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Spectroscopic characterization of photoinduced Mn51 ions in YAlO3
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~Received 14 December 1998; revised manuscript received 11 June 1999!

We have spectroscopically studied the photoinduced color center in Mn:YAlO3, the promising material for
holographic data storage. We have proved that grayish-bluish coloration in photoexposed Mn:YAlO3 is due to
Mn51 ions in octahedral sites. We assign the main features observed in the absorption and emission spectra of
photodarkened Mn:YAlO3 to the 1T2(t2

2), 3T2(t2e), 3T1(t2e), 1A1(t2
2), and 3A2(e2) excited states of Mn51.

We show that Mn51 ions can be stabilized in Mn:YAlO3 codoped with Ca ions and in the crystals grown in
reducing atmosphere and subsequently annealed in air at 310–460 °C.
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I. INTRODUCTION

The optical properties of Mn:YAlO3 have been studied in
the recent publications.1,2 It has been shown that yellowis
Mn:YAlO3 ~grown in the oxidizing atmosphere! under pho-
toexcitation with green laser light changes the color to gr
ish or dark-grayish-bluish, depending on the exposure. Un
photoexcitation of the sample with two mutually cohere
laser beams an efficient diffraction grating, accompany
periodical photocoloration, is created in the crystal.1,2 The
long storage time of gray coloration~more than one year a
room temperature! in combination with the possibility of
quick fully reversible erasing of the coloration at.250 °C
makes the crystal a promising material for holographic o
cal storage.1,2

As it was suggested in Refs. 1 and 2, the photoindu
color change of the crystal is due to photoionization of Mn41

that is present in as grown YAlO3 crystal (Mn41→Mn51).3

The detailed spectroscopic study of different mangan
valence states coexisting in YAlO3 is necessary for bette
understanding of the mechanisms of photoinduced gra
recording in the material. The properties of Mn21, Mn31,
and Mn41 ions in YAlO3 have been discussed in detail
Refs. 4 and 5.

In the present work we study the photoinduced color c
ter that is responsible for grayish-bluish coloration and c
clude that its main spectroscopic properties correspond
those of Mn51 in distorted octahedral environment. Our co
clusion is based on:

~1! A good agreement between the energy positions of
experimentally observed spectroscopic features and th
calculated according to the Tanabe-Sugano model;

~2! The absence of tetrahedral sites in YAlO3 ;
~3! The obvious likeness of the absorption and emiss

spectra of photodarkened Mn:YAlO3 with those of Mn51

ions in tetrahedral coordination6–9 and V31 and Ti21 ions in
octahedral coordination.10–15 ~According to Ref. 6, spectro
scopically there are apparent similarities between the oct
dral and tetrahedral systems. Mn51, V31, and Ti21 ions have
the same electronic configuration, 3d2).

We found that under certain synthesis conditions~codop-
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ing of Mn:YAlO3 with Ca and Ce ions or annealing in air o
Mn:YAlO3 crystal grown in reducing atmosphere! the gray-
ish coloration in the samples is permanent~not erasable by
heat!. We show that characteristic permanent coloration
these crystals is also due to Mn51 ions. The mechanisms o
chemical stabilization of Mn51 valence state in YAlO3 are
discussed.

In a large number of publications, tetragonally coord
nated Mn51 in different hosts was studied as a potential a
tive ion for solid-state lasers. The laser operation of Mn51 in
Ba3~VO4!2, Sr3~VO4!2, and Sr5~VO4!3F has been reported b
Merkle et al. in Refs. 16–18. Although, as we show in th
paper, the emission in Mn:YAlO3 is very weak, the spectro
scopic study of Mn51 in octahedral coordination in YalO3
~which is complimentary to that in tetrahedral coordinati
in other crystals! can be of interest to the laser community

II. EXPERIMENTAL SAMPLES AND TECHNIQUES

YAlO3 is an orthorhombic crystal with the space gro
Pbnm.19 YO12 polyhedron is strongly distorted with eigh
oxygen ions being located closer to Y31 ions ~average dis-
tance 2.28 Å! and four oxygen ions being further away at th
average distance of 3.13Å. As a result of the distortion,
coordination number of Y31 is close to 8 and the ionic radiu
of Y31 in such coordination is equal to 1.019 Å.20 Al31 sites
in YAlO3 have almost ideal octahedral symmetry. As it h
been discussed in Refs. 4 and 5, Mn41 ions in Mn-doped
YAlO3 occupy Al site and Mn21 ions occupy the Y site. In
octahedral coordination the radius of Mn41 ion is equal to
0.53 Å and in eightfold coordination the size of the Mn21 ion
is equal to 0.96 Å.20 Apparently, Mn41 ions provide charge
compensation for Mn21 ions, while some portion of Mn41

content is compensated by traps.
The major part of experimental studies in this paper w

done using Mn:YAlO3 crystals grown~at the Center for Ma-
terials Research, Norfolk State University! in oxidizing,
N210.2%O2, atmosphere. As grown yellowish Mn:YAlO3
crystals had high-optical quality. The concentration of M
ions in the melt was equal to 0.5% and the concentration
Mn ions in the crystal was about 10% of that in the melt. T
1884 ©2000 The American Physical Society
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PRB 61 1885SPECTROSCOPIC CHARACTERIZATION OF . . .
detailed account of the crystal-growth procedure and
spectroscopic properties of Mn41 ions ~which determine yel-
lowish coloration of as grown crystals! is given in Ref. 4. In
this paper by saying Mn:YAlO3 we mean the crystals grow
in oxidizing atmosphere unless otherwise is stated.

