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The donor and acceptor charge-transfer transitions in LWAIG ' /Ti** 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®@gTAF/Ti**. The
dominant T population has a photoionization threshold at 37 000 &nThe lowest energy Ti* charge-
transfer transition has its zero-phonon energy near to 33 900 cifhe sum of these two quantities agrees
with the reported band-gap energy of YAJOThe position of the T*/Ti** level in the band gap of
YAIO ; is determined by these measurements. Stimulated emission froAEtiséate of TE* is limited by
photoionization from this stat¢S0163-182806)05433-1

. INTRODUCTION properties of YAIO;:Ti crystals®®%1°1t was found® how-
ever that lasing is suppressed in YAJQi because of in-
YAIO ; crystallizes in a slightly distorted perovskite struc- tense excited-state absorptidgSA) from the metastable
ture; the space group was determined to be orthorhombiéE state of TF*. Ti®* itself has no levels abovéE, hence
ana(D%ﬁ 1In YAIO ; crystals doped with Ti, both triva- the ESA transitions should belong to highly excited states of
lent Ti®* and tetravalent Ti* ions are incorporated into the charge-transfefCT) type that are connected with the host
lattice; the concentration ratio Ti/Ti** depends on the lattice. These states may be either delocalized conductive
crystal-growth conditions. The optical properties of states of “free carriers” in conduction bands or localized
YAIO 5:Ti3* were studied in several papéié The optical ~ states of “bound exciton” typ€ when, say, the electron is
spectra of T¥*(3d?) ions substituting in the YAIQ lattice  transferred from T#* to the surrounding metal ligands, be-
for the AI®" in octahedral oxygen coordination were identi- ing bound in an attractive Coulomb field of the remaining
fied. The simple energy scheme of d'don in an octahedral photoionized charged iorfTi**). The CT transitions to
field consists of only two electronic staté3 (lowesh) and  some lattice defects have to be considered too.
2E. Transitions from the ground stafél —2E give in the In the present paper, charge-transfer transitions in
absorption spectrum a broad vibronic Jahn-Teller split band&/AlO 5:Ti crystals, which have different relative amounts of
with two peaks(432 and 491 nm The back transition from Ti3*/Ti**, were studied by several techniques. We have
the metastable staftE— 2T gives a broad vibronic lumines- measuredi) ground-state absorptio(GSA) spectra in the
cence band with maximum at 610 nm and the most promiJV region, which correspond to relatively high energies of
nent zero-phonon lingZPL) at 18 530 cm® (one of the CT optical transitions(ii) UV excited blue emission and the
three which are theoretically possibfeThe idea to use the corresponding excitation spectra of*Ti at liquid-nitrogen
broad vibronic?’E— 2T band transitions in YAIQ:Ti3" for ~ temperaturéLNT), (i) UV excitation spectra of the intrin-
creation of a tunable solid-state laser operating in the shortsic °E— 2T luminescence of T ions, (iv) photoconductiv-
wavelength visible range strongly attracted attention to thaty 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 Wavelength (nm)
processes via the metastalfié state of TP, which gives 150 300 250 200
direct information on the photoexcitation of conductive CT L L B A
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 YAIQTi. These corre-
spond to photoionization of Ti with the creation of electrons
in conduction bandCB) or holes in valence ban@vB),
respectively. On the basis of the experimental observations,
an energy scheme of the system YAI®i was constructed
showing the position of the energy level*TiTi** in the
YAIO ; band gap.
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The samples of YAIQ:0.2% Ti (nominal concentration
with different relative amounts of Pi"/Ti** were grown at FIG. 1. UV absorption spectra of 0.2¢aominal concentration
Hamburg by the Czochralski method in reducing atmospherei-doped(a,b and undopedc,d) YAIO 5 crystals(Hamburg grown
(5% H,, 95% A or in oxidizing atmospherél% O,, 99%  in oxidizing atmospherga,g or in reducing atmospheréb,d).
N>,). In samples grown in oxidizing atmosphere, the amountr=300 K. UV1, UV3 belong to T¥", UV2 to Ti*".
of Ti** ions is especially high, as in samples codoped with

