ferromagnetism of
the (Ing.o31Mngoe9)As layer prepared by ion implantation and laser annealing. The energy
position and polarity of the MCD bands (2 and 3) are consistent with the picture of the InAs

band structure split by the antiferromagnetic p-d exchange interaction. As shown in Figs.
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7(a) and 7(b), the features near the I and L critical points are expressed more evidently in the

MCD spectrum of our sample than in that of the LT-MBE sample.

4. Conclusions

For the first time, the optical and magnetooptical properties of the Mn-doped InAs
layer prepared by ion implantation with further laser annealing have been studied. Near the
absorption edge, large values of TKE have been observed. The spectral dependences of the
diagonal and nondiagonal components of the pseudodielectric tensor (PT) have been
determined. The intrinsic ferromagnetism of the Mn-doped InAs layer is confirmed by the
extrema positions in the MO and PT spectra close to the energies of the transitions in the
critical points of the parent semiconductor band structure. The obtained results show that by
ion implantation and laser annealing, it is possible to obtain (In,Mn)As/InAs DMS with

ferromagnetic ordering, high magnetization, giant MO response, and high spin polarization.
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Figure Captions
Fig. 1. (Color online) TKE spectra of In; xMn,As layer (x = 6.9%) at T=17 K and different
angles of light incidence. The numbers 1 — 4 denote different TKE bands described in the

text. Inset: TKE spectrum near the L critical point of the Brillouin zone of InAs.

Fig. 2. (Color online) TKE spectra of InMnAs layer (sample 2) prepared by laser ablation'”
at T =293 and 30K (solid and open symbols, respectively). Inset: Temperature dependence
of TKE value at E=1.06 eV.

Fig. 3. (Color online) TKE value versus temperature measured in the regions of band 3 (a)
and band 4 (b). (c¢) Temperature dependence of the remanent magnetization for the same

In; xMnxAs (x=6.9%) layer.

Fig. 4. (Color online) (a) Dependence of the TKE value on the magnetic field amplitude for
the Ingo3;MngoeAs layer at T = 50 K and E = 1.97 eV. (b) Field dependence of
magnetization at 50 K, measured by SQUID-VSM magnetometry, H|| [110].

Fig. 5. (Color online) Spectral dependences of the real and imaginary parts of the
pseudo-dielectric  function, <g¢;>(E) and <e,>(E), respectively, for the
Ing.931Mng 0s0As sample at T = 300 K. Spectra €;(E) and &(E) computed for an

InAs layer using the tabulated data ' are shown for comparison.

Fig. 6. (Color online) Spectral dependences of the real €’1(E) (a) and imaginary €’,(E) (b)
parts of the off-diagonal components of PT for Ingg3;MngoeoAs. The energies of the E,

Eot Ao, and E,, E|+ A, transitions in InAs are shown by vertical dashed lines.
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Fig. 7. (Color online) MCD spectrum calculated for the (In,Mn)As layer under
study (a) and the measured one for (In,Mn)As sample prepared by LT-MBE
method (b).” Reprinted with permission from Copyright 2009 Advanced Study
Center Co. Ltd. Ref.5.
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