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The effects of doping with manganese ions on the optical properties of magnesium
aluminate spinel crystals grown by Czochralski method were investigated. The optical
spectra of the doped crystals have intense absorption in the range of 4.5-6.7 eV which was
fit with three absorption bands; the intensity and energy position of these bands vary in
dependence on the concentration of doping ions. This effect is explained by formation of
F-type centers near the incorporated Mn ions which leads to changes of electronic proper-
ties of F*-centers and formation of complex defects including Mn-ions. The neutral atmos-
phere of crystal growth in Czochralski method stimulates the formation of anionic vacancy
trapped one electron (F'-center). Radio- and photoluminescence spectra demonstrate the
bands related to the recombination luminescence at antisite defects, to emission of impu-
rity ions MnZ* and Cr3*-ions, parameters of which indicate the processes of segregation and
coagulation antisite defects during the growth of spinel crystals.

UccnemoBano BAMAHME aKTUBAIMY WOHAMM MapraHIla Ha ONTHUYECKNE CBOMCTBA KPHUCTAJ-
JIOB MarHUH-aJIOMUHUEBOH IINWHEJU, BBHIPAIleHHBIX MeTogoM Yoxpaabckoro. Onruyeckue
CHEKTPH AaKTUBUPOBAHHBLIX KPHCTAJJIOB COJEP:KAT MHTEHCHUBHOE TOTJIONIEHMe B obmacTu 4.5—
6.7 5B, KOTOpOoe TPEACTABIAAET CYNEPIOSUIIUI0 TPEX TOJIOC TMOTJOMIEHNA, WHTEHCUBHOCTH U
CHEKTPaAJLHOE TOJOJKeHUE KOTOPHIX M3MEHAITCA B 3aBUCUMOCTH OT KOHIIEHTPAIIMM AKTUBA-
TOPHBIX MOHOB. JTOT 9hdeKT o6nacHAeTca o0pasoBaHmeM F-THTa IIeHTPOB, PACIOJOMKEHHBIX
BOJIM3Y MOHOB MAPTAHIA, UTO IPUBOJUT K M3MEHEHUIO 3JIeKTPOHHEIX cBoiicTe F'-mentpos u
00pas3oBaHMI0 KOMILIEKCOB Med)eKTOB, BKJIIOUAIONINX HOHBI MapraHia. HefitpanbHas cpena
BEIPAIIIUBAHUSA KPUCTAJJIOB O MeToxy JoxpaabcKoro obyciioBAMBAET 00pasoBaHuIe aHWOH-
HBIX BaKaHCUH, 3aXBATUBIINX OfuH 31eKTpoH (F'-menTps1). CIeKTPH peHTreHO- M (POTOJIO-
MUHECIIEHIIUN COJEPIKAT TIOJOCHI, OTHOCANIMECA K PEeKOMOWHAIIMOHHON JIOMUHECIIEHIMHN Ha
meeKTaX AHTHCTPYKTYDHI, 8 TAKKe K MBIYUEHHIO IpHMecHBIX moHoB Mn?* u Cr¥*, mapamer-
PBI KOTOPBIX CBUAETEJIBCTBYIOT O HAJUYUU IIPOLECCOB Cerperanuy U Koaryadanuu gedeKToB
AHTHUCTPYKTYDPHL B IIPOIleCCE POCTA KPUCTAJIOB MINIUHEIU.
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crystals sion, i.e. the cationic disorder which leads

(MgAl,O,4) are prospective material for ap-
plication in science and technology as ma-
trix for fiber-optic temperature sensors,
tunable solid state lasers, substrate for mi-
croelectronics. Also this spinel is very spe-
cific in respect to the crystalline structure
due to the existence of the partial inver-
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to the formation of high-concentration of
charged defects (Mg2*,.,,)” and (APR*,,, )"
so-called antisite defects. The degree of in-
version of natural spinel crystals is low but
artificially grown crystals have up to 30 %
of disordered cations. Because the natural
spinel crystals contain the large concentra-
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tion of impurity ions such as Cr, Mn, and
Fe, this will be one of the reasons for for-
mation of ordered spinel structure. The
presence of transition metal impurities in
oxide crystals affects quite markedly the
optical, electrical, and mechanical proper-
ties. The effect is strongly dependent on the
valence, aggregation state, and concentra-
tion of the impurity.

Incorporation of aliovalent impurities in
nominally pure or doped oxide crystals
causes the appearance of charge compensat-
ing "free” and "bond” defects and forma-
tion of the charged or neutral defect clus-
ters. In sapphire crystals doped with mag-
nesium Al,O3:Mg the Fy,~ centers are
formed which represents the FT-centers
near Mg2*-ions [1]. In chromium doped
MgO:Cr the Cr3* centers with Mg vacancies
(VMg) on nearest-neighbor and on the next-
nearest-neighbor lattice sites have been
identified [2]. Moreover, the doping of CaO
with Mg2* isovalent ions leads to the forma-
tion of F- and F'-centers at regular anion
vacancies along with F,- and F,*-centers on
anionic vacancies for which the mnearest
Ca?* is replaced with Mg2*. There is some
evidence for spatial correlated F- and Fy-
centers [3]. Therefore by wvariation of
aliovalent or isovalent impurity concentra-
tion we can manipulate the physical proper-
ties which are related to point defects in
undoped and impurity-doped crystals. In
this paper we investigated the optical prop-
erties of magnesium aluminate spinel crys-
tals grown by Czochralski methods and
doped with manganese to different concen-
trations.

We investigated stoichiometric spinel
crystals MgAl,O, grown by Czochralski
method in argon atmosphere from spinel
powder MgAIl,O, as nominally pure and
doped with Mn +to concentration of
0.1 mass.%. Samples with dimensions of
10x10 mm?2 and 0.7 mm thickness were cut
from single crystals and polished on both
sides to an optical finish. Optical absorption

was measured in the range 1.2-6.4 eV
using either a single or dual beam spectro-
photometer. Irradiation was performed
using a Cu X-ray tube operating at 40 kV
and 10 mA. For ultraviolet (UV) irradiation
there were used either mercury 600 W lamp
or deuterium 400 W lamp, both with quartz
tubes. During irradiation the samples were
cooled with powerful fan to keep its tem-
perature below 30°C. Radioluminescence
(RL) was excited using standard X-ray tube
with Cu anode operated at 45 kV and
0.8 mA. Light emission was dispersed with
MDR-1 grating monochromator and re-
corded in the range 1.55—6.2 eV using FEU-
106 photomultiplier. Spectral resolution
was 1.6 nm in the range 200-400 nm and
3.2 nm in 400-800 nm. Photoluminescence
(PL) measurements were provided at the
room temperature by using two monochro-
mators: one — for excitation (MDR-12), an-
other — for registration of emission (MDR-1).
All spectra were corrected on photomulti-
plier spectral sensitivity function. Before
each measurement of RL and PL the sam-
ples were annealed at 650°C during 0.5 h.
X-ray diffraction analysis of crystal compo-
sition shows only spinel phase of the same
lattice parameter independently on the Mn-
concentration (Table).

Optical absorption spectra of nominally
pure crystals contain wide almost continu-
ous absorption from ~4.5 to 6.6 eV, the in-
tensity (Fig. 1) with some indication on two
bands at ~4.8 and ~5.4 eV. The experimen-
tal spectra could be fit with three bands of
the Gaussian form at 4.8, 5.4, and 6.77 eV.
Doping with Mn-ions leads to the changes of
the form of absorption spectra, but still all
spectra could be fit with three bands the
energy positions and intensities of which
depend on the concentration of manganese.
The first of the indicated bands at 4.8 eV is
characteristic for absorption of FT-centers
(anionic vacancy captured one electron) in
stoichiometric spinel crystals [4], but the
position of this band shifts to higher energy

Table. Variation of lattice parameter in spinel crystals grown by Czochralski method and doped

with manganese to different concentrations

Concentrat. of Mn Orientation Angle of deviation a, A
Center Edge
Nominally pure [310] 3.8° 8.0845 8.0848
0.02 mass.% [310] 4° 8.0845 8.0842
0.04 mass.% [310] 1.3° 8.0848 8.0842
0.1 mass.% [100] 4° 8.0838 8.0858
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Fig. 1. Absorption spectra of MgAI,O4:Mn
spinel crystals grown by Czochralski method.
The inset plot shows the dependences of en-
ergy position of absorption bands on the con-
centration of Mn-ions in crystals. 1(0J) —
nom pure; 2(0), 3(A), 4(V) — 0.02, 0.04,
0.1 % Mn.

at the increasing of manganese concentra-
tion. The definite interpretation of this
band is difficult because at this energy
could be situated also the F*-band in
o-Al,O5 and/or absorption band related to
charge transfer transition in Fe3* ions in
oxide crystals. Absorption related to charge
transfer transitions in Fe3* ions in spinel
consist of two bands at 4.75 and 6.4 eV
which allow us to conclude on the impro-
bablity of this identification, because the
second band is absent. The F'-centers in
o-Al,O5 show also two absorption bands at
4.83 and 5.45 eV [5] which is very close to
experimental bands. Nevertheless, the be-
havior of these two bands with manganese
concentration excludes also this identifica-
tion because the position and intensity of
5.4 eV band do not depend on the Mn-ion
content, but the intensity of band at 4.8 eV
grows linearly with Mn concentration and
its position shifts to higher energy up to
5.2 eV.

The energy position of the last absorp-
tion band changes with Mn-concentration in
opposite direction from 6.77 eV for nomi-
nally pure crystals to 6.4 eV in spinel crys-
tals containing 0.1 mass.% of manganese,
the intensity of this band increases also but
it tends to saturation at high concentration.
In the crystals doped with the highest Mn
concentration the experimental spectra
could be fit only with two bands at energies
of 5.4 and 6.2 eV.
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Fig. 2. Difference absorption spectra of
MgAI,O, spinel crystals doped with manga-
nese to different concentration and irradiated
with UV-light: 1(J) — nom pure; 2(0O), 3(A),
4(V) — 0.02, 0.04, 0.1 % Mn.

Therefore, we have concluded that maxi-
mum absorption at 4.8 eV is superposition
of two bands one of which is caused by
FT-centers in the presence of some amount
of a-Al,O5 phase and another one is related
to FT-centers situated near Mn-ions in
spinel lattice. The formation of F-type cen-
ters related to anionic vacancies in the Czo-
chralski grown crystals is consequence of
reducing growth atmosphere. The energy
position of the third band and its depend-
ence on manganese concentration allow to
ascribe it tentatively to complex defects
which include lattice defects and impurity
ions.

Usually isolated anionic and cationic va-
cancies in as-grown crystals are optically
inactive, but irradiation with UV-light or
X-rays leads to charge exchange between de-
fects and impurities and formation of hole
centers at cationic vacancies and F-type cen-
ters at anionic vacancies. The difference
spectra of irradiated and non-irradiated
spinel samples doped with manganese to dif-
ferent concentrations are shown in Fig. 2.
Irradiation of nominally pure spinel crystals
with UV-light demonstrate the prominent
radiation-induced absorption bands at 3.1,
4.75, and 5.35 eV which were identified
with isolated hole and electron centers. Also
there is strong absorption in the vicinity of
~4 eV, and the deconvolution of absorption
spectra in Gaussians bands gives additional
bands at 3.78 and 4.15 eV, which were
identified with hole and electron centers at
antisite defects [4]:

721



V.T.Gritsyna et al. / Effects of doping with manganese...

0104

200 300 400 500 600 700 A,nm
Fig. 3. Radioluminescence spectra of
MgAl,O,4:Mn spinel crystals doped with man-
ganese to different concentrations: I1(J) —
nom pure; 2(0), 3(A), 4(V) — 0.02, 0.04,

0.1 % Mn.

(MgZ, )~ + bt —
— (Mg2t,)° (band at 3.78 eV),
(ABL Y+ em - (ABL )9, (bandat 4.15 eV).

tetra
Doping with manganese to concentration
of 0.02 % leads to disappearance of hole
centers at isolated cationic vacancies (the
3.1 eV band), growth of bands at 83.78 and
4.15 eV, at the constant intensity of bands
related to F-type centers. In crystals doped
with manganese to concentration of 0.04 %
and higher there were observed only the
bands at 3.78 and 4.15 eV. The previous
investigations of kinetics of accumulation
and decay of these bands allow us to iden-
tify the spatially correlated antisite defects
which are responsible for high resistance of
this material to displacive irradiation [5].
At the doping with manganese there appear
also band at 1.5 eV the origin of which is
need to be studied. Therefore, the doping
with manganese leads to formation of an-
tisite defects, which are optically active
after UV-irradiation and to disappearance
of isolated cationic and anionic vacancies.
The existence of defects and impurities
could be studied by radioluminescence —
the emission which arises under X-ray or
gamma-irradiation. At such types of irra-
diation we generate the free electrons and
holes which could be captured by defects
and impurity ions with subsequent emission
of characteristic photons allowing to iden-
tify the nature of emitting species and de-
fects. Because of the detection level of lu-
minescence methods is several orders of
magnitude higher to compare with that of
absorption it allows to study the defects
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Fig. 4. Excitation/emission spectra of Mn2*-
ions in Mn-doped spinel crystals: I — nom
pure; 2, 3, 4 — 0.02, 0.04, 0.1 % Mn. The
inset plot shows the dependencies of intensity
of excitation and luminescence bands on the
concentration of Mn-ions in MgAl,O,:Mn
crystals.

and impurity ions at the much lower con-
centrations. The RL spectra of nominally
pure spinel crystals disclose the prominent
emission bands at 4.8 (258 nm), 2.38
(520 nm), and 1.8 eV (688.5 nm) which are
related to recombination luminescence at
antisite defects, to radiative transitions in
Mn2*. and Cr3*-ions in spinel crystals, re-
spectively (Fig. 3). For the first time the
Mn-doped to 0.01 mol% spinel crystals was
studied in cathode-luminescence method [7].
The dependence of luminescence properties
of Mn2*.ions on the ordering of spinel lat-
tice was shown in [8]. Our experiment dem-
onstrates that doping with Mn-ions leads to
the vanishing of the 4.8 eV band and the
decreasing of Cr3*-ions luminescence at the
growth of Mn2*-ion band. Because of the
UV-emission band is identified with the re-
combination luminescence this means that
some type of antisite defects disappear in
Mn-doped spinel crystals.

Magnesium aluminate spinel lattice con-
tains two types of polyhedron formed by
oxygen ions: tetrahedral and octahedral
sites. Because the energy of preference of
Mn2*-ion for octahedral position is equal to
zero, they can occupy both positions. The
observed luminescence spectra of manganese
doped spinel crystals contain the band at
520 nm, which is usually assigned to tran-
sitions between the spin-orbit components
of the 4T excited state and the 64; ground
state of Mn2* in tetrahedral position. The
measured excitation spectra of the Mn2*
emission are shown in Fig. 4. According to
the Tanabe-Sugano scheme the bands at
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Fig. 5. Excitation/emission spectra of Cr3*-
ions in Mn-doped spinel crystals: 1(J) — nom
pure; 2(0), 3(A), 4(—) — 0.02, 0.04, 0.1 %
Mn. The inset plot shows the dependencies of
ratio of intensity of excitation to lumines-
cence bands on the concentration of Mn-ions
in MgAl,O,4:Mn crystals (1 — X, = 560 nm.
2 — k,, =430 nm).

460, 430, 390 and 360 nm could be identi-
fied with transitions from the ground state
6Al(GS) to the 4T2(4G), 4A1(4G) + (4E),
4T, (4D), and 4E(*D) of MnZ*-ions in tetrahe-
dral position, respectively. Therefore, both
the luminescence and excitation spectra con-
firmed the tetrahedral coordination of Mn2*-
ions in spinel lattice, and the large widths
of these bands indicate the existence of dis-
ordering of occupied sites. Taking into ac-
count optical absorption spectra, one can
propose that MnZ* ions are surrounded by
anionic vacancies and antisite defects in the
second and higher coordination spheres. The
concentration dependences of intensity of
excitation and emission bands are shown in
the insert of Fig. 4. In general, the behavior
of these bands is correlated to concentration
dependence of absorption band at 6.4 eV.
Despite of the doping spinel crystals with
manganese, the luminescence of uncon-
trolled impurities of Cr3* ions could be ob-
served also. The experimental spectra of
emission and excitation of Cr3* ions in
spinel crystals is shown in Fig. 5. Zero-pho-
non emission line at wavelength of 688.5 eV
originated from the spin-forbidden transi-
tion 2E, » %A4,, in octahedrally coordinated
Cr3* (so-called R-line). Excitation spectra
consist of two bands at 560 and 430 nm
related to transitions from ground state to
4T§§, and 4T1g, respectively. The position of
Cr°*-emission line certainly indicates the oc-
tahedral coordination of this ion in spinel
lattice, but doublet character of excitation
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bands related to field-dependent transitions
could be explained by localization of defects
(including antisite defects) near incorpo-
rated Cr3*-ions. In opposite to Mn2*-ions the
efficiency of excitation in both bands is the
same, but increasing of manganese concen-
tration to 0.1 mass.% leads to decrease of
emission intensity of Cr3*-ions, maybe, be-
cause of excitation energy transfer from
Cr3* to Mn2?*-ions.

It is usually recognized that incorpora-
tion in ionic crystals of aliovalent ion as
impurity leads to creation of attendant de-
fects for charge compensation. Also incorpo-
ration even isovalent ions could create com-
plex defects consisted of impurity and lat-
tice defects, like Mn2*-V, in MgO and CaO
crystals [9]. Because Mn4* can be placed in
tetrahedral and octahedral positions we can
expects formation of such complex defects
in spinel lattice. Moreover, the inconsis-
tency of size, charge, and electronic struc-
ture of impurity ion to the replaced one
leads to distortion of regular lattice, which
act as attractive or repulsive center for dif-
ferent types of defects including charged
antisite defects [10]. Cationic disorder in
spinel by itself leads to creation perturbed
of Cr3* and Mn2* ions [8]. Irradiation of
nominally pure spinel crystals with UV-
light or X-rays leads to formation of V-
and F-types centers along with hole and
electron centers at antisite defects [4]. Dop-
ing with manganese ions causes damping
the formation of V- and F-types centers and
enhances the optical centers formation at
antisite defects (Fig. 2). There is a correla-
tion between efficiency of RL of Mn-ions
and irradiation induced optical center for-
mation at antisite defects in dependence on
manganese concentration. This means that
incorporated manganese ions serve as cen-
ters of segregation and coagulation of an-
tisite defects, some of them is forming ab-
sorption centers, others — centers of lumi-
nescence. The absence of recombination
luminescence in UV range for doped crys-
tals related to antisite defects indicates the
vanishing of isolated antisite defects.

In conclusions, the experimental study of
the optical properties of manganese doped
spinel crystals shows the existence of ab-
sorption bands which were identified with
F*_centers distorted by impurity ions. The
neutral atmosphere of crystal growth in
Czochralski method stimulates the forma-
tion of anionic vacancy trapped one electron
(FT-center). The variation of transition en-
ergy in these centers from 4.8 eV in nomi-
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nally pure crystals to 5.2 eV in crystals
doped with manganese to concentration of
0.1 mass.% can be explained by the defec-
tive nature of the first and second coordina-
tion spheres at localization of Mn-ions near
anionic vacancy captured one electron form-
ing F'-center. The luminescence of these
Mn2*.ions gives the main contribution in RL
spectra of spinel crystals. The disappear-
ance of the UV-band related recombination
luminescence in manganese doped spinel
crystals indicates that Mn-ions also serves
as centers of attraction of antisite defects
responsible for this emission.
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BnauB akTHBaIii MapraHiieM Ha OITHYHI BJACTHMBOCTI
KPHCTAJIB MarHii-aJoMiHi€eBOl mImiHeJi

B.T.'puyuna, I0.I''Ka3apinos,
B.B.Konvnep, JI.A.lumeunoé, K.E.Cikagpyc

Hocaimkeno BOJAUB aKTHUBAIl ioHaMM MapraHIl0 Ha ONTHYHI BJIACTUBOCTI KPUCTANIB
MarHili-amominieBoi mnimensi, Buporniennx MertozoM YoxpanbehbKoro. ONTHUHI CIEKTPH aK-
TUBOBAHWX KPHUCTANIB MiCTATH iHTeHCWBHe MOTJIMHAHHA B 00nacti 4.5-6.7 eB, ake e cymep-
TO3UIIEI0 TPHOX CMYT MOTVIMHAHHSA, IHTEHCUBHICTL Ta CHEKTPaJbHE IOJOMKEeHHS AKUX 3MiHIO-
I0ThCA B 3aJIeKHOCTI Bijfi KOHIeHTpPAIil aKTMBATOPHUX ioHiB. Ile#l edeKT MOACHIOETHLCA CTBO-
peHHAM F-THUIY IeHTPiB, po3TanioBaHuX ModJIM3y i0HIB MapraHIlio, 1110 TPUSBOAUTE A0 3MiHU
eJTeKTPOHHUX BJACTHBOCTeli F'-IeHTPIiR Ta CTBOPEHHA KOMILIEKCIB AedeKTiB g0 AKUX BXO-
IATHL ioHM Mapraniio. He#TpanbHe cepefoBUIle BUPONUIYBAHHA KPUCTAJIiB 3a MeTomoM Yox-
PajJbCbKOTO 3YMOBJIIOE CTBOPEHHA AHIOHHUX BaKaHCifl, AKi 3aXONJIIOI0TL OJUH eJeKTPOH
(F*-nentpu). CIeKTpU peHTreHo- Ta (OTONIOMiHECIeHITiI MicTATL cMyTrHu, AKi BigHOCATHCH A0
pexombinarifinol mromiHectenii Ha AedeKTaX aHTUCTPYKTYPU, BUTIPOMIHIOBAHHS AOMIITKO-
Bux iomie Mn?* ra Cr3*, mapamerpu siKMX BKasyloTh HA HAABHICTL HpolleciB cerperamii Ta
Koarynanii xedeKTiB aHTUCTPYKTYPHU Y MPOIleci pocTy KPUCTANIB HIMiHeJi.
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