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Study of angular and temperature dependences of Cr3* impurity

luminescence in f-Ga,0;
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Using the combination of angle-resolved spectroscopy and symmetry analysis of the Cr*" ion levels in the
B-Ga,0; matrix, the features of luminescence of Cr*" impurity in monoclinic 5-Ga;O; doped with Cr were
studied. For the first time, angular dependences of the intensities of the R; and R, Cr’* lines were experimentally
obtained and analyzed theoretically for three crystallographic planes (100), (010), and (001). For the first time, in
the spectra of 5-Ga,0s3:Cr, two lines R; and R4, which were not observed earlier, were detected. The nature of
these lines was analyzed within the model of Cr** —Cr** pair defects.
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Due to its high transparency, a wide-band semiconductor
B-Ga,O3; is a good matrix for optically active centers
radiating in the spectral region stretching from the near UV
to the near IR ranges. In particular, doping Cr3* provides
for effective irradiation in the red region, which is caused
by internal transitions in an impurity ion [1,2]. With this
consideration in mind, S-Ga,03:Cr demonstrates a great
potential of use in ionizing radiation detectors [3,4]. It is also
promising to research the live organisms, since the irradia-
tion is located in the so called first window (700—950 nm),
where the biological tissue has the absorption minimum [5].
The objective of this paper was to obtain new information
using experimental and theoretical methods on the features
the Cr** impurity luminescence in the 5-Ga,O; matrix in
the wide temperature range.

Chromium-doped bulk crystals S-Ga,O; grown by
Czochralski method in ITMO were studied [6]. The
vibrational and electronic characteristics of crystals by
micro-Raman light scattering (u-RS) and micro-photolumi-
nescence (u-PL) were measured using a LabRAM HREvo
UV-VIS-NIR-Open spectrometer (Horiba, France). To ex-
cite u-RS and u-PL spectra, Nd:YAG laser line 4 = 532 nm
(2.33¢V) was used. u-PL spectra with angular resolution
were measured in the temperature range of (10—300 K).

u-PL spectrum of B-Ga,0s5:Cr presented in Figure 1,a
demonstrates two sharp peaks R; and R,, wavelengths
of which at T =80K are equal to 695.5nm (1.783¢eV)
and 6884nm (1.801¢V) accordingly. Their origin, as it
was established by the selection rules [4], is related to
2Eg — 4Azg transitions in Cr3t ion with octahedral envi-
ronment of oxygen atoms. The same figure presents angular
dependences of intensities of R; and R; lines of monoclinic

B-Gay03:Cr* for three crystallographic planes (100), (010)
and (001), which were first experimentally obtained within
this study.

To interpret experimental data, the theoretical group
analysis produced the selection rules for the permitted
polarizations of optical transitions in various geometries of
the experiment. To determine the selection rules in the
photoluminescence spectra of impurity ions in the crystals,
it is necessary to set the crystal structure (i.e. its space
group and placement of atoms in the symmetry positions —
Wyckoff positions) and local symmetry of the impurity. The
B-phase of crystal Ga,Os; that we study belongs to the
monoclinic system, and its symmetry is described by the
space group C2/m with the 2-fold symmetry axis directed
along the translation vector b (Figure 1,5). Vector b [010]
is perpendicular to plane ac, i.e. the crystalline face (010).
Translation vectors a and ¢, the angle of which is 103.83°,
are directed along crystallographic directions [100] and [001]
accordingly and do not match with Cartesian axes X and z.

In B-phase of crystal Ga,O3 there are two non-equivalent
orbits Gal and Ga2, each comprising 4 Ga atoms. At the
same time each of Ga atoms of both orbits has the same
local symmetry described by a point group Cs = {my10|0},
comprising mirror plane of symmetry m, perpendicular to
the 2-fold axis of symmetry. Gallium atoms of the first
Gal orbit have tetrahedral environment of oxygen atoms,
and of the second Ga2 orbit — the octahedral one. Cr’*
ions, as was shown in paper [7], substitute Ga2 atoms with
the octahedral environment.

In articles [8,9] the classification of Cr** ion states in
B-phase of Ga,Os crystal is given on the basis of the irre-
ducible representations of the local cubic group Op, and not
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Figure 1. a — PL spectrum of $-Ga,03:Cr, registered from plane (100); b — crystalline structure 5-Ga,03; c—e — dependences of
intensity of PL lines R; and R, $-Ga, 03, registered from planes (100) (c), (010) (d) and (001) (e), as functions of the angle between the
direction of the polarization vector E and crystallographic axes.
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Figure 2. Evolution of electron states of chromium ion Cr**: a — free ion; b — single ion with octahedral environment of oxygen atoms
in the field with symmetry Op; ¢ — single ion Cr*", which occupies in the 8-Ga, O3 matrix the Ga position with local symmetry Cs.
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Cs, at the same time the symmetry of states with account
of the spin-orbit interaction on the basis of the irreducible
representations of the double groups is not given at all.

In the local field with symmetry Cs the levels 2Eq and
4Ayg of ion Cr** in the octahedral environment transform
into 2A" and A’ accordingly, and with account of spin-
orbit interaction each of the three levels transform into
twofold degenerate state 'E + °E, the symmetry of which
is described by two complex-conjugate two-digit irreducible
representations. In case of presence of even very weak
magnetic field, the degeneracy is removed, and 'E and ’E
states become independent. In Figure 2 these states are
shown with different colors.

The selection rules for the allowed polarizations of
transitions between the initial D' and final D' electron states
are determined by the following conditions:

— between the states with the same symmetry, transitions
in polarization X, z are allowed

('E)*x'E = CE)*X’E = A(x, 2),

— between the states with the different symmetry, transi-
tions in polarization y are allowed

('E)*x’E = CE)"™xX'E = A"(y).

Based on the obtained selection rules, one can determine
the space diagrams of SiC intensity distribution for each of
the allowed transitions.

Let us consider the three available geometries of the
experiment corresponding to the different planes of PL
polarization (100), (010) and (001), each demonstrating
two luminescence lines R; and R, (see Figure 1,c—e).

For plane (100), the results of PL angular dependence
for which are shown in Figure 1,c, polarization vector E
has components along axes ¥ and z and is a superposition
of the fields of two transitions that are incoherent to each
other, since they are related to the transitions between
different states. In this case the angular dependence
of 1(¢) PL intensity in y, z plane, where the direction,
in which the intensity is measured, is set by angle ¢,
counted from axis y, and has the following appearance:
|(¢) = E2cos? ¢ + EZsin’ 9. Modeling of experimental
results presented in Figure 1, ¢, leads to the conclusion that
for R; and R; lines the ratios of modules E, and Ey differs:
for line R; E; < Ey, and for line Ry E; > Ey.

For plane (010), the results of PL angular dependence for
which are shown in Figure 1,d, each R; and R, PL line may
be contributed by two transitions ('E — 'E and (°’E — %E,
authorized in polarizations X, z (i.e. in the plane determined
by vectors a and ¢). According to the above selection rules,
in this case for each transition the polarization vector E
has the components along axes X and z, Ey = Exex and
E, = E,e,, which are coherent, since are related to one and
the same transition. Direction of vector E in plane ac is
set by angle v, where tgy’ = E,/E] (tgy” = E}/E/, and
the direction along which PL intensity | (¢) is measured —
by angle ¢. It is important to note that E,/E, ratio may
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Figure 3. PL spectra B-GaO3:Cr in temperature range
80—300K. The spectra were registered from plane (100). The in-
sert shows dependence of intensity of lines R;, Ry, R; and R4
in the temperature range of 10—300K. All data are presented in
semilogarithmic scale.

differ significantly for lines R; and R;, and for transitions
IE — 'E and E — 2E, which contribute to one and the
same line. In the general case the angular dependence of
luminescence intensity, being a superposition of intensities
of both transitions 'E — 'E and ’E — 2E, in the plane ac
should look as follows

(@)= (E}*+E) cos® (9 - )+ (E)> +EV?) cos® (o —y").

Using angular dependences of luminescence (Figure 1,d)
we can determine the ratios of amplitudes E,/E] and
EJ/EY for transitions 'E — 'E and ’E — E for each of the
lines R; and R,. Modeling of experimental results presented
in Figure 1l,e, leads to the conclusion that transitions
'E — 'E and ’E — 2E are approximately same in intensity,
and in both cases modules are Eyx > E,. However, the
directions of irradiation polarization for every transition
differ, and the angle between them is 40—65°.

For plane (001), the results of PL angular dependence
for which are shown in Figure 1, e, polarization vector E
has the components along axes y and X. Same as in the
geometry case (100), it is a superposition of the fields of
two transitions that are incoherent to each other, since they
are related to the transitions between different states. In this
case the angular dependence of luminescence in plane
y, X looks as follows |(¢p) = E2cos? ¢ + Ef sin® ¢, where
angle @ counts from axis X. Modeling of experimental
results given in Figure 1, e, leads to the conclusion that for
both lines R; and R, the modules are Ex > E,.

Summarizing all the above, one can conclude that the
ratio of modules of values E; for various lines is different.
For R; this ratio is: Ex > E;, Ex > Ey and E; < Ey; and
for Ry it is different: Ex > E;, Ex > Ey and E; > E;. Since
values E; are related to the view of the basic functions of
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irreducible representations of group Cs, the prevalence of
Ex means that wave functions of the defect are formed of
orbits oriented along axis X. These data may be useful to
identify other transitions, if they are close in their energy
to lines R; and R;, and to build a microscopic model of
defect (Cr) providing these lines.

Apart from R; and R; lines, for the first time PL
spectra B-Ga,03:Cr show two new sharp peaks R; and
R4, wavelengths of which at T =80K are equal to
696.7nm (1.780eV) and 694.3nm (1.786eV) accordingly
(Figure 1,a). Study of the angular dependence of their
intensity made it possible to establish that both these lines
are observed only in plane (100), have linear polarization,
matching the direction of the crystallographic axis from
monoclinic B-Ga;O3; and are characterized by unusual
temperature dependences (Figure 3).

To interpret these results, we proposed a model of paired
Cr3*—Cr3* defects. The orbit with octahedral environment
of Ga2 atoms with oxygen atoms together with single ions
Cr**, replacing one of Ga2 atoms, also has pairs of ions
Cr**, replacing Ga2 atoms. This pair defect with the center
in the origin of coordinates (000) may be considered as
a system having its own symmetry. Its local symmetry
is described by a point group C;,. Within this model,
a system of energy levels was specified for this pair and
the selection rules for the allowed PL polarizations of such
pairs. It was found that in case of a pair defect, without the
spin-orbit interaction, the irradiation with polarization along
the direction of the second order axis b(y) is prohibited
by the selection rules. Irradiation with polarizations along
axes X and z is permitted. Based on this approach, it was
possible to interpret the polarization dependences obtained
in the experiment. Results of the analysis of the temperature
dependences of allowed PL parameters in lines R; and Ry
will be presented in the detailed publication.
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