Some of Mn:YAlO3 samples were codoped with Ce, C
and Ce1Ca ions. As was shown in Ref. 5, the introductio
of Ce ions to the crystal reduces the valence of Mn41 ions to
Mn31, apparently due to the reaction Ce311Mn41

→Ce411Mn31. As it will be shown in Sec. V, the codopin
of the crystals with divalent Ca ions shifts manganese
lence state to 51.

We compared the properties of Mn:YAlO3 samples grown
in oxidizing atmosphere with those of a sample grown~at the
Institute of Laser Physics, Hamburg University! in reducing
atmosphere, N211%H2. The optical quality of the crystals
grown in reducing atmosphere was poorer than of th
grown in oxidizing atmosphere. We found a significant d
ference between crystals grown in different conditions. T
heating on a hot plate, which erases photoinduced gray
oration in the crystals grown in oxidizing atmosphere, p
duces an intense permanent gray coloration in the crys
grown in reducing atmosphere. In all the crystals mangan
was added to the charge in the form of MnO2.

In this paper, the polarized absorption measurements w
carried out using the ultraviolet-visible-infrared spectroph
tometer Cary 5G from Varian.

In the emission studies the crystals were excited with s
ond harmonic of aQ-switched Nd:YAG laser~Quanta Ray-
GCR-170! or cw Ar1 laser light. The emitted light was fo
cused into a 0.46-m monochromator~Spex-HR 460!. The
long-pass glass filter was used to avoid second-order gra
effects. The emission was searched in visible and near in
red ranges of the spectrum using a photomultiplier tube~S20
cathode! and InxGa12xAs detector, respectively.

In low-temperature experiments the samples were
mersed in liquid nitrogen or cooled in a helium cryostat to
K.

To erase photoinduced grayish coloration in the samp
grown in oxidizing atmosphere and produce grayish colo
tion in the samples grown in the reducing atmosphere,
heat treated the crystals in air~on the hot plate! at 310–
460 °C. The heat exposure in different experiments var
between 10 and 60 min.

III. EXPERIMENTAL RESULTS IN Mn:YAlO 3

GROWN IN OXIDIZING ATMOSPHERE

The absorption spectrum of strongly photoexposed d
grayish-bluish Mn:YAlO3 crystal grown in oxidizing atmo-
sphere is compared to that of yellowish~as grown or
bleached! sample in Fig. 1. Six traces~1–6! in Fig. 1 corre-
spond to three different orientations of light polarizationE
~along three crystallographic axes of the crystal! and two
different light propagation directions for each polarizatio
The same spectra taken at liquid nitrogen temperature
given in the inset in Fig. 1. According to Ref. 4, six corr
sponding room-temperature absorption spectra of not
posed Mn:YAlO3 are almost identical to each other. One
them is shown in Fig. 1, trace 7. As follows from Fig. 1, th
absorption of illuminated sample is much more intense
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covers much wider spectral range than that of unexpo
crystal. The main features in the absorption spectrum of F
1 are listed in Table I. Note that the spectra correspondin
the same polarization of the electric vectorE but different
polarizations of the magnetic vectorH, in general, do not
coincide, see Fig. 1. This implies the presence of the m
netic dipole component in the absorption spectrum.

The absorption spectrum taken at 14 K reveals a weak
sharp peak at 1138 nm~8810 cm21! accompanied by severa
less intense Stokes and anti-Stokes lines, see Fig. 2.

Several weak sharp peaks at 20.573103, 20.703103,
24.433103, and 21.953103 cm21 can be found in the low-
temperature~77 K! absorption spectrum atEia. These peaks
are shown with better resolution in Fig. 3.

In Mn:YAlO3 there are two very strong-absorption ban
(Kabs

max'250 cm21) centered at'190 and 290 nm.4 Both of
them are apparently due to metal-oxygen charge tran
~CT!.21 In strongly photoexcited ~dark grayish-bluish!
samples the intensity of the 290-nm CT band reduces al
with the reduction in Mn41 concentration.4 It has been con-
cluded that this absorption band is partially due
Mn41→oxygen CT or Mn21→oxygen CT.4 As follows
from the absorption spectrum in Fig. 4, despite the reduc
of the absorption intensity in the photoexposed sample
comparison with that in the unexposed sample at.28 000
cm21 ~which is in accordance with Ref. 4!, the absorption
intensity in darkened crystal is stronger than that in unil
minated one between 213103 and 283103 cm21. This im-
plies that the 213103-to-283103 cm21 absorption in photo-
darkened sample is primarily not due to CT transitions
due to transitions between crystal field states of the same
~we hint at Mn51) that is responsible for photocoloration o
the crystal.