?rgvari?:tl me:]al Lcipstfgﬂnnv)v A ?\?uriet of Y,;‘\)IO?\;IO.(})(Z‘ﬁ:t T'f 3. This band is intense in the GSA of a YA} sample
ominal concentra as given 1o us by M. 1oklia o grown in a reducing atmosphere where the’'Tivalence

Union Carbide Corporation and samples were cut from it, tate is dominant. The intensity of UV1 drops dramatically in
Although the relative intensities of the absorption bands ar he GSA of YAIO:Ti samples grown in oxidizing atmo-

different in the differently grown YAIQ:Ti, it can be seen here which contain mainly T and onl mall amount
from below that the positions of the bands are all identical >P1eTE: ch conta anly 11 and only a smaif amou

Also, the photoconductivity spectra of the samples with dif-mc T'. ions. In the GSA of thellatter samples, the UV2 band
ferent amounts of B and Ti** are qualitatively the same. has its onset at 280 nm and it has a peak at 215 nm and a

This makes it valid to relate the optical and photoelectricalShOUIder at 235 nm. The steep incline at wavelengths shorter

1 ” H +
properties of different crystals. Semiquantitative estimates o doi)negogamleiv?sbaa?dIe)ag?s\?gsd ;%ra:refor?a;ﬂg 121ain|y
Bt T At patioe :
the Ti*"/Ti*" ratios in the different samples were made. Ti4*-doped crystals. For comparison, undoped YAI@ys-

tals grown under reducing and oxidizing conditions were
also investigated. These show only small residual absorp-

The GSA spectrum of YAIQ:Ti in the UV consists of tions between 350 and 190 nm. Table | summarizes the spec-
several broad bands whose relative intensities depental parameters of individual UV bands and their phenom-
strongly on the relative amount of i and Ti** ions in the  enological relation to the presence of particular ions in the
sample. Figure 1 shows the GSA spectra of several differsample — TP* (UV1, UV3) and Ti** (UV2). The intensi-
ently grown doped and undoped samples in the UV regionties of these bands relative to the visible band were estimated
The UV1 band, with a long-wavelength onset-aB40 nm  from the absorption peaks and from corrected excitation
and a maximum at 280 nm, was described previously in Refspectra, and are also given in Table I.

A. UV absorption spectra

TABLE |. Absorption bands of YAIQ:Ti.

Relative
integrated
Long-wavelength Band maximum Related to the absorption
edge or shoulder presence of strengths
VIS 560 nm 440,490 nm Pir 1
~18 000 cni't ~23 000,20 000 crit
uv1 340 nm 280 nm ™' 50
~29000 cm't ~36 000 cm't
uv2 280 nm 215,235 nm T 850
~36 000 cnt ~46 500,42 600 cm*
uv3 ~220 nm 175 nm ™ ~300

~45000 cn't ~57 000 cn't
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FIG. 2. Polarized ESA cross sectionsgg, of YAIO 5:Ti%* 2 3 4 5
(0.2% Ti dopedl In the inset the temporal behavior of the unpolar- Wavenumbper (10% em™)
ized pump-induced absorption is showp.andl, are the transmit-
ted probe beam intensities with and without excitatian, is the FIG. 3. Dashed curve: 260 nm excited blue emission spectrum
trigger delay between the pump and probe pulse. of YAIO 5:0.02% Ti (d-d emission band subtractednd the exci-

tation spectrum measured at 420 nm. Both are taken at LNT.

(Union Carbide sampje Solid curve: 300 nm excited yellow emis-
The excited-state absorptiofESA) of YAIO 3:Ti was  sion spectrum and its excitation spectrum detected at 600 nm at RT.

measured using the pump and probe technique described in

Ref. 8. An excimer-laser-pumped dye laser at 488 nm wave- D. Excitation spectra of Ti®* fluorescence

length was used as pump source. The ESA of YA

hardly depends on the orientation of the cryskg. 2). The : .
ESA Cross sectionsres,, at the pump wavelengths of the tra of different samplest& K shows that in the ZPL spectral

order of 10 28 cm? are about 50 times larger than those for region, all spectra are totally identical and contain only one

~ 1
GSA. The long-wavelength edge of the ESA also affects th(.;]!3 _II‘_§t+ 1§e?1?£rcr?11ari';gsetscc')tgledlfc$1 ntcrllys(ifeth%tnogllypol_nel_"qc/,pe_
short-wavelength emission region. No stimulated emissio ' nanftests | ' IS regi - How
could be detected in the whole fluorescence rdhgiee de- ever, the bandwidtifull width at h‘f’“f maximur of th? ZFL :
cay time of the ESA determined by time-resolved ESA meaiS 5 cm™ ! and must be due to an inhomogeneous distribution

surements is about 1@s, which is in good agreement with Cznl; S%r_nl_eﬂ ty;r)e. T:e e>;c_||t$t|ci)nn s?;:ctrunr:] . rthg" mit:nsm
the 2E lifetime of Ti3* in YAIO 5 of 11.4 us. In addition, a — | hiuorescence o ons was measured using a

long-lived pump-induced absorption attributed to color cen.color filter selecting “yellow™ luminescence of the samples

ters occurs. The fraction of this component with a decay timéem((:e';tiastgonr?% aebc?rUtrr?Qr? tﬂg“n‘saglfaogigftsw;htriega?{ dthe'th
of a few milliseconds and a long-wavelength edge shifted tqvil(ol elaks \F/)vhicrl]Jun:ambi l:/cl)ulsl correls onds to direct ;\Qci—
the blue spectral rangdy 50 nm compared to the ESA is P ! 9 y P

; i3+ ; 2 2 ;
roughly 20% of the total transient absorption at the pealzatlon of TE™ ions in the “T—“E absorption band. In the

B. Excited-state absorption

A comparison between the photoluminesce(RE) spec-

: 8 near UV, a broad maximum is observed in the region of the
wavelength of 375 nniFig. 2). UV1 absorption bandsee Fig. 33 Further in the UV, the
C. UV excited emission and excitation spectra of Ti* excitation spectrum shows a steep drop in the region of the
' UV2 band.

The 260 nm excited emissions at LNT consist of both the The excitation Spectrum in the UV1 range of F|g 3 cor-
d-d yellow band and a broad blue band peaking at 410 nmresponds to a “thick sample” excitation spectrum in which
In the Union Carbide YAIQ:Ti, the intensity of the blue almost all of the exciting light is absorbed over much of the
emission is comparable to tiied emission. In the Hamburg pand. The height of the 300 nm excitation band correspond-
YAIO 3:Ti, which has less Ti*, the blue emission is only ing to UV1 should be multiplied by a factor of 4 to 5 to show
one-tenth as intense as ttied emission. The lifetimes of the its true strength relative to theé-d excitation band for the
blue emissions excited at 266 nm are found to becrystal sample used, namely the 1.55 mm thick sample from
13.9£2.0 us and 5.80.6 us at 87 K. These values are Union Carbide.
about 100 times less than that in 4:Ti.’? Also, unlike
the blue emission in AIO5:Ti, the 410 nm emission band in E. Photoeleciri i UV
YAIO 5:Ti can barely be detected at RT. These facts - Fnoloelectric response in
can be explained as being caused by a rapid nonradiative The stationary photocurrelPC) of YAIO 5:Ti was mea-
process from the emitting level, contrary to the case ofsured using the technique described in Ref. 14, but without
Al,OgTi4t 13 insulating plates between the Ni mesh electrodes and the

After the d-d band is subtracted from the spectrum, thesample. The results are generally in accordance with earlier
blue emission is plotted in Fig. 3. The excitation spectrum ofmeasurementS.Under UV excitation, we observed the low-
an optically dense sample of the Union Carbide crystal meaenergy step threshold of the spectral PC tail~a82 000
sured at 420 nm is also shown in the same figure. cm~ 1. At room temperature it is approximately three times
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FIG. 4. Excitation spectrum of one-step photocurent in the UV FIG. 5. Dependence of stationary two-step photocurrent on vis-
region at RT (open circles and LNT (solid circles for the ible excitation {..=488 nnj. Field strength,E=100 kV/cm,
YAIO 5:0.02% Ti.(Union Carbide sampje T=77 K. Open circles are YAIQ0.2% Ti, solid circles are

YAIO 3:0.2% Ti, 0.1% Mn.
stronger than at 77 Ksee Fig. 4 The photocurrent increases
with frequency. Especially fast increases in slope begin astep photoionization of Fi* ions by visible light creates
~37 000 and~44 000 cm *. The photocurrent in these re- electrons in the conduction bandCB):Ti%"+2hv—
gions is 50—-100 times stronger than in the first redibiy.  Ti“"+e~. The stationary current i$~Gl~Gn ' where

4), and its temperature dependence is much less. G~ P2 is the rate of photoionization in the two-step process,
and| ~n,‘1 is the mean free path of a charge carrier between
F. Photoelectric response in visible range the generation and recombination evemtspeing the con-

h . - _ centration of recombination centersSince the photocurrent
The previous measurements of photocurrent inig que to electrons, the decrease of current in the

Ti*"-doped oxides AJO5 and YAG revealed the possibility j4+_gnriched sample suggests that Tiions serve as re-
of excitation of photoconductivity under visible excitation combination centers(Ti**+e~—Ti3*), however more

when the photocurrent appears as a result of two-step phot@z mpjes are needed to establish the actual dependence of
ionization of T via its intermediat€E state!®!’Because phatocurrent of
.

the first step is well known here as the intrinsic excitation In Fig. 6, the wavelength dependence of the relative

2.T_>2E of the Ti* ion, this helps in the identification of nnqtoionization cross section from tHE level of Ti®* is
final states in the two-step or the corresponding One'SteBIotted that is

transitions.

In the present studies of two-step photocurrent in
YAIO ;:Ti crystals(see also Ref. 18the cw Ar laser spec-
tral lines 457.9-514.5 nm corresponding to energies at
19 440-21 840 cm?® were used for excitation. These lines
are situated within théT— 2E absorption band of Fi* and
hence effectively excite Fi* into the metastabl€E state,
which is 18 530 cm! above the?T ground state. Inducing
the second-step transition frorfE (18 530 cm ), these
lines excite the system to upper energy states at 37 970—
40370 cm 1. These correspond to the high-energy falling
edge of the UV1 band and its crossover to UV2 in the GSA
of YAIO 5:Ti (see Fig. L

Figure 5 shows the dependence of the stationary photo-
currentj on the cw Ar laser pumping powd?P at LNT.
These dependences were measured for two samples with the
same Ti concentration grown under reducing atmosphere T
where TE" ions dominate: the sample YAKX.2% Ti and 1.9 2.0 2.1 2.2
codoped sample YAIQ0.2% Ti, 0.1% Mn with an en- Wavenumber (10° em™)
hanced concentration of 11 ions. The quadratic depen-
dencej(P) is observed in both cases and for all excitation F|G. 6. Relative second-step photoionization cross section from
wavelengths, the current in the codoped sample beingE state of TF* versus pump wavelength at 77 K. Open circles are
smaller. The quadratic dependence establishes that the tw@AIO 5:0.2% Ti, solid circles are YAIQ:0.2% Ti, 0.1% Mn.
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FIG. 7. Photocurrent versus pump power for YAI0.2% Ti, Ti at 80 K by 265 nm lightheating rate~4 K/min).

0.1% Mn samples af=2 K. E=100 kV/cm, \ ¢,=457.9 nm

(solid circles, 476.5 nm(crossey 488 nm(triangleg, and 514.5 cides with the weak PC tail threshold at 32 000 ©mThe
nm (open circles The triangles and open circles are shifted by aenergetic depth of this trap is estimated to be about 0.56 eV
factor of 2 downward. according to the empirical formulAE~T,,,/500. Towards
] high energy, TLES-1 drops at 37 000 cm !, where the
oo (¥)~ j(v)hy 0 other TL peakgTLES-2) begin. TLES-2 is observed for all
i ni(v)P’ other TL peaks. It begins at 37 000 cm * when TLES-1
starts to decrease. The amplitude of TLES-2 increases with
Here,n; is the density of the excited ¥ ions determined to  frequency.
within a constant factor by recording tH& — 2T spontane- Because the TL peaks arise from the thermal release of
ous fluorescence intensity in parallel to the two-step photophotogenerated carriers from traps in the lattice, the observa-
current,j, andP is the incident power of 0.5 W at each cw tion of two types of TLES indicates the existence of two
Ar laser line. It is seen that there is a change of photoionizakinds of ionization processdsvith different onset energigs
tion cross section at about 20 500 ¢ producing electrons that are subsequently captured by sev-
If the samples are cooled from LNT down to liquid- eral types of traps at LNT.
helium temperatur¢LHT), a different power dependence of

the photocurrent is observe@Fig. 7). While the quadratic I1l. DISCUSSION
dependenceg (P) remains for short-wavelength Ar laser ) ) ) ]
lines, for excitation with the longer wavelength lin&88 The experimental data in Sec. Il show that in YAI®i

and 514 nmy the pump power dependence of photocurrenSpectra, besides the interrddd transitions of T¢* ions in
becomes cubic ji- P3). The spectral point of crossover, the visible, optical transitions of the charge-transf€r)
j~P2—j~P3, is between 488 and 476 n(@0 500—21 000 type occur in the UV. These transitions manifest themselves
cm~1) and corresponds to that energy at which the photofirst of all in the UV ground-state absorption spedi@SA)
ionization cross section from th&e state,a,i(v), increases @S well as in the UV excitation spectra of photoluminescence
abruptly (see Fig. 6. The corresponding one-photon energy

of this excitation point is at about 39 000 crh These Wavelength (nm)

changes inj(P) are observed on all reduced and Mn Soxtot T X0 =

codoped samples. _ '
‘é se’ 1 1oxie’
S Sx1 r

G. UV excitation spectra of thermoluminescence ; )
The photon counts of thd-d luminescence were mea- :F; Toxiot [

sured after UV excitation of the sample at 80 K in the course g 4 s0x10°

of subsequent relatively slow heating-4 K/min) of the = soa0’ ©

sample up to 400 K. When a blue filter was used, no TL =

peaks were detected. Four major thermoluminescénte = oo

peaks were observe#ig. 8). The dependences of individual 00 30000 5 33000 T 40000
TL peak amplitudes on the exciting UV frequengyrmal-
ized to the UV source outputvere measure@the TL exci-
tation spectrum, TLEB Two types of TLES were observed  FIG. 9. Excitation spectra of thermoluminescence peaks for
(Fig. 9. TLES-1 measured for the TL peak at 280 K containsyAIO ;:0.02% Ti (a) TLES-1 280 K (open circlep (b) TLES-2

a UV maximum and has a low-energy threshold which coin{150 K (solid circles, 182 K (square} 400 K (triangles].

45000

-1
Wavenumber (cm )



6146

Wavelength (nm)
400 300
L L e ' T

500
T

Quantum vield scale

Wavenumber (10% ecm™)

FIG. 10. Excitation spectra in near UV regi@Gummary based
on previous figurés (@) GSA of the sample containing i,
Ti** ions (Fig. 1). (b) ESA (Fig. 2), shifted by 18 530 cm®. (c)
one-step PQFig. 4). (d) photoionization cross section frorfE
(Fig. 6), shifted by 18 530 cm?. (e) excitation of TE™ PL (Fig. 3,
RT. (f) quantum vyield of yellow fluorescence, RT.

(PL), of photoconductivity PC), and of thermoluminescence
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The Ti-bound exciton must also be reached in the two-
step ESA transition. The ESA band appears to begin at about
15 400 cm 1, or 33 900 cm ! above the ground state. This
energy is just below the peak energy of UV1 and about 4 000
cm™ ! above the origin of UV1. A shoulder can be seen in
the E||c ESA spectrum at 480 nm or 39 300 crhabove the
ground state, that is, about 4000 chabove the peak of
UV1. Therefore, this first part of the ESA band appears to
correspond to the UV1 band, but shifted 4000 €mto
higher energy. A possible reason for such a shift, as was
invoked for Al,03:Ti,*? is that the Jahn-Teller effect in the
2E state causes a Franck-Condon shift of 4000 ¢rin the
transition from2E to the exciton state.

However, some differences between YADi and
Al ,O4:Ti are worth mentioning here. The quantum yield of
thed-d luminescence excited from the exciton band at 300 K
is very high in YAIO3, but very low in ALO3. 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,O5 but very low in YAIO;. We have no simple
explanation for these facts. The exciton band in YAlkas a
full width at half height of 8000 cm?, twice as large as in
Al ,O5. This difference may be related to the more complex
band structure of YAIQ in which two types of cations con-
tribute electronic levels, or to two different types of*Ti
centers. A third point of interest is that the ratio of el

(TL). In the following, the possible nature of the different intensity to the exciton intensity is 1/50 in YAKand 1/2 in
CT excited states is discussed for optical transitions in thg, ,O4. Information like this for a variety of other host lat-

region of the principal UV absorption bandsVl, UV2)
which are due to the presence of3Tiand Ti** in the
YAIO 5 lattice.

the final states may be continuous band states,

tices may lead to a better understanding of the charge-
transfer processes.

the CT speggg nm, depending on the polarization:; this is about 50 times

tral bands are very broad. As a result of the overlappingy gater than the cross section for thed transition. The

between these spectral bands of different origin, it is difficult

to determine precisely the spectroscopic parameters such
the positions of low-energy edges of these spectral bands a
the corresponding pure-electron transition ener¢id 's).

i

round state to exciton-state transition at 300 nm is also
out 50 times stronger than tded transition; these nearly

ual band strengths are in agreement with the assignments
of the bands.

Therefore, the experimental data only allow us to construct a The higher-energy part of the ESA band must be due to
general and crude scheme for the optical CT transitions i, sitions directly into the conduction band, as the excited-

YAIO ;3:Ti between the Ti levels and the host conduction-
(CB) and valence-bantvB) states.

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

As shown in Sec. Il A, the GSA band UV1 is intense in
the predominantly i YAIO ; and absent in the predomi-
nantly Ti** crystal. Hence, this band is attributed to the
presence of the Pi" ion and belongs to the dominant type of
Ti3* containing centers in YAIQ. Photoexcitation of this
band leads to the yelloE— 2T luminescence of Ti' as it

should if itis a T* band. Figure 10 summarizes the data on

the UV absorptionfGSA) and on the UV excitation spectra
of Ti®* PL, of PC, and of TL in the region of the UV1 band.
The RT visible spectrédESA and PQ arising from the CT
transitions from the metastabiE state of TF* are also
shown after being shifted by théE energy of 18530
cm~ L. Analogously to ALO4:Ti, all of these results are in

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 coefficiend, and quantum yield is

le=(lg— ) f=1g(1—e 3%, 2

(Geometry factors can be ignored hede. our samples, the
UV2 band begins to interfere with the UV1 band above
35000 cni ?, and since UV2 is inactive in producing the
yellow fluorescence, its screening effect must be accounted
for. This introduces a factor ad/(a+a’), wherea’ is the

agreement with the assignment of UV1 as a titanium-boundbsorption coefficient of the inactive background adsorption

exciton?°

due to UV2. A provisional separation of the contributions of
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UV1 and UV2 above 36 000 cm* was made; UV1 was trap which may be a nearby charge-compensatéd &n as
reflected around 278 nm on a wavelength scale. The quartwas also assumed in AD4:Ti.'?

tum yield is then The results in this section indicate that the photoionization
threshold should be at about 37 000 cth However, the
Ic a+a’ 1 extrapolation of the rapid increase of the two-step photocur-
=— - ) ) (3) rent at LNT in Fig. 6 appears to begin at 19 600 chwhich
lo a |1-e (ara)d becomes 38 100 cm* when ZPL energy is added. Also, the

crossover point where the power dependence of the two-step
The quantity (g/l,) is taken to be the experimental excita- photocurrent changes from quadratic to cubic at LHT is at
tion spectrum and the two correction factors are taken fronabout 39 000 crnl. This discrepancy originates from the
the absorption spectrum. There is an arbitrary scale factor ifact that the two-step processes start from the excitéd Ti
the excitation spectrum which must be determined before wievel which is displaced relative to the i ground state.
can use Eq(3). We can show that is the same for the part So, a small Franck-Condon shift of about 1000 ¢his rea-
of UV1 below 34 000 cm ! as for thed-d band, and we take sonable for the transitions from theE excited state to the
this value to bef =1. Then Eq.3) can be used to find for conduction band.
the entire band.

The ratio O_f apsorptlon pea!< hglghts uvdid is a,bOUI B. Absorption band UV2 and acceptor-type CT transitions
45/1. The excitation spectrum in Fig. 3 shows a ratio of 9.6 in YAIO 5T
to 1, but when the saturation of the excitation spectrum is _ ) )
considered, its peak height should be multiplied by In co_ntrast to UV1 band, UV2 band is prom!nent in the
2.30/(1-10""), where A is the decadic absorbance. At Predominantly Tf* sample but much weaker in the pre-
34 000 cni'?, A for the 1.55 mm Union Carbide sample is dominantly T?* crystal. So, this band may be attributed to
1.73, giving a correction factor of 4.05 and a corrected ordi-2n acceptor-type CT transition of ¥, in which an electron
nate height for the excitation band of 39. The ratio of the twoffom the valence ban@/B) is transferred to a T ion with
excitation bands is thus about 40, nearly the same as tH@Mmultaneous creation of a 1 ion in its ground state and a
absorption band ratio, and justification for takifigs:1 at  hole in the VB,

34000 cmi 1. The photocurrent at this energy is relatively
small as shown in Fig. 10, and the high quantum yield shows Ti** +hogy,— Ti¥T (°T) +e*. (4)
it to be small absolutely.

Using Eq.(3), the quantum yield is plotted in Fig. 10. Itis ~ The acceptor-type charge-transfer band should have sev-
seen to be constant within 10% from 30000 to 35 000eral components because the several molecular orbitals on
cm™ %, and then to drop rapidly between 35 000 and 41 00Ghe oxide ligands are typically spread over an energy range
cm™ L. The photocurrent begins to rise at 35 000 and is risingf several volts, and also because of the seveipe ac-
rapidly at 41 000 cm?. If the photocurrent measured the ceptor orbitals on the Ti ion. Evidence for some of these
electron yieldp in the conduction band, we should find components appears in the spectrum o§@4:Ti*", where
f+p=1. Actually, there is no way to scale the photocurrenttwo bands about a volt apart are found. The band UV2 in
to agree with this relation: the current rises faster with fre-YAIO 3:Ti** appears to be composite; a shoulder can be
quency than *f, presumably because the electron pathdiscerned by Gaussian analysis giving peaks at 238 and 212
length increases with energy above threshold. Any furthenm, a separation of about 0.6 eV. The 238 nm band is more
understanding of this part of the spectrum will have to comeclearly resolved in the excitation spectrum of the blue emis-
from experiments on other crystals in which the effect ofsion, Fig. 3. The 238 nm band is considered to be the lowest
UV2 is reduced. single-singlet transition of the acceptor-type charge transfer.

One conclusion of this work is that the weak photocurrentThe triplet-singlet transition corresponding to it must give
arising at 31 000 cm? (Fig. 4) does not have a measurable rise to the blue fluorescence because its lifetime is too long
effect on the quantum yield of fluorescence excited in UV1.to correspond to a spin-allowed transition. The singlet triplet
This observation establishes the scale factor for the weakpacing is probably very small, and we have not made a
photocurrent, showing that it is indeed weak. The weak longeorrection for it.
wavelength photoconductivity having an onset at 32000 The electronic origin of the T* CT transition can be
cm ! coincides with the onset of the TL excitation spectrumfound from the blue emission band and the corresponding
for the 280 K glow peak which is interpreted as follows: A excitation spectrun{Fig. 3. The value obtained from the
special population of T" ions may exist which when illu- low-energy excitation edge and the high-energy emission
minated transfer electrons to the trap which has its thermoedge is 33 906 1000 cmi ! (4.2+0.1 e\). Taking the aver-
luminescence peak at 280 K. The othef Tiions would not  age of the 238 nm peak and the emission band peak at 410
be able to transfer electrons until the higher threshold anhm gives about the same zero-phonon @& 200 cmi 1)

37 000 cmi ! has been reached. At still higher energies, theas the other method.

other traps, which are more numerous, will be filled and the No blue thermoluminescence peaks were detected. Either
excitation spectrum of the 280 K traps shows the falling offthe trapped holes are stable only below 77 K or hole detrap-
due to this competition. It is still necessary to assume thaping occurred at a temperature wherf TiCT emission is
only the 280 K trap is available to the electrons from thetoo weak to be observddote that the CT emission could be
special population of T, and this requires the assumption measured at LNT but not at RT in the photoluminescence
of some complex consisting of the speciafTiand 280 K experimenkt



6148 S. A. BASUNet al. 54

8 we can test the values &, andE, from these experiments

] to see if they are consistent with this relation.

1 The band-gap energy comes from Refs. 21-24, and espe-
cially a paper by Lushchilet al?* In this paper, a value of
E,=8.5 eV is given; however the data shown permit a range
| from 8.5 to 9.0 eV to be chosen.

o | The value ofg, from Sec. lll B is 4.2:0.1 eV; the value

of E4 from Sec. Il A is 4.6:0.1 eV, giving the value of

Ey as 8.820.2 eV. The value is in good agreement with the
range of values foEg indicated above.
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. IV. CONCLUSIONS

| Through the results of spectroscopic investigations and
v 42 photoconductivity measurements, the*Tiground state is
found to be at about 37 000 cm below the conduction
band of YAIO;. A titanium-bound exciton band beginning at
vB . about 29 000 cm ! above the Ti* ground state is observed.
The charge-transfer transition from “Ti to Ti®* ground
state is located at 33 9801000 cmi ! above the valence
FIG. 11. Band scheme and charge-transfer transitions i?@nd of YAIO;. The two quantities, 37 000 and 33 900
YAIO 5:Ti. (1) 2T—2E ZPL at 18 530 cm®. (Ila) threshold of Uy~ €M~ * sum to 70 900 cm*=8.8 eV, close to the band-gap
PC tail, (IIb) onset of the UV1(llla) onset of photoionