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The donor and acceptor charge-transfer transitions in YAlO3:Ti
31/Ti 41 were investigated through absorp-

tion, emission, excitation, one-photon and two-photon photoconductivities, excited-state absorption, and ther-
moluminescence. The results are contrasted to similar studies previously made on Al2O3:Ti

31/Ti 41. The
dominant Ti31 population has a photoionization threshold at 37 000 cm21. The lowest energy Ti41 charge-
transfer transition has its zero-phonon energy near to 33 900 cm21. The sum of these two quantities agrees
with the reported band-gap energy of YAlO3. The position of the Ti31/Ti 41 level in the band gap of
YAlO 3 is determined by these measurements. Stimulated emission from the2E state of Ti31 is limited by
photoionization from this state.@S0163-1829~96!05433-1#

I. INTRODUCTION

YAlO 3 crystallizes in a slightly distorted perovskite struc-
ture; the space group was determined to be orthorhombic
Pnma (D2h

16).1 In YAlO 3 crystals doped with Ti, both triva-
lent Ti31 and tetravalent Ti41 ions are incorporated into the
lattice; the concentration ratio Ti31/Ti 41 depends on the
crystal-growth conditions. The optical properties of
YAlO 3:Ti

31 were studied in several papers.2–8 The optical
spectra of Ti31(3d1) ions substituting in the YAlO3 lattice
for the Al31 in octahedral oxygen coordination were identi-
fied. The simple energy scheme of a 3d1 ion in an octahedral
field consists of only two electronic states2T ~lowest! and
2E. Transitions from the ground state2T→2E give in the
absorption spectrum a broad vibronic Jahn-Teller split band
with two peaks~432 and 491 nm!. The back transition from
the metastable state2E→2T gives a broad vibronic lumines-
cence band with maximum at 610 nm and the most promi-
nent zero-phonon line~ZPL! at 18 530 cm21 ~one of the
three which are theoretically possible!.6 The idea to use the
broad vibronic2E→2T band transitions in YAlO3:Ti

31 for
creation of a tunable solid-state laser operating in the short-
wavelength visible range strongly attracted attention to the

properties of YAlO3:Ti crystals.
2,3,9,10 It was found2,3 how-

ever that lasing is suppressed in YAlO3:Ti because of in-
tense excited-state absorption~ESA! from the metastable
2E state of Ti31. Ti 31 itself has no levels above2E, hence
the ESA transitions should belong to highly excited states of
charge-transfer~CT! type that are connected with the host
lattice. These states may be either delocalized conductive
states of ‘‘free carriers’’ in conduction bands or localized
states of ‘‘bound exciton’’ type11 when, say, the electron is
transferred from Ti31 to the surrounding metal ligands, be-
ing bound in an attractive Coulomb field of the remaining
photoionized charged ion~Ti 41). The CT transitions to
some lattice defects have to be considered too.

In the present paper, charge-transfer transitions in
YAlO 3:Ti crystals, which have different relative amounts of
Ti 31/Ti 41, were studied by several techniques. We have
measured~i! ground-state absorption~GSA! spectra in the
UV region, which correspond to relatively high energies of
CT optical transitions,~ii ! UV excited blue emission and the
corresponding excitation spectra of Ti41 at liquid-nitrogen
temperature~LNT!, ~iii ! UV excitation spectra of the intrin-
sic 2E→2T luminescence of Ti31 ions,~iv! photoconductiv-
ity excited both in the UV region in a one-photon process
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and in the visible in two-~or three-! step photoionization
processes via the metastable2E state of Ti31, which gives
direct information on the photoexcitation of conductive CT
states, ~v! UV excitation spectra of thermoluminescence
~TL!, which gives additional information on the carriers pro-
duced by UV light.

The CT transitions of donor type and of acceptor type
were identified in the spectra of YAlO3:Ti. These corre-
spond to photoionization of Ti with the creation of electrons
in conduction band~CB! or holes in valence band~VB!,
respectively. On the basis of the experimental observations,
an energy scheme of the system YAlO3:Ti was constructed
showing the position of the energy level Ti31/Ti 41 in the
YAlO 3 band gap.

II. EXPERIMENT AND RESULTS

The samples of YAlO3:0.2% Ti ~nominal concentration!
with different relative amounts of Ti31/Ti 41 were grown at
Hamburg by the Czochralski method in reducing atmosphere
~5% H2, 95% Ar! or in oxidizing atmosphere~1% O2, 99%
N2). In samples grown in oxidizing atmosphere, the amount
of Ti 41 ions is especially high, as in samples codoped with
divalent metal ions~Mn!. A boule of YAlO3:0.02% Ti
~nominal concentration! was given to us by M. Kokta of
Union Carbide Corporation and samples were cut from it.
Although the relative intensities of the absorption bands are
different in the differently grown YAlO3:Ti, it can be seen
from below that the positions of the bands are all identical.
Also, the photoconductivity spectra of the samples with dif-
ferent amounts of Ti31 and Ti41 are qualitatively the same.
This makes it valid to relate the optical and photoelectrical
properties of different crystals. Semiquantitative estimates of
the Ti31/Ti 41 ratios in the different samples were made.

A. UV absorption spectra

The GSA spectrum of YAlO3:Ti in the UV consists of
several broad bands whose relative intensities depend
strongly on the relative amount of Ti31 and Ti41 ions in the
sample. Figure 1 shows the GSA spectra of several differ-
ently grown doped and undoped samples in the UV region.
The UV1 band, with a long-wavelength onset at;340 nm
and a maximum at 280 nm, was described previously in Ref.

3. This band is intense in the GSA of a YAlO3:Ti sample
grown in a reducing atmosphere where the Ti31 valence
state is dominant. The intensity of UV1 drops dramatically in
the GSA of YAlO3:Ti samples grown in oxidizing atmo-
sphere, which contain mainly Ti41 and only a small amount
of Ti 31 ions. In the GSA of the latter samples, the UV2 band
has its onset at 280 nm and it has a peak at 215 nm and a
shoulder at 235 nm. The steep incline at wavelengths shorter
than 200 nm~‘‘UV3 band’’ ! observed for the mainly Ti31

doped samples is at least very small for the mainly
Ti 41-doped crystals. For comparison, undoped YAlO3 crys-
tals grown under reducing and oxidizing conditions were
also investigated. These show only small residual absorp-
tions between 350 and 190 nm. Table I summarizes the spec-
tral parameters of individual UV bands and their phenom-
enological relation to the presence of particular ions in the
sample — Ti31 ~UV1, UV3! and Ti41 ~UV2!. The intensi-
ties of these bands relative to the visible band were estimated
from the absorption peaks and from corrected excitation
spectra, and are also given in Table I.

TABLE I. Absorption bands of YAlO3:Ti.

Relative
integrated

Long-wavelength Band maximum Related to the absorption
edge or shoulder presence of strengths

VIS 560 nm 440,490 nm Ti31 1
;18 000 cm21 ;23 000,20 000 cm21

UV1 340 nm 280 nm Ti31 50
;29 000 cm21 ;36 000 cm21

UV2 280 nm 215,235 nm Ti41 850
;36 000 cm21 ;46 500,42 600 cm21

UV3 ;220 nm 175 nm Ti31 ;300
;45 000 cm21 ;57 000 cm21

FIG. 1. UV absorption spectra of 0.2%~nominal concentration!
Ti-doped~a,b! and undoped~c,d! YAlO 3 crystals~Hamburg! grown
in oxidizing atmosphere~a,c! or in reducing atmosphere~b,d!.
T5300 K. UV1, UV3 belong to Ti31, UV2 to Ti41.

6142 54S. A. BASUNet al.



B. Excited-state absorption

The excited-state absorption~ESA! of YAlO 3:Ti was
measured using the pump and probe technique described in
Ref. 8. An excimer-laser-pumped dye laser at 488 nm wave-
length was used as pump source. The ESA of YAlO3:Ti
hardly depends on the orientation of the crystal~Fig. 2!. The
ESA cross sections,sESA, at the pump wavelengths of the
order of 10218 cm2 are about 50 times larger than those for
GSA. The long-wavelength edge of the ESA also affects the
short-wavelength emission region. No stimulated emission
could be detected in the whole fluorescence range.8 The de-
cay time of the ESA determined by time-resolved ESA mea-
surements is about 10ms, which is in good agreement with
the 2E lifetime of Ti 31 in YAlO 3 of 11.4ms. In addition, a
long-lived pump-induced absorption attributed to color cen-
ters occurs. The fraction of this component with a decay time
of a few milliseconds and a long-wavelength edge shifted to
the blue spectral range~by 50 nm! compared to the ESA is
roughly 20% of the total transient absorption at the peak
wavelength of 375 nm~Fig. 2!.8

C. UV excited emission and excitation spectra of Ti41

The 260 nm excited emissions at LNT consist of both the
d-d yellow band and a broad blue band peaking at 410 nm.
In the Union Carbide YAlO3:Ti, the intensity of the blue
emission is comparable to thed-d emission. In the Hamburg
YAlO 3:Ti, which has less Ti41, the blue emission is only
one-tenth as intense as thed-d emission. The lifetimes of the
blue emissions excited at 266 nm are found to be
13.962.0 ms and 5.860.6 ms at 87 K. These values are
about 100 times less than that in Al2O3:Ti.

12 Also, unlike
the blue emission in Al2O3:Ti, the 410 nm emission band in
YAlO 3:Ti can barely be detected at RT. These facts
can be explained as being caused by a rapid nonradiative
process from the emitting level, contrary to the case of
Al 2O3:Ti

41.13

After the d-d band is subtracted from the spectrum, the
blue emission is plotted in Fig. 3. The excitation spectrum of
an optically dense sample of the Union Carbide crystal mea-
sured at 420 nm is also shown in the same figure.

D. Excitation spectra of Ti31 fluorescence

A comparison between the photoluminescence~PL! spec-
tra of different samples at 2 K shows that in the ZPL spectral
region, all spectra are totally identical and contain only one
ZPL at 18 530 cm21. We could conclude that only one type
of Ti 31 center manifests itself in this region of PL. How-
ever, the bandwidth~full width at half maximum! of the ZPL
is 5 cm21 and must be due to an inhomogeneous distribution
of some type. The excitation spectrum of the intrinsic
2E→2T fluorescence of Ti31 ions was measured using a
color filter selecting ‘‘yellow’’ luminescence of the samples
~measuring about 600 nm!. In accordance with Ref. 3, the
excitation spectrum in the visible consists of the band with
two peaks, which unambiguously corresponds to direct exci-
tation of Ti31 ions in the 2T→2E absorption band. In the
near UV, a broad maximum is observed in the region of the
UV1 absorption band~see Fig. 3!.3 Further in the UV, the
excitation spectrum shows a steep drop in the region of the
UV2 band.

The excitation spectrum in the UV1 range of Fig. 3 cor-
responds to a ‘‘thick sample’’ excitation spectrum in which
almost all of the exciting light is absorbed over much of the
band. The height of the 300 nm excitation band correspond-
ing to UV1 should be multiplied by a factor of 4 to 5 to show
its true strength relative to thed-d excitation band for the
crystal sample used, namely the 1.55 mm thick sample from
Union Carbide.

E. Photoelectric response in UV

The stationary photocurrent~PC! of YAlO 3:Ti was mea-
sured using the technique described in Ref. 14, but without
insulating plates between the Ni mesh electrodes and the
sample. The results are generally in accordance with earlier
measurements.15 Under UV excitation, we observed the low-
energy step threshold of the spectral PC tail at;32 000
cm21. At room temperature it is approximately three times

FIG. 2. Polarized ESA cross sections,sESA of YAlO 3:Ti
31

~0.2% Ti doped!. In the inset the temporal behavior of the unpolar-
ized pump-induced absorption is shown.I p andI u are the transmit-
ted probe beam intensities with and without excitation,Dt is the
trigger delay between the pump and probe pulse.

FIG. 3. Dashed curve: 260 nm excited blue emission spectrum
of YAlO 3:0.02% Ti (d-d emission band subtracted! and the exci-
tation spectrum measured at 420 nm. Both are taken at LNT.
~Union Carbide sample!. Solid curve: 300 nm excited yellow emis-
sion spectrum and its excitation spectrum detected at 600 nm at RT.
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stronger than at 77 K~see Fig. 4!. The photocurrent increases
with frequency. Especially fast increases in slope begin at
;37 000 and;44 000 cm21. The photocurrent in these re-
gions is 50–100 times stronger than in the first region~Fig.
4!, and its temperature dependence is much less.