At the excitation of photoexposed Mn:YAlO3 crystal with
short light pulses'10 ns at 532 nm, the predominating emi
sion signal is from Mn41 ions. Mn41 emission in YAlO3,
peaking at room temperature at 715 nm, was discusse
detail in Refs. 1, 2, and 4. At low temperatures, 14 and 77
very weak emission with the maximum at 1.14mm was

FIG. 1. Main frame: Traces 1–6-room-temperature absorp
spectra of strongly photoexposed~at l5514.5 nm) Mn:YAlO3.
1 –kic, Eia, Hib; 2 –kic, Eib, Hia; 3 –kia, Eic, Hib; 4 –kia,
Eib, Hic; 5 –kib, Eic, Hia; 6 –kib, Eia, Hic ~wherea, b, andc
are the orthogonal crystallographic axes of the crystal andk, E, and
H are the light propagation direction, polarization of the elect
field, and polarization of the magnetic field, respectively!. Trace
7–room-temperature absorption spectrum of the same not exp
crystal;kic, Eia, Hib. Inset: the same spectra in the exposed cr
tal at 77 K.
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TABLE I. Experimentally observed spectroscopic features in photodarkened Mn:YAlO3 ~1!, their spectral positions~2!, and assignment
~3!. Column 4—calculated positions of the energy levels obtained from the best fit of the experimental data and the Tanabe-Sugan
~calculated atC/B55). Dq51240 cm21 andB5524 cm21.

1 2 3 4

Experimentally observed spectral
feature

Spectral position
~experimental!,

cm21

Assignment of the transition Spectral position
~calculated from the Tanabe-

Sugano diagram!, cm21

Weak absorption and emission line
at 1138 nm with satellite peaks, #1

8.793103 3T1(3F)→1T2(1D) 8.673103

Wide absorption band #2 1.173104 3T1(3F)→3T2(3F) 1.143104

Wide absorption band #3 1.553104 3T1(3F)→3T1(3P) 1.823104

Wide absorption band #4 1.853104

Group of sharp weak absorption
lines #5

20.573103,
20.703103,
21.433103,
21.953103

3T1(3F)→1A1(1G) 1.823104

Wide stuctureless absorption wing
#6

'2.63104 3T1(3F)→3A2(3F) 2.383104
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found in the crystal, Fig. 2. No emission in the same spec
range was observed at room temperature. The intensit
1.14-mm emission was many orders of magnitude wea
than that of 715-nm emission. One of the strongest li
~1138 nm! in the 14-K emission spectrum corresponds to
strongest line in the 14-K absorption spectrum, Fig. 2. A
parently, this is the zero-phonon line of the electronic tra
sition.

No other significant emission signals were found in t
crystal.

The main features in the visible and near infrared abso
tion and emission spectra of the exposed Mn:YAlO3 are
summarized in Table I.

IV. DISCUSSION

4.1 Assignment of the absorption and emission features
in Mn:YAlO 3

Assuming that the optical active center predominating
the absorption spectra of photoinduced Mn:YAlO3 is Mn51

~we will prove this assumption in this and the next subs
tions!, its ground state, the ground state of the 3d2 ion in

FIG. 2. Main frame: The 14-K emission spectrum~1! and ab-
sorption spectrum~2! of strongly exposed Mn~0.5%!:YAlO3. Inset:
The same emission spectrum at 77 K.
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octahedral coordination, is3T1(t2
2) and the lowest1D singlet

excited state is1T2(t2
2), see the Tanabe-Sugano diagram

Fig. 5. We attribute the 77-K emission and the 14-K em
sion and absorption at 1120-1180 nm, Fig. 2, to the int
configurational transition 1T2(t2

2)→3T1(t2
2). A similar

singlet→triplet sharp spectral line in the 73103210
3103 cm21 range was observed in 3d2 ions in octahedral
@V31:Al 2O3,

11 V31:Y3Al5O12,
12 V31:K2NaScF6,

13

V31:Cs2LiScCl6,
13 V31:Cs2LiInCl6,

13 V31:Cs2LiScBr6,
13

Ti21:MgCl2 ~Ref. 15!# and tetrahedral (Mn51 in Y2SiO5,
7

apatites, spodiosites, and Li3MO4-type lattices6,9! coordina-
tion. This narrow-line absorption and emission definite
cannot belong to Mn41(3d3) ion, since Mn41 emission in
YAlO3 is known to occur at'715 nm.4 Besides, we are no
aware of any 3d3 ion in laser related hosts that has emissi
beyond 1mm. The strong line seen in the absorption a
emission at 1136 nm~'8.803103 cm21!, Fig. 2, is appar-
ently the zero-phonon line of the1T2(t2

2)→3T1(t2
2) transi-

tion. This is the shortest wavelength line in the 14-K em
sion spectrum. This implies the absence of anti-Sto
vibronic lines, which is not surprising at 14 K. We assum
that in Fig. 2 the absorption lines at shorter wavelengths t
1136 nm and the emission lines at longer wavelengths t
1136 nm have vibronic origin or are due to the transitio
involving spin-orbit components or crystal-field componen

FIG. 3. The fragment of the 77-K absorption spectrum of e
posed Mn:YAlO3(kic, Eia) recorded with higher resolution, 0.
nm.
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~in a symmetry lower thanOh) of the ground and excited
states. To distinguish between the possible mechani
above one should perform careful studies of the emiss
versus temperature, polarization, etc. Unfortunately, beca
of the extreme weakness of the1T2(t2

2)→3T1(t2
2) emission

signal, this is not feasible. Thus, all the three possibilit
above remain open. The relatively strong absorption li
seen above 1136 nm may imply the presence of several
ferent types of Mn51 centers in YAlO3 ~at cryogenic tem-
perature!. This explanation is consistent with the fact th
three types of Mn41 centers exist in Mn:YAlO3 at 77 K.4

We assign absorption band #2 ('123103 cm21), Fig. 1,
to the spin-allowed transition3T1(t2

2)→3T2(t2e) and assign
the poorly resolved band #4 ('253103 cm21) to the transi-
tion 3T1(t2

2)→3A2(e2). The 3T1(t2
2)→3A2(e2) transition is

a two-electron excitation and, as such, is expected to
weak. However, as it can be estimated from Fig. 4, the m
mum intensity of photoinduced coloration at'26.3
3103 cm21 is approximately 2.5 times higher than that
15.53103216.03103 cm21. One can speculate that the rel
tively high intensity of this transition in respect to that of th
3T1(t2

2)→3T2(t2e) transition, observed experimentally,
because its intensity-stealing ability may be enhanced by
proximity to CT bands.~In principle, one cannot exclude th
possibility of Mn51→oxygen CT in the vicinity of 26
3103 cm21. However, the absorption intensity at 2
3103 cm21 seems to be too small for a CT band.!

Bands #3 and #4 can be interpreted as the orbital com
nents of the3T1(t2

2)→3T1(t2e) transition that is split due to
some distortion of the Mn51 octahedron. We believe that th
splitting of the 3T1(t2e) excited state is large,'2.5
3103 cm21, giving rise to the bands at 15.53103 and 18
3103 cm21. In principle, if the symmetry of the Mn51 site is
low enough, the3T1(t2e) level can be split into three orbita
components. If we assume that the spectral bands co
sponding to these three components are polarization de
dent, this would explain some variance~,500 cm21! in the
maximum positions of the 15.53103 and 183103 cm21

bands experimentally observed in different polarizatio
Fig. 1. In this scenario, the 15.53103 and 183103 cm21

bands apparently represent two strongest components in
3T1(t2e) splitting.

Note that the splitting of the excited3T1 state was ob-
served in various crystals, for example, in Cs2LiScBr6 in
trigonally distorted octahedral coordination (DE'1000

FIG. 4. Room-temperature absorption spectra of a thinl
50.27 mm) Mn:YAlO3 sample; 1 - unexposed, 2 - strongly e
posed by Ar1 laser.
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cm21) ~Ref. 13! and in Ca2VO4Cl in tetrahedral coordination
(DE'3,700 cm21).6 The relatively smaller splitting, of the
order of several hundred wave numbers, was observe
different crystals doped with 3d2 ions occupying~mostly
trigonally! distorted octahedral sites@V31:Al 2O3,

10,11

V31:Y3Al5O12,
12 V31:Cs2LiScCl6,

13 V31:Cs2LiInCl6,
13

V31:Cs2LiScBr6,
13 and Tr21:MgCl2 ~Ref. 14!#.

According to the Tanabe-Sugano diagram, Fig. 5, the
ergy of the level1A1(t2

2) has only very weak dependence o
the crystal field~a similar situation also takes place in tetr
hedral sites!. Thus, one should expect that the spin forbidd
transition between the triplet ground state and the exc
state 1A1(t2

2) will be seen in the absorption spectrum as
sharp-weak peak. The fine structure~in some cases not show
ing any regular energy intervals! attributed to the transition
to the 1A1 level was observed in 3d2 ions occupying octa-
hedral sites@V31:Al 2O3 ~Ref. 10!# and tetrahedral sites
@Mn51:Ca2VO4Cl,6 Mn51:YSiO5,

7 and Mn51:Sr5~VO4!3F
~Ref. 9!# in the spectral range between the3T2 and 3T1

absorption bands7,9,10 or overlapping the 3T1 absorption
band.6

In our crystals, we did not see any sharp peaks in
spectral range between the3T2 and 3T1 absorption bands
However, the set of unevenly spaced weak sharp lines
observed overimposed the high-energy wing of the3T1(t2e)
band, Fig. 3. We tentatively associate these peaks with
transition3T1(t2

2)→1A1(t2
2). As it was suggested in Ref. 6,

fine structure in the broad-band absorption
Mn51:Ca2VO4Cl, that does not show any regular energy i
tervals, can be due to the mixing of the broad-band s
allowed transition and the ‘‘groundstate’’→1A1(t2

2) excita-
tion. The same explanation can also be valid in the cas
our experiment.

Thus, according to our spectroscopic measurements
assignments, the energy states in photodarke
Mn51:YAlO3 correspond to those of Mn51 in distorted octa-
hedral coordination and are arranged in the following ord

FIG. 5. The Tanabe-Sugano energy level diagram of a 3d2 sys-
tem in an octahedral crystal field~calculated forC/B55). The
horizontal dashed lines correspond to the experimentally meas
energy positions of the states. The vertical line corresponds to
crystal field in Mn51:YAlO3.
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1888 PRB 61NOGINOV, LOUTTS, NOGINOVA, HURLING, AND KÜCK
1T2(t2
2), ~not seen! 1E(t2

2), 3T2(t2e), strongly split
3T1(t2e), 1A1(t2

2), and 3A2(e2). Spin-forbidden and, hence
weak bands1T2(t2e) and 1T1(t2e) ~not seen in the spectra!
are apparently located between the levels3T1(t2e), and
3A2(e2). ~Note that the distortion of Mn51 containing octa-
hedra in photodarkened YAlO3 is not surprising. For ex-
ample, the distortion of Mn sites in YAlO3 was observed in
the crystal codoped with Mn and Ce ions5 and, at liquid
nitrogen temperature, in single Mn-doped YAlO3.

4!

4.2 Comparison to the Tanabe-Sugano diagram

In accordance with Refs. 22–24, we calculated the Mn51

energy states~Tanabe-Sugano diagram! for an octahedral
field in the cubic approximation. The calculation was do
for the ratio of the Racah parametersC and B equal to
C/B55. According to Ref. 22, the ratioC/B in a large num-
ber of transition-metal ion-doped crystals is 4 to 5. Thus,
believe thatC/B55 is a reasonable first approximation a
plicable to Mn51:YAlO3.

In the computational routine we varied the Racah para
eterB and the crystal-fieldDq, trying to get the best fit to the
experimentally determined positions of the levels1T2(1D),
3T2(3F), 3T1(3P), and 3A2(3F), Table I. In the minimiza-
tion of the calculated/experimental energy mismatch for
3T1(3P) level, the two split components at 1.553104 cm21

and 1.853104 cm21 were taken~in two alternative calcula-
tions! with weights 2:1 and 1:2, since the degeneracy of
perturbed and unsplit3T1(3P) level is equal to three. At
C/B55, we obtained the best fit atB5524 cm21 and Dq
51240 cm21 when the 1.553104 and 1.853104 cm21 bands
are accounted with the weights 1:2. Correspondingly,
calculated position of the3T1(3P) level was much closer to
1.853104 cm21 than to 1.553104 cm21. The energy-level
positions calculated at these values of the fitting parame
are reasonably close to those experimentally measu
Table I. The reasonably good agreement between the ex
ment and calculation confirms our statement that the
served spectroscopic features in photodarkened Mn:YA3
are predominantly due to Mn51 in distorted octahedral coor
dination ~Al sites!.

The largest mismatch between the calculations and
periment is in the energy of1A1(1G) level. However, it is
known from the literature that the energy of this level
usually poorly reproduced from ligand-field calculations.25,9

Since the maximum of the3A2(3F) absorption band is ex
perimentally determined with rather low accuracy, Fig. 4,
obtained agreement between the calculated and experim
positions of this level is fair enough.

~Note that a slightly better fit of the experimental resu
and the Tanabe-Sugano diagram could be obtained at
larger value ofC/B ~with the optimum atC/B'8). The
value of the parameterC/B'8 is close to that determine
for Mn51:Sr5~PO4!3F in Ref. 9. However, a discussion abo
the physical reason for such a large value ofC/B is beyond
the scope of this paper.!

The determined parameterDq51240 cm21 is less than
that in Mn41:YAlO3 @2115 cm21 Ref. 4#. @However, it is still
larger thanDq for some other 3d2 ions in octahedral coor
dination, 1018 cm21 in Ti21:MgCl2 ~Ref. 15! and 1085 cm21
e
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in V31:Cs2LiScBr6.#
13 The reason for the smallness of th

parameterDq in Mn51:YAlO3 is not quite understood yet.

4.3 Discussion of the energy position and luminescence
from the 1T2 level

Our tentative conclusion that the level1T2(t2
2) in

Mn51:YAlO3 is lower than 3T2(t2e) is consistent with the
absence of any detectable broad band luminescence in
crystal. In fact, the maximum of the1T2(t2

2)→3T1(t2
2) emis-

sion in Mn51:YAlO3 is at 8.733103 cm21 and the maximum
of the 3T1(t2

2)→3T2(t2e) absorption is at'123103 cm21.
Apparently, even taking into account that3T1(t2

2)
→3T2(t2e) is the interconfigurational transition and the a
tual energy gap between1T2(t2

2) and 3T2(t2e) is less than
3.33103 cm21, the value of this energy gap is large enou
to keep the population of the level3T2(t2e) negligibly small.
Another possible reason preventing us from observation
the 3T2(t2e) luminescence can be a strong nonradiat
quenching of this level. As it is shown in Ref. 6, at roo
temperature the rate of the nonradiative quenching of the3T2
luminescence in Ca2VO4Cl is two orders of magnitude
higher than the rate of the radiative process.

In many crystals with 3d2 ions substituted into octahedra
sites the rate of the1T2(t2

2)→3T1(t2
2) transition is very low.

For example, the radiative lifetime was estimated to be eq
to 109 ms in Ti21:MgCl2,

15 18 ms in V31:K2LiScCl6,
13 12

ms in Cs2LiInCl6 ~site 1!,13 and 13.5 ms in V31:Cs2LiScCl6
~site 1!.13

To estimate the radiative decay rateA at the 3T1(t2
2)

→1T2(t2
2) transition, we integrated the absorption spectru

in Fig. 6~b! (*k(l)dl) and substituted the obtained value
the formula

A5
~*k~l!dl!8pcn2

Nl̄4
, ~1!

where k(l) is the absorption coefficient,l̄ is the central
wavelength of the transition,c is the speed of light,n is the
refraction index, andN is the concentration of Mn51 ions.
Taking into account thatl̄'1136 nm, n'1.9, andN'5

FIG. 6. Trace 1 - room-temperature absorption spectrum of
Mn~0.5%!:Ce~0.4%!:Ca~0.5%!:YAlO3; trace 2 - scaled absorption
spectrum of Mn41 in yellowish Mn~0.5%!:YAlO3; trace 3 - scaled
absorption spectrum of Mn51 in photodarkened Mn~0.5%!:YAlO3;
trace 4 - the sum of traces 2 and 3. All ion concentrations are gi
according to the melt. Spectra are taken atkia andEic. Trace 5 -
absorption spectrum of Mn~0.5%!,Ca~1%!:YAlO3.
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31018cm23 ~the total Mn concentration in the crystal wa
'131019cm23 and Mn41 concentration was approximate
equal to a half of this value!, we calculatedA to be equal to
A'310 s21 and t5A21'3.2 ms. The luminescence wit
such a long radiative lifetime can easily be quenched
various nonradiative processes, resulting in very lo
luminescence quantum yield. Two possible nonradiative
laxation mechanisms for the singlet state in Mn51-doped
crystals discussed in Ref. 6 are~i! direct nonradiative relax-
ation to the ground state when a normal~phonon! mode of a
complex directly couples the excited state to the ground s
~which would require a special symmetry of a phonon! and
~ii ! drain of the1T2 population via thermal coupling with th
3T2 state followed by~radiative or nonradiative! relaxation
of 3T2 . Apparently, this coupling should be rather wea
However, it can be strong enough to compete with very s
radiative relaxation of1T2 . Note that very low-1T2(t2

2)
emission intensity has been reported in V31:Al 2O3 ~Ref. 11!
and V31:Y3Al5O12 ~Ref. 12! ~octahedral sites in both cases!.

V. STABILIZED MANGANESE 5 1 VALENCE STATE
IN Ca CODOPED CRYSTALS

As it was discussed in Ref. 5, Mn:YAlO3 crystals
codoped with Ce ions have pinkish color instead of yello
ish color. Both Mn41 and Mn31 ions are seen in the absorp
tion spectra of such crystals.5 Apparently, Mn31 ions appear
in Ce codoped crystals as a result of the react
Ce311Mn41→Ce411Mn31.5 In opposite, a YAlO3 crystal
~grown in oxidizing atmosphere! with nominal concentration
~in the melt! of Mn ions equal to 0.5%, Ce ions equal
0.4%, and Ca ions equal to 0.5% has dark grayish-brown
color. Its room-temperature absorption spectrum is show
Fig. 6, trace 1. In the spectrum of Fig. 6 one can see M41

absorption peak at'213103 cm21 ('0.48mm) and the
peak characteristic to Mn51 ions centered at '16
3103 cm21 ('0.625mm), compare with Fig. 1. Traces
and 3 in Fig. 6 are, correspondingly, the absorption spe
of Mn41 ions in yellowish Mn~0.5%!:YAlO3 crystal and
Mn51 ions in photodarkened Mn~0.5%!:YAlO3 crystal scaled
to fit ~when added together! the absorption spectrum repre
sented by trace 1. The perfect agreement of the experime
~trace 1! and fitted~trace 4! spectra in Fig. 6 is the evidenc
that the spectrum of Mn,Ce,Ca:YAlO3 is the combination of
Mn41 absorption and Mn51 absorption.

The dark coloration of Mn,Ce,Ca:YAlO3 cannot be erased
by heat. Thus, the presence of Ca ions stabilizes manga
51 valence state in the crystal. Under photoexcitation in
wavelength range below'550 nm the photoinduced Mn51

absorption~additional to that present in as-grown crysta!
appears in the sample. The photoinduced componen
Mn51 absorption can be easily erased by heat~.250 °C!,
similar to the photocoloration in single Mn-dope
YAlO3.

1,2,4 However, chemically stabilized fraction of Mn51

absorption in Mn,Ce,Ca:YAlO3 is persistent.
The absorption spectrum of Mn~0.5%!,Ca~1%!:YAlO3

~both concentrations are given according to the melt! is
shown in Fig. 6, trace 5. One can see that in this crys
Mn41 and Mn51 absorption bands are concealed under
wing of a very strong-absorption band centered in ultravio

We hypothesize that divalent calcium ion, substituti
y
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trivalent yttrium ion in the crystal, forms a negative
charged center. Apparently, this negatively charged ce
helps in oxidation of Mn41 to Mn51 and stabilization of
manganese in the 51 valence state. One can also specul
that uncompensated negative Ca-based centers are re
sible for the very strong-absorption band, probably belo
ing to some CT transition, in the short-wavelength range
the spectrum~Fig. 6, trace 5!. Following this scenario, the
CT absorption band disappears~Fig. 6, trace 1! when the
effective concentration of ions serving as donors of electr
~Mn, Ce! is higher that the concentrations of Ca-based ne
tive centers. Unfortunately, the lack of the knowledge of e
act concentrations of Mn, Ce, and Ca ions in our cryst
does not allow us to develop the model in greater detail.

VI. STABILIZED Mn 51 IONS IN Mn:YAlO 3

GROWN IN REDUCING ATMOSPHERE

The sample of nominally 2% doped Mn:YAlO3 grown in
reducing atmosphere was brought to spectroscopic inves
tion several months after it was synthesized. During that ti
the crystal was occasionally exposed to room light. The cr
tal at this initial stage was lightly grayish. This color is typ
cal to low-Mn-doped YAlO3 crystals exposed to sunlight o
room light. The polarized absorption spectra of the sampl
this initial stage are shown in Fig. 7, traces 1 and 2. Th
show Mn41 absorption band at'20.53103 cm21, Mn51 ab-
sorption band at'15.531032163103 cm21 ~compare with
Fig. 1!, the doublet of sharp weak lines at'24.3
3103 cm21 ~412 nm! ~we attribute it to Mn21 ions in yttrium
positions, Ref. 5!, and a wing of very strong-absorption ban
extending from ultraviolet. The Mn41 absorption intensity in
traces 1 and 2 is much smaller than that in nominally 0.
Mn-doped YAlO3 grown in oxidizing atmosphere~see Fig.
1!. The Mn51 absorption in the crystal, determining togeth
with Mn41 absorption very light grayish coloration of th
sample, was weak too.

The exposure of the sample with green Ar1 laser light did
not produce any dramatic changes to the crystal color
spectrum, that was typical to Mn:YAlO3 samples with low-
Mn41 concentration.

To erase Mn51 grayish coloration in the crystal, we

FIG. 7. Room-temperature absorption spectrum of nomina
2% Mn-doped YAlO3 grown in reducing atmosphere. Traces 1 a
2 - slightly photoexposed crystal before the heat treatment; trace
absorption of the overheated crystal~whole sample!; trace 4 - ab-
sorption of the inner part of the overheated crystal; trace 5 - absorp-
tion of the~outer! thin slice of the overheated crystal~the scale for
this trace is on the right-hand side of the plot!. Trace 1 -Eic, traces
2-5 - Eib.
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heated the sample on the hot plate at'310 °C for approxi-
mately 10 min.~We routinely used the same type of he
treatment to erase photoinduced coloration in all our crys
grown in oxidizing atmosphere.! After this heating procedure
the crystal became lightly yellowish with a slight trace
gray color. This was the expected result of the colorat
erasing experiment. The change of the color to yellow
implied the reduction of Mn51 absorption. However, the
traces of gray coloration indicated that small Mn51 concen-
tration still remained in the crystal.

To remove the residual traces of Mn51 absorption, we se
up the sample on the hot plate and heated it at the sec
time at '460 °C for approximately 45 min. To our grea
surprise, the crystal after this second heat treatment bec
dark gray, much darker than it was initially before the fi
heating. This never happened to our Mn:YAlO3 crystals
grown in oxidizing atmosphere. The absorption spectrum
the overheated dark gray crystal~at Eib) is shown in Fig. 7,
trace 3. This spectrum is typical to Mn51, see Fig. 1.~The
absorption spectrum of the overheated crystal in polariza
Eic was also characteristic to Mn51.)

We then cut two thin~,1 mm! slices from two opposite
parallel faces of the sample and found that the inside volu
of the crystal was light grayish yellowish, whereas the ou
layer ~several hundred of micrometers! was very dark. The
spectrum of the inner part of the overheated crystal is sho
in Fig. 7, trace 4. One can see that Mn51 absorption in trace
4 is smaller than that in traces 1 and 2. The absorption s
trum of the thin outer slice of the crystal is shown in Fig.
trace 5. To calculate the absorption coefficient in trace 5,
accounted for the thickness of the slice, 0.83 mm. Howe
since the effective depth of the dark colorated layer was
parently less than 0.83 mm, the maximum absorption coe
cient in the layer close to the crystal surface was even hig
than that in trace 5.~Obviously, the absorption coefficient i
trace 3 was calculated accounting for the total length of
crystal.!

The dark coloration in the thin skin layer stayed in t
crystal permanently and could not be further removed
either short-time or long-time heating in the air.

Thus, as follows from this particular experiment, t
short-time ~'10 min! heat treatment erases photoinduc
Mn51 coloration in Mn:YAlO3 grown in reducing atmo-
sphere, similarly to that it does in crystals grown in oxidizi
atmosphere. In parallel with this, the permanent inte
Mn51 coloration appears in thin layer close to the crys
surface. This type of thin skin coloration has never be
observed after the heat treatment in Mn:YAlO3 crystals
grown in oxidizing atmosphere.

One can hypothesize that intense permanent coloratio
thin outer layer of the crystal~grown in reducing atmo-
sphere! is due to diffusion of oxygen into the crystal durin
the heat treatment. The excess of oxygen oxidiz
Mn41~Mn41→Mn51! and stabilizing Mn51 can effectively
play the role of negative Ca-based centers discussed in
V. More studies of various lattice defects are needed to
swer the question why oxygen diffusion at relatively lo
temperature~310–460 °C! takes place in Mn:YAlO3 grown
t
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in reducing atmosphere and does not occur in Mn:YAl3
grown in oxidizing atmosphere.

VII. SUMMARY

In the present paper we studied spectroscopic prope
of photoinduced color centers in Mn:YAlO3 and showed that
they correspond to those of Mn51 ions in octahedral sites
We assign the main features observed in the absorption
emission spectra of strongly photoexposed Mn:YAlO3 to the
following excited energy states:1T2(t2

2), 3T2(t2e), strongly
split 3T1(t2e), 1A1(t2

2), and 3A2(e2). We attribute the
strong splitting of the3T1(t2e) excited state to the distortion
of Mn51 octahedral site. The character of the distortion
Mn51 containing octahedron in Mn:YAlO3 apparently
changes with temperature. We discuss the possible pos
of Mn51:YAlO3 in Tanabe-Sugano diagram and the reas
for low-quantum yield of Mn51 emission. We also describ
two examples when Mn51 ions are chemically stabilized in
Mn:YAlO3 as a result of codoping of the crystals with C
ions or annealing of the crystals~grown in reducing atmo-
sphere! in air at 310–460 °C.

Note added in proof. The orientation of the crystallo
graphic axes in YAlO3 crystals was studied using Rigak
x-ray set up with an attachment for Laue measureme
~This study was done by Hands P. Jenssen of CREOL, U
versity of Central Florida.! This measurements has show
that the axisa is oriented along the boule. All the YAlO3
crystals grown have the oval cross section. The larger o
radius points in thec direction and the smaller radius poin
in the b direction ~Pbnmnotation!. The fact that the lattice
parameters ‘‘c’’ is larger than the lattice parameter ‘‘b’’ is
line with the later observation. The NMR studies
Mn:YAlO3 have shown that the Laue determination of t
crystallographic axes is in agreement with that done in R
26. ~The NMR studies were done by Natalia Noginova. T
results will be published separately.! Note that in our severa
previous publications.1,2,4,5,27 following Ref. 28, we deter-
mined the crystallographic axes in YAlO3 boules based on
the orientation of twin planes and characteristic rhombic d
location pits that could be seen on specially oriented YAl3
wafers after etching. Unfortunately, that determination w
not correct. In publications cited in Refs. 1,2,4,5,27 the a
orientations should be corrected as followsaold→cnew, bold
→anew, cold→bnew. ~Her subscript ‘‘old’’ refers to the erro-
neous determination used in Refs. 1,2,4,5,27 and subc
‘‘new’’ refers to the correct axes determination done with t
x-ray Laue method.!
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