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Abstract—Spectral and temperature dependences of the magneto-optical transversal Kerr effect (TKE) of
GaMnAs layers prepared by different methods are reported in this work. The GaMnAs layers prepared by
pulsed laser sputtering at 300°C demonstrate a ferromagnetic behavior below 80 K, which is due to the pres-
ence of local ferromagnetic (Ga,Mn)As areas in the paramagnetic matrix. The Ga(In)MnAs layers prepared
by ion implantation and subsequent pulsed laser annealing were found to exhibit a high TKE response at low
temperatures. The presence of the characteristic band in the TKE spectrum in the range of transitions near
the L point of the band structure of Ga(In)As confirms the intrinsic ferromagnetism. The temperature
dependences of TKE measured for different spectrum ranges demonstrate nonmonotonic behavior, which indi-
cates the magnetic inhomogeneity of the layers. The peculiarities of the magneto-optical spectra of GaMnAs,
which were not observed previously, were explained by taking the magnetic and phase inhomogeneity of the
layers into account. The sensitivity of TKE to the phase inhomogeneity of the Ga(In)MnAs layers and the
efficiency of TKE in studying the electron spectrum and magnetic structure of diluted magnetic supercon-
ductors are demonstrated.
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INTRODUCTION

Diluted magnetic semiconductors (DMSs) are
promising materials for spintronics; however, to use
their functional possibilities, the Curie temperature of
the materials should be substantially above the room
temperature. The room-temperature ferromagnetism
has been found for a wide range of materials in the last
two decades. However, a number of sources of nonin-
trinsic ferromagnetic behavior of DMSs were found;
these are magnetic impurities, instrumental artifacts,
and secondary magnetic phases [1]. Because of this,
reports on high-temperature DMSs should include
reliable confirmation of the intrinsic ferromagnetic
nature. To obtain such confirmation, modern meth-
ods of structural and magnetic diagnostics, such as
transmission electron microscopy, X-ray diffraction,
X-ray magnetic circular dichroism, etc. should be used
along with traditional laboratory methods (magne-
tometry, electrical and magnetotransport measure-
ments). However, these complex and expensive meth-
ods are not always available.

It is known that the intrinsic ferromagnetism of
DMSs can be seen in peculiarities observed in mag-

235

neto-optical spectra, whose energy position is deter-
mined by the band structure of the parent semicon-
ductor. This makes magneto-optical spectroscopy an
efficient method for the diagnostics and investigation
of DMSs, which allows one to record the appearance
of ferromagnetism, to find the presence of secondary
magnetic phases, and to obtain detailed information
about the electronic spectrum of DMSs [2—4].

The topical points of the physics of DMSs include
the interplay between ferromagnetism and localization
of carriers and the evolution of ferromagnetism in
them. The coexistence of strong effects of exchange
coupling between carriers and localized spins with the
localization phenomena in disordered systems is one
of the characteristic peculiarities of DMSs. The prob-
lem of the mutual effect of ferromagnetism and local-
ization is particularly relevant for Ga(In)MnAs com-
pounds. In these compounds, the carriers that partici-
pated in the ferromagnetic exchange are simultaneously
subjected to localization [5—9]. Understanding of the
interplay between the ferromagnetism and localization
is still at an early stage. This is related to both insuffi-
cient development of the theory of metal—insulator
transition (MIT) for DMSs and strong dependence of
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Table 1. Fluence of Mn ions and characteristics of Ga; _ ,Mn,As and In; _ ,Mn,As layers

Ga;_,MnAs,no.| W,cm™2 x Tc, K |Iny_ MnAs,no.| W,cm? x Tc, K
1-G 1 x 105 0.0066 (7.5) 1-1 4 x 105 0.019 14
2-G 1.5 x 10% 0.0087 17 2-1 8 x 101 0.042 40
3-G 2 x 1015 0.012 31 3-1 1.6 x 10'6 0.069 77
4-G 8 x 101 0.018 60 4-1 2.8 x 1016 0.105 82
5-G 1 x 10 ~0.033 60

the localization and magnetic properties on the con-
centration of donor defects (Mn ions present in inter-
stices and antistructural As ions), which are difficult to
control. The presence of randomly distributed accep-
tors (Mn ions occupied lattice sites) leads to the sub-
stantial disorder, fluctuations of local carrier density,
and electronic phase separation in GaMnAs [9]. The
latter phenomenon can be accompanied by the
metal—insulator transition and the formation of nano-
sized metallic ferromagnetic areas in the paramagnetic
matrix. The coexistence of different magnetic phases
was observed experimentally in GaMnAs layers pre-
pared by low-temperature molecular-beam epitaxy
(LT-MBE) [7, 10, 11] and ion implantation followed
by pulsed laser annealing (II-PLA) [12, 13]. The mag-
neto-optical spectroscopy is sensitive not only to the
long-range magnetic order but also to the appearance
of short-range order; the presence of magnetic inho-
mogeneities can be seen in the appearance of addi-
tional peculiarities in spectra and temperature depen-
dences of MO signal.

The kinds of stacking faults and point defects and,
therefore, the concentration of free carriers, the posi-
tion of the Fermi level, and the character of phase
inhomogeneities all depend on the growth technology.
The majority of MO investigations were performed for
GaMnAs layers prepared by LT-MBE technology
[3 and references in 16]. DMSs formed by II-PLA are
also of interest since defects related to the interstitial
Mn and antistructural As ions are almost absent in
these DMSs.

We used MO spectroscopy to study the properties
of the Ga(In)MnAs layers prepared by pulsed laser
sputtering (PLS) and II-PLA [4, 14—17]. In the pres-
ent work, we report experimental data that demon-
strate the efficiency of MO spectroscopy for the detec-
tion of secondary magnetic phases, confirmation of
the intrinsic ferromagnetism, and study of peculiari-
ties of electronic spectrum of DMSs. The sensitivity of
MO spectroscopy to the electronic phase separation in
DMSs is demonstrated.

EXPERIMENTAL

A number of the GaMnAs samples were prepared
by pulsed laser sputtering in the Scientific Research
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Physicotechnical Institute at the National Research
Lobachevskii State University [18]. The amount of
Mn in the layers was controlled by the relationship of
times of sputtering of Mn and GaAs targets, Yy, =
tvin/ (Bvin T TGans)- We report below the results of the
investigation of GaMnAs/i-GaAs(001) (samples 1—4)
formed at Y);, = 0.13 and 0.23 and substrate tempera-
tures 7, = 300, 330, and 350°C. The GaMnAs layer
thickness in samples 1—3 is 130 nm; the layer thickness
in sample 4 is 100 nm.

The Ga, _ ,Mn,As and In, _,Mn,As layers pre-
pared by the II-PLA method in the Ion Beam Center
at the Helmholtz-Zentrum Dresden-Rossendorf were
also studied. Data on the preparation of the samples
are available in [12, 19]. Data on the Mn distribution
across the layer thickness, TEM data, and the results
of electrical measurements and magnetometry of the
Ga, _ ,Mn,As layers are given in [13]. Information
about the preparation of the In; _ ,Mn,As layers and
magnetometry and X-ray diffraction data are given
in [20]. The effective thickness of the layers formed
by II-PLA is 80 nm. Table 1 shows the fluence of Mn
ions (W), Mn concentration (x), and Curie tempera-
ture of the layers (7).

The magneto-optical properties of the DMS layers
were studied using the transversal Kerr effect (TKE),
which consists in measuring the intensity of p polar-
ized light reflected by a sample upon magnetization in
the magnetic field applied in parallel to the sample
surface and perpendicular to the plane of light inci-
dence. The TKE value is 6 = [I(H) — I(—H)]/21(0),
where I(H) and 1(0) is the intensity of reflected light in
the presence and absence of magnetic field, respec-
tively; it was measured by dynamic method upon mag-
netic field modulation.

The TKE spectra 8( E) were measured in the energy
range £ = 0.5—4.0 eV in magnetic fields up to 3 kOe.
The temperature range of the investigations is 7= 15—
295 K; the instrument sensitivity to changes in the
light intensity is ~10~>. To analyze the magnetic struc-
ture of the layers, temperature &(7) and field 6(H)
dependences of TKE were measured in different
ranges of the spectrum.
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RESULTS AND DISCUSSION

Figure 1 shows the TKE spectra 8(F) for the GaMnAs
layers (samples 1—4) formed by PLS. Insets show the
temperature dependences 0(7), measured at fixed
energies. The given curves demonstrate changes in the
character of TKE spectra, which are observed with
changing growth conditions. Samples 1—3 exhibit a
sufficiently large signal even at room temperature
(T,oom)- As the temperature decreases, the signal
increases and spectral peculiarities become clearly
pronounced. The TKE spectra of sample 1 formed at
the maximum parameters Yy, = 0.23 and 7, = 350°C
(Fig. 1a) are typical of the GaMnAs layers containing
“bulk” inclusions of the MnAs ferromagnet (7. =
318 K). Peculiarities corresponding to energies of 1.8,
2.5, and 3.5 eV are due to the optical transitions in
MnAs [21]. The curve given in the inset is analogous
to the dependence &(7) of the reference MnAs sample.
As the temperature 7, decreases to 300°C, the reso-
nance structure in the range £ = 0.5—2.0 eV becomes
dominant in the spectrum of sample 2 (Fig. 1b). We
showed that the structure is due to the excitation of
surface plasmons in MnAs nanoclusters [4, 14]. The
shape of the curve 8(7) for sample 2 is determined
mainly by the contribution of MnAs inclusions; in the
low-temperature range, a weak increase in the effect is
observed, which is related to the contribution of doped
matrix.

Figure 1c shows the TKE spectra of sample 3
(Ymn = 0.13 and 7, = 330°C) measured at three differ-
ent temperatures. The comparison of the spectra with
those given in Figs. 1a, 1b shows that the spectra of
sample 3, which were measured at 7= 295 and 120 K,
contain contributions of the transitions in “bulk”
MnAs and plasmons in the MnAs nanoclusters (the
peculiarity in a range of 1.0—1.5 eV). The region corre-
sponding to the marked increase in the dependence
o(7) below 80 K indicates the presence of a low-tem-
perature magnetic phase. Since, at low temperatures,
the signal from “bulk” MnAs and plasmon signal
change slightly, the spectral contribution of the low-
temperature phase can be separated by subtracting the
spectrum measured at 7= 120 K from that measured at
T'= 30 K. The separated contribution, 8(E) = 0(E)yx —
O(F) 5k s given in Fig. 1¢ (curve without symbols).

The TKE signal of sample 4 (Y, = 0.13, 7, =
300°C) at room temperature (7,..,,) iS close to noise
level and is related to the presence of MnAs “traces.”
The inset in Fig. 1d shows that, upon cooling to 85 K,
the signal increases and remains insignificant but
abruptly increases below 80 K. The temperature and
magnetic-field dependences of TKE indicate the pres-
ence of a ferromagnetic phase with 7- = 80 K in sam-
ple 4. Figure 1d shows the TKE spectra of sample 4 at
T = 80 and 25 K; dashed lines indicate the energies of
transitions E,, E, + Ajand E|, E; + A, at the I"and L
critical points of the Brillouin zone of GaAs. At T =
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Fig. 1. TKE spectra of samples 1—4 measured at 7., and

low temperatures. Dashed lines correspond to the energies
of the transitions £y, £y + Agand £}, E; + A at the I" and

L points of GaAs at 7= 22 K [22]. Curve without symbols
in Fig. 1c corresponds to 8(E) = 8(E)3 x — O(E) 159 k- Insets

show the dependences &(7) measured for samples 1, 2, 3,
and 4 at energies £ of 1.97, 1.73, 1.65, and 1.73 eV, respec-

tively.

25 K, the 8(E) spectrum exhibit four clear bands des-
ignated by digits 1—4. Bands 1 and 2 are shifted to the
high-energy range (£, = 1.65 eV; E, .., = 2.0 eV)
with respect to the transitions £, and E, + A, (blue
shift). Band 3 (E,,,.; = 3.2 €V) is localized in the range
of transitions £, and E| + A,. In the impurity absorp-
tion range of GaAs, band 4 is observed. Bands 1—4
also are present in the difference curve at close ener-
gies (Fig. 1¢). Changes in the electronic spectrum of
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the parent semiconductor, which are caused by high
concentrations of introduced transition metal, weakly
affect the optical transitions in the vicinity of point L
apart from the centre of Brillouin zone. Because of
this, the presence of a band in the magneto-optical
spectra in the range of the transitions £, and E| + A,
indicates the intrinsic magnetism of DMSs. Band 3 is
clearly defined in the TKE spectrum of sample 4;
therefore, the ferromagnetism is due to the
(Ga,Mn)As phase. The MnAs content in sample 4 is
insignificant and does not affect its properties (is not
recorded by magnetometry).

It follows from data given in Fig. 1c that the
(Ga,Mn)As DMS is also present in sample 3, along
with MnAs in the form of bulk and nano-sized
inclusions.

The magnetic (at T,,,,), electrical, and magne-
totransport measurements were performed using sam-
ples belonging to the same growth series [17]. The
magnetometry indicated the presence of a significant
amount of the MnAs phase in sample 1; its content in
sample 3 is substantially lower. No magnetization was
recorded in performing measurements for samples 2
and 4. Measurements performed on a HR Bruker D8
Discover X-ray diffractometer indicated the presence
of Mn only in sample 1; therefore, the sensitivity of the
device is insufficient to detect MnAs in the other sam-
ples. At the same time, the application of the MO
method allowed us to find MnAs in all samples and
the presence of (Ga,Mn)As DMS in samples 4 and 3.

Samples 2 and 4 are characterized by high electrical
resistivity, which increases rapidly below 80 K. The
ferromagnetism of sample 4 characterized by the
rather high Curie temperature 7- = 80 K does not
agree with the high electrical resistivity and low con-
centration of holes (p ~ 2 x 10" cm~3 at T'= 295 K).
This discrepancy is eliminated in the case of chemical
phase separation [9], when the substantially inhomo-
geneous Mn distribution leads to the appearance of
ferromagnetic nanoclusters in the paramagnetic
matrix, which are characterized by increased concen-
trations of Mn and holes. For such an inhomogeneous
sample, measurements of transport properties probe
the paramagnetic matrix, whereas TKE probes the
(Ga,Mn)As ferromagnetic areas. The blue shift of
bands 1 and 2 in the TKE spectrum of sample 4 can be
caused by the shift of the Fermi level deep down the
valence band and size quantization in ferromagnetic
nanoclusters. The anomalous Hall effect (AHE) is
observed at 7' < 60 K for sample 3 (characterized by
the low electrical resistivity), in which (Ga,Mn)As
DMS is present. AHE indicates the low-temperature
ferromagnetism of the matrix in sample 3 and is likely
to be related to the overlap of the ferromagnetic
(Ga,Mn)As areas and the formation of ways for the
current flowing.

Figure 2 shows spectral and temperature depen-
dences of TKE of the Ga; _ Mn,As (1-G—5-G) sam-
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ples prepared by II-PLA. The TKE signal is not
recorded at room temperature; therefore, MnAs is
absent in the samples under study. The magnetic field
dependences of TKE (not shown here) indicate the
ferromagnetism of samples 2-G—5-G at low tempera-
tures (at the measurement temperatures, sample 1-G
remains paramagnetic). The TKE spectra of all sam-
ples at T= 17 K (Fig. 2a) demonstrate the strong MO
responce. In the range of transitions £, £, + A, the char-
acteristic band is well defined; its enlarged image is shown
in inset in Fig. 2a. The spectra of samples 1-G—4-G in
the range F = 1.1-2.25 eV exhibit a negative polarity
band with two local minima in the range of transitions
E, and E, + A,. As x increases, these peculiarities
increase, and their slight blue shift is observed. The
negative band becomes markedly more intense in the
spectrum of sample 5-G; single minimum in the band
is observed near 1.6 eV. The MO spectra shown in
Fig. 2a differ from those of the Ga, _ ,Mn,As samples
prepared by LT-MBE [15]. The peculiarity of the
Ga, _ ,MnAs samples prepared by II-PLA is the
Gaussian Mn distribution across the thickness and
the electronic phase separation found at the Mn con-
centrations x < 0.014 [13]. Taking this into account, we
relate the wide negative band in the TKE spectra with
the superposition of contributions from regions char-
acterized by different concentrations of Mn and/or
holes [16]. The changed shape of the band in the 5-G
sample spectrum may result from the opposite con-
centration shifts of the contributions of these regions.

The magnetic (phase) inhomogeneity of samples
can be probed by measuring the temperature depen-
dences of the TKE. For homogeneous samples, the
curves O(7) indicate the monotonic increase in the
magnetization upon cooling; the dependences
reduced to the maximum value 8(7)/9,,,, are indepen-
dent of the photon energy. In inhomogeneous sam-
ples, the regions differing in characteristics can make
contributions of opposite polarity; in the case of the
comparable contributions, the resulting signal may be
decreased. The sufficiently high measuring field can
order nano-sized ferromagnetic regions arising at a
temperature slightly higher than the Curie tempera-
ture T, blur the dependences 8(7), and increase the
effective 7 value, which is determined by the extrapo-
lation of the abrupt-drop portion in the curve 8(7). To
decrease this effect, the dependences 8(7) were mea-
sured in high and low magnetic fields. The TKE signal
decreases as the field H decreases; to find the qualitative
changes in the temperature curves, we compare the
reduced dependences 8(7)/9,,,,. Figures 2b—2e show
several examples of the temperature dependences for
samples 3-G—5-G, which were measured near
extremes of the negative band (£ = 1.54—1.73 V) and
in the range of low signals (£ = 2.41 eV). For compar-
ison, Fig. 2d shows also the dependences 8(7)/9d,,,, for
the Ga, _,Mn,As (x = 0.06) sample (curves 3 and 4);
the sample has been prepared by LT-MBE and is char-
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Fig. 2. (a) TKE spectra of samples 1-G—5-G measured at 7= 17 K. Dashed lines correspond to the energies of the transitions at
the I' and L points of GaAs; inset show, the enlarged image of the band in the range of the transitions at the L point of GaAs.
(b—d) Dependences 8(T)/3 .« for samples 3-G—5-G for two different amplitudes of magnetic field H, Oe: (b) 7—1300, 2—100;
(c) 1—2500, 2—95; and (d) /—1600, 2—95. For reference sample (Ga,Mn)As prepared by LT-MLE, H = 2500 Oe; curves 3 and
4 measured at £ = 1.65 and E= 3.06 V. (e¢) Dependence &(7) for sample 4-G; H = 150 Oe.

acterized by the metallic conductivity and 7 = 130 K.

Curves 3 and 4 measured for two energies in the field

H = 2500 Oe differ slightly and demonstrate the

monotonic increase upon cooling, which is typical ef
homogeneous samples.

Figure 2b illustrates the change in the dependence
(1) /8, for sample 3-G (x = 0.012) as the field
decreases from 1300 to 100 Oe. The estimation of 7 in
& field of 1300 Oe (curve /) gives the value T = 40 K.
Curve 2 measured in the weak field exhibits contribu-
tions from regions with 7 = 32 K (the main contribu-
tion with 7 close to that determined by magnetome-
try) and with 7. = 42 K (weak contribution), which
confirm the magnetic inhomogeneity of the sample.
Figures 2¢ and d show the dependences 8(7)/9,,,,, for
samples 4-G and 5-G with the Mn concentrations
exceeding the value x = 0.014, which is the boundary
for the formation of “global” ferromagnetism, respec-
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tively [13]. The substantial difference in the behavior
of curves 7 and 2is observed. They exhibit peculiarities
at low temperatures, which are clearer in measuring in
the low field, when the increase in TKE upon cooling
changes to the decrease.

In the range of measurements of curves 7/ and 2, the
TKE signal polarity is negative (Fig. 2a), and the
decrease in the signal indicates the presence of positive
contribution and its increase upon cooling. The pres-
ence of positive-polarity contribution in the spectrum
was found in measurements in the range of weak signals.
Figure 2d shows the dependence 8(7) for sample 4-G
(E = 2.41 eV), which demonstrates the appearance of
positive signal at 7= 70 K and the change of the polar-
ity below 50 K. The relative decrease in the TKE signal
with decreasing temperature depends on the measur-
ing range; the positive contribution from the TKE can-
not be explained only by the monotonically descending
“tail” of the impurity band, which was observed in [3].
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Metallic ferromagnetic inclusions with higher 7- and
regions with lower hole concentration and 7, in
whose spectra the “positive” band is present near the
transitions £, + A, can also be the sources of signals
having positive polarity.

The boundary value x = 0.014, at which the
“global” ferromagnetism without a superparamag-
netic phase appears in the II-ILA Ga; _ Mn,As lay-
ers, was determined in [13] from the absence of the
manifestation of the blocking of superparamagnetic
clusters in the thermo-remnant magnetization curves.
At the same time, the nonmonotonic behavior of the
dependences 6(7) indicates magnetic inhomogeneity
in samples 4-G and 5-G, whose Mn concentration
exceeds the boundary value x. The cause for the differ-
ence may be the rise of ferromagnetic inclusions with
increasing Mn concentration and the possibility of
magneto-optical observation of particles whose size
exceeds that of superparamagnetic clusters.

We also studied the MO properties of the In; _,Mn,As
samples, 1-1—4-1, prepared by II-PLA method. The
high TKE signals are observed near the absorption
edge. The intrinsic ferromagnetism is confirmed by
the presence of extremes in the MO spectra in the
range of transitions E£; and £, + A, in InAs. The non-
monotonic behavior of the dependences 6(7) and
O(H) upon cooling exhibits the magnetic inhomoge-
neity of the In; _ ,Mn,As samples at the higher Mn
concentrations as compared to those (x <0.012) deter-
mined in [13]. Results of these studies will be pre-
sented elsewhere.

CONCLUSIONS

The application of magneto-optical spectroscopy
allowed us to detect the intrinsic ferromagnetism of
the GaMnAs samples with 7- < 80 K, which were pre-
pared by PLS at low values of the growth parameters.
Local ferromagnetic regions (Ga,Mn)As present in
the weakly doped paramagnetic matrix are the source
of the TKE signal. The peculiarity of the TKE spec-
trum (the blue shift of bands) can be caused by the
shift of the Fermi level to deep down the valence band
and the size quantization in ferromagnetic nano-sized
regions. The increase in the growth parameters leads
to the coexistence of cubic (Ga,Mn)As and hexagonal
MnAs nano-sized regions and, after that, to the for-
mation of MnAs particles retaining the properties of
the bulk material.

For the Ga(In)MnAs layers prepared by the II-PLA
method, the high TKE signal is recorded at low tem-
peratures. Secondary magnetic phases are absent in
the layers. The presence, in the TKE spectra, of the
characteristic band in the range of transitions at the
L point of the band structure of Ga(In)As confirms
the intrinsic ferromagnetism of the layers. The non-
monotonic behavior of the temperature dependences
of TKE indicates the magnetic inhomogeneity of the
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layers. The peculiarities, which were not previously
observed in magneto-optical spectra of GaMnAs, are
explained by the presence of nano-sized regions in the
semiconducting matrix, which are characterized by
the higher carrier concentration and Curie tempera-
ture and the shift of the Fermi level deep down the
valence band. The reported results demonstrate the
sensitivity of TKE to the phase inhomogeneity of
Ga(In)MnAs and the efficiency of TKE in studying
the electronic spectrum and magnetic structure of
DMSs and also in characterizing samples.
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