F. Photoelectric response in visible range

The previous measurements of photocurrent in
Ti 31-doped oxides Al2O3 and YAG revealed the possibility
of excitation of photoconductivity under visible excitation
when the photocurrent appears as a result of two-step photo-
ionization of Ti31 via its intermediate2E state.16,17Because
the first step is well known here as the intrinsic excitation
2T→2E of the Ti31 ion, this helps in the identification of
final states in the two-step or the corresponding one-step
transitions.

In the present studies of two-step photocurrent in
YAlO 3:Ti crystals~see also Ref. 18!, the cw Ar laser spec-
tral lines 457.9–514.5 nm corresponding to energies at
19 440–21 840 cm21 were used for excitation. These lines
are situated within the2T→2E absorption band of Ti31 and
hence effectively excite Ti31 into the metastable2E state,
which is 18 530 cm21 above the2T ground state. Inducing
the second-step transition from2E ~18 530 cm21), these
lines excite the system to upper energy states at 37 970–
40 370 cm21. These correspond to the high-energy falling
edge of the UV1 band and its crossover to UV2 in the GSA
of YAlO 3:Ti ~see Fig. 1!.

Figure 5 shows the dependence of the stationary photo-
current j on the cw Ar laser pumping powerP at LNT.
These dependences were measured for two samples with the
same Ti concentration grown under reducing atmosphere
where Ti31 ions dominate: the sample YAlO3:0.2% Ti and
codoped sample YAlO3:0.2% Ti, 0.1% Mn with an en-
hanced concentration of Ti41 ions. The quadratic depen-
dencej (P) is observed in both cases and for all excitation
wavelengths, the current in the codoped sample being
smaller. The quadratic dependence establishes that the two-

step photoionization of Ti31 ions by visible light creates
electrons in the conduction band~CB!:Ti 3112hn→
Ti 411e2. The stationary current isj;Gl̄;Gnr

21 where
G;P2 is the rate of photoionization in the two-step process,
and l̄;nr

21 is the mean free path of a charge carrier between
the generation and recombination events,nr being the con-
centration of recombination centers.19 Since the photocurrent
is due to electrons, the decrease of current in the
Ti 41-enriched sample suggests that Ti41 ions serve as re-
combination centers~Ti 411e2→Ti 31), however more
samples are needed to establish the actual dependence of
photocurrent ofnr .

In Fig. 6, the wavelength dependence of the relative
photoionization cross section from the2E level of Ti31 is
plotted, that is,

FIG. 4. Excitation spectrum of one-step photocurent in the UV
region at RT ~open circles! and LNT ~solid circles! for the
YAlO 3:0.02% Ti. ~Union Carbide sample!.

FIG. 5. Dependence of stationary two-step photocurrent on vis-
ible excitation (lexc5488 nm!. Field strength,E5100 kV/cm,
T577 K. Open circles are YAlO3:0.2% Ti, solid circles are
YAlO 3:0.2% Ti, 0.1% Mn.

FIG. 6. Relative second-step photoionization cross section from
2E state of Ti31 versus pump wavelength at 77 K. Open circles are
YAlO 3:0.2% Ti, solid circles are YAlO3:0.2% Ti, 0.1% Mn.
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spi~n!;
j ~n!hn

ni~n!P
. ~1!

Here,ni is the density of the excited Ti
31 ions determined to

within a constant factor by recording the2E→2T spontane-
ous fluorescence intensity in parallel to the two-step photo-
current, j , andP is the incident power of 0.5 W at each cw
Ar laser line. It is seen that there is a change of photoioniza-
tion cross section at about 20 500 cm21.

If the samples are cooled from LNT down to liquid-
helium temperature~LHT!, a different power dependence of
the photocurrent is observed~Fig. 7!. While the quadratic
dependencej (P) remains for short-wavelength Ar laser
lines, for excitation with the longer wavelength lines~488
and 514 nm!, the pump power dependence of photocurrent
becomes cubic (j;P3). The spectral point of crossover,
j;P2→ j;P3, is between 488 and 476 nm~20 500–21 000
cm21) and corresponds to that energy at which the photo-
ionization cross section from the2E state,spi(n), increases
abruptly ~see Fig. 6!. The corresponding one-photon energy
of this excitation point is at about 39 000 cm21. These
changes in j (P) are observed on all reduced and Mn
codoped samples.

G. UV excitation spectra of thermoluminescence

The photon counts of thed-d luminescence were mea-
sured after UV excitation of the sample at 80 K in the course
of subsequent relatively slow heating (;4 K/min! of the
sample up to 400 K. When a blue filter was used, no TL
peaks were detected. Four major thermoluminescence~TL!
peaks were observed~Fig. 8!. The dependences of individual
TL peak amplitudes on the exciting UV frequency~normal-
ized to the UV source output! were measured~the TL exci-
tation spectrum, TLES!. Two types of TLES were observed
~Fig. 9!. TLES-1 measured for the TL peak at 280 K contains
a UV maximum and has a low-energy threshold which coin-

cides with the weak PC tail threshold at 32 000 cm21. The
energetic depth of this trap is estimated to be about 0.56 eV
according to the empirical formulaDE'Tmax/500. Towards
high energy, TLES-1 drops at;37 000 cm21, where the
other TL peaks~TLES-2! begin. TLES-2 is observed for all
other TL peaks. It begins at;37 000 cm21 when TLES-1
starts to decrease. The amplitude of TLES-2 increases with
frequency.

Because the TL peaks arise from the thermal release of
photogenerated carriers from traps in the lattice, the observa-
tion of two types of TLES indicates the existence of two
kinds of ionization processes~with different onset energies!
producing electrons that are subsequently captured by sev-
eral types of traps at LNT.

III. DISCUSSION

The experimental data in Sec. II show that in YAlO3:Ti
spectra, besides the internald-d transitions of Ti31 ions in
the visible, optical transitions of the charge-transfer~CT!
type occur in the UV. These transitions manifest themselves
first of all in the UV ground-state absorption spectra~GSA!
as well as in the UV excitation spectra of photoluminescence

FIG. 7. Photocurrent versus pump power for YAlO3:0.2% Ti,
0.1% Mn samples atT52 K. E5100 kV/cm, l exc5457.9 nm
~solid circles!, 476.5 nm~crosses!, 488 nm ~triangles!, and 514.5
nm ~open circles!. The triangles and open circles are shifted by a
factor of 2 downward.

FIG. 8. Thermoluminescence peaks of thed-d emission
~through at 550 nm cutoff filter! after irradiation of YAlO3:0.02%
Ti at 80 K by 265 nm light~heating rate;4 K/min!.

FIG. 9. Excitation spectra of thermoluminescence peaks for
YAlO 3:0.02% Ti ~a! TLES-1 280 K ~open circles!, ~b! TLES-2
@150 K ~solid circles!, 182 K ~squares!, 400 K ~triangles!#.
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~PL!, of photoconductivity~PC!, and of thermoluminescence
~TL!. In the following, the possible nature of the different
CT excited states is discussed for optical transitions in the
region of the principal UV absorption bands~UV1, UV2!
which are due to the presence of Ti31 and Ti41 in the
YAlO 3 lattice.

Due to a strong electron-phonon coupling and the fact that
the final states may be continuous band states, the CT spec-
tral bands are very broad. As a result of the overlapping
between these spectral bands of different origin, it is difficult
to determine precisely the spectroscopic parameters such as
the positions of low-energy edges of these spectral bands and
the corresponding pure-electron transition energies~ZPL’s!.
Therefore, the experimental data only allow us to construct a
general and crude scheme for the optical CT transitions in
YAlO 3:Ti between the Ti levels and the host conduction-
~CB! and valence-band~VB! states.

A. Absorption band UV1 and donor-type CT transitions
in YAlO 3:Ti

As shown in Sec. II A, the GSA band UV1 is intense in
the predominantly Ti31 YAlO 3 and absent in the predomi-
nantly Ti41 crystal. Hence, this band is attributed to the
presence of the Ti31 ion and belongs to the dominant type of
Ti 31 containing centers in YAlO3. Photoexcitation of this
band leads to the yellow2E→2T luminescence of Ti31 as it
should if it is a Ti31 band. Figure 10 summarizes the data on
the UV absorption~GSA! and on the UV excitation spectra
of Ti 31 PL, of PC, and of TL in the region of the UV1 band.
The RT visible spectra~ESA and PC! arising from the CT
transitions from the metastable2E state of Ti31 are also
shown after being shifted by the2E energy of 18 530
cm21. Analogously to Al2O3:Ti, all of these results are in
agreement with the assignment of UV1 as a titanium-bound
exciton.20

The Ti-bound exciton must also be reached in the two-
step ESA transition. The ESA band appears to begin at about
15 400 cm21, or 33 900 cm21 above the ground state. This
energy is just below the peak energy of UV1 and about 4 000
cm21 above the origin of UV1. A shoulder can be seen in
theEic ESA spectrum at 480 nm or 39 300 cm21 above the
ground state, that is, about 4000 cm21 above the peak of
UV1. Therefore, this first part of the ESA band appears to
correspond to the UV1 band, but shifted 4000 cm21 to
higher energy. A possible reason for such a shift, as was
invoked for Al2O3:Ti,

12 is that the Jahn-Teller effect in the
2E state causes a Franck-Condon shift of 4000 cm21 in the
transition from2E to the exciton state.

However, some differences between YAlO3:Ti and
Al 2O3:Ti are worth mentioning here. The quantum yield of
thed-d luminescence excited from the exciton band at 300 K
is very high in YAlO3, but very low in Al2O3. On the other
hand, the quantum yield of the blue luminescence excited
from the oxygen to metal charge-transfer band at 300 K is
high in Al 2O3 but very low in YAlO3. We have no simple
explanation for these facts. The exciton band in YAlO3 has a
full width at half height of 8000 cm21, twice as large as in
Al 2O3. This difference may be related to the more complex
band structure of YAlO3 in which two types of cations con-
tribute electronic levels, or to two different types of Ti31

centers. A third point of interest is that the ratio of thed-d
intensity to the exciton intensity is 1/50 in YAlO3 and 1/2 in
Al 2O3. Information like this for a variety of other host lat-
tices may lead to a better understanding of the charge-
transfer processes.

In YAlO 3, the intensity of the ESA transition to the ex-
citon state has a cross section of 1.2 to 1.9310218 cm2 at
488 nm, depending on the polarization; this is about 50 times
greater than the cross section for thed-d transition. The
ground state to exciton-state transition at 300 nm is also
about 50 times stronger than thed-d transition; these nearly
equal band strengths are in agreement with the assignments
of the bands.

The higher-energy part of the ESA band must be due to
transitions directly into the conduction band, as the excited-
state photoconductivity becomes stronger at wavelengths
shorter than 500 nm.

The excitation spectrum in the region of the trapped ex-
citon can be used to find the quantum yield of fluorescence
as a function of frequency throughout the band. In the
higher-energy part of UV1, photoionization is competing
with fluorescence excitation, and the quantum yield of fluo-
rescence should decrease in this region.

The fluorescence yield from a sample plate of thickness
d, absorption coefficienta, and quantum yieldf is

I F5~ I 02I ! f5I 0~12e2ad! f . ~2!

~Geometry factors can be ignored here.! In our samples, the
UV2 band begins to interfere with the UV1 band above
35 000 cm21, and since UV2 is inactive in producing the
yellow fluorescence, its screening effect must be accounted
for. This introduces a factor ofa/(a1a8), wherea8 is the
absorption coefficient of the inactive background adsorption
due to UV2. A provisional separation of the contributions of

FIG. 10. Excitation spectra in near UV region~summary based
on previous figures!. ~a! GSA of the sample containing Ti31,
Ti 41 ions ~Fig. 1!. ~b! ESA ~Fig. 2!, shifted by 18 530 cm21. ~c!
one-step PC~Fig. 4!. ~d! photoionization cross section from2E
~Fig. 6!, shifted by 18 530 cm21. ~e! excitation of Ti31 PL ~Fig. 3!,
RT. ~f! quantum yield of yellow fluorescence, RT.
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UV1 and UV2 above 36 000 cm21 was made; UV1 was
reflected around 278 nm on a wavelength scale. The quan-
tum yield is then

f5
I F
I 0

a1a8

a S 1

12e2~a1a8!dD . ~3!

The quantity (I F /I 0) is taken to be the experimental excita-
tion spectrum and the two correction factors are taken from
the absorption spectrum. There is an arbitrary scale factor in
the excitation spectrum which must be determined before we
can use Eq.~3!. We can show thatf is the same for the part
of UV1 below 34 000 cm21 as for thed-d band, and we take
this value to bef51. Then Eq.~3! can be used to findf for
the entire band.

The ratio of absorption peak heights UV 1/d-d is about
45/1. The excitation spectrum in Fig. 3 shows a ratio of 9.6
to 1, but when the saturation of the excitation spectrum is
considered, its peak height should be multiplied by
2.3A/(1–102A), where A is the decadic absorbance. At
34 000 cm21, A for the 1.55 mm Union Carbide sample is
1.73, giving a correction factor of 4.05 and a corrected ordi-
nate height for the excitation band of 39. The ratio of the two
excitation bands is thus about 40, nearly the same as the
absorption band ratio, and justification for takingf51 at
34 000 cm21. The photocurrent at this energy is relatively
small as shown in Fig. 10, and the high quantum yield shows
it to be small absolutely.

Using Eq.~3!, the quantum yield is plotted in Fig. 10. It is
seen to be constant within 10% from 30 000 to 35 000
cm21, and then to drop rapidly between 35 000 and 41 000
cm21. The photocurrent begins to rise at 35 000 and is rising
rapidly at 41 000 cm21. If the photocurrent measured the
electron yieldp in the conduction band, we should find
f1p51. Actually, there is no way to scale the photocurrent
to agree with this relation: the current rises faster with fre-
quency than 12 f , presumably because the electron path
length increases with energy above threshold. Any further
understanding of this part of the spectrum will have to come
from experiments on other crystals in which the effect of
UV2 is reduced.

One conclusion of this work is that the weak photocurrent
arising at 31 000 cm21 ~Fig. 4! does not have a measurable
effect on the quantum yield of fluorescence excited in UV1.
This observation establishes the scale factor for the weak
photocurrent, showing that it is indeed weak. The weak long-
wavelength photoconductivity having an onset at 32 000
cm21 coincides with the onset of the TL excitation spectrum
for the 280 K glow peak which is interpreted as follows: A
special population of Ti31 ions may exist which when illu-
minated transfer electrons to the trap which has its thermo-
luminescence peak at 280 K. The other Ti31 ions would not
be able to transfer electrons until the higher threshold at
37 000 cm21 has been reached. At still higher energies, the
other traps, which are more numerous, will be filled and the
excitation spectrum of the 280 K traps shows the falling off
due to this competition. It is still necessary to assume that
only the 280 K trap is available to the electrons from the
special population of Ti31, and this requires the assumption
of some complex consisting of the special Ti31 and 280 K

trap which may be a nearby charge-compensated Ti41 ion as
it was also assumed in Al2O3:Ti.

12

The results in this section indicate that the photoionization
threshold should be at about 37 000 cm21. However, the
extrapolation of the rapid increase of the two-step photocur-
rent at LNT in Fig. 6 appears to begin at 19 600 cm21 which
becomes 38 100 cm21 when ZPL energy is added. Also, the
crossover point where the power dependence of the two-step
photocurrent changes from quadratic to cubic at LHT is at
about 39 000 cm21. This discrepancy originates from the
fact that the two-step processes start from the excited Ti31

level which is displaced relative to the Ti31 ground state.
So, a small Franck-Condon shift of about 1000 cm21 is rea-
sonable for the transitions from the2E excited state to the
conduction band.

B. Absorption band UV2 and acceptor-type CT transitions
in YAlO 3:Ti

In contrast to UV1 band, UV2 band is prominent in the
predominantly Ti41 sample but much weaker in the pre-
dominantly Ti31 crystal. So, this band may be attributed to
an acceptor-type CT transition of Ti41, in which an electron
from the valence band~VB! is transferred to a Ti41 ion with
simultaneous creation of a Ti31 ion in its ground state and a
hole in the VB,

Ti411hnUV2→Ti31~2T!1e1. ~4!

The acceptor-type charge-transfer band should have sev-
eral components because the several molecular orbitals on
the oxide ligands are typically spread over an energy range
of several volts, and also because of the severald-type ac-
ceptor orbitals on the Ti ion. Evidence for some of these
components appears in the spectrum of Al2O3:Ti

41, where
two bands about a volt apart are found. The band UV2 in
YAlO 3:Ti

41 appears to be composite; a shoulder can be
discerned by Gaussian analysis giving peaks at 238 and 212
nm, a separation of about 0.6 eV. The 238 nm band is more
clearly resolved in the excitation spectrum of the blue emis-
sion, Fig. 3. The 238 nm band is considered to be the lowest
single-singlet transition of the acceptor-type charge transfer.
The triplet-singlet transition corresponding to it must give
rise to the blue fluorescence because its lifetime is too long
to correspond to a spin-allowed transition. The singlet triplet
spacing is probably very small, and we have not made a
correction for it.

The electronic origin of the Ti41 CT transition can be
found from the blue emission band and the corresponding
excitation spectrum~Fig. 3!. The value obtained from the
low-energy excitation edge and the high-energy emission
edge is 33 90061000 cm21 (4.260.1 eV!. Taking the aver-
age of the 238 nm peak and the emission band peak at 410
nm gives about the same zero-phonon level~33 200 cm21)
as the other method.

No blue thermoluminescence peaks were detected. Either
the trapped holes are stable only below 77 K or hole detrap-
ping occurred at a temperature when Ti41 CT emission is
too weak to be observed~note that the CT emission could be
measured at LNT but not at RT in the photoluminescence
experiment!.
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C. Position of Ti31 levels in the band gap of YAlO3

Using the values of photoionization thresholds in donor-
type and in acceptor-type transitions, it is possible to find the
position of the Ti31/Ti 41 level in the band gap of YAlO3
crystals as shown in Fig. 11. Thick horizontal lines represent
the zero-vibrational energy levels of the relaxed Ti electronic
states. Besides the2T and 2E levels of Ti31, the energies of
the CB and VB edges as well as the bound exciton states are
also shown. Thin horizontal lines represent the higher vibra-
tional levels in different electronic states. The vertical arrows
correspond to the pure electronic transitions whose energies
were estimated from the experiments.

Since the sum of the zero-phonon donor and acceptor en-
ergies should equal the band-gap energy,

Ed1Ea5Eg , ~5!

we can test the values ofEd andEa from these experiments
to see if they are consistent with this relation.

The band-gap energy comes from Refs. 21–24, and espe-
cially a paper by Lushchiket al.24 In this paper, a value of
Eg58.5 eV is given; however the data shown permit a range
from 8.5 to 9.0 eV to be chosen.

The value ofEa from Sec. III B is 4.260.1 eV; the value
of Ed from Sec. III A is 4.660.1 eV, giving the value of
Eg as 8.860.2 eV. The value is in good agreement with the
range of values forEg indicated above.

IV. CONCLUSIONS

Through the results of spectroscopic investigations and
photoconductivity measurements, the Ti31 ground state is
found to be at about 37 000 cm21 below the conduction
band of YAlO3. A titanium-bound exciton band beginning at
about 29 000 cm21 above the Ti31 ground state is observed.
The charge-transfer transition from Ti41 to Ti 31 ground
state is located at 33 90061000 cm21 above the valence
band of YAlO3. The two quantities, 37 000 and 33 900
cm21 sum to 70 900 cm2158.8 eV, close to the band-gap
energy of YAlO3. The result is similar to the case of
Al 2O3:Ti.

20 On the other hand, the separation between the
conduction band and the2E excited state~18 500 cm21) is
near to the2E↔2T zero-phonon energy~18 530 cm21) of
Ti 31 and this is the source of the ESA. The close coinci-
dence between the excited-state ionization energy and the
zero-phonon level shows that special long-wavelength
pumping~wing-pumping! would be necessary if this crystal
is to be used as a solid-state laser. Though a strong reduction
in the pumping efficiency is still expected.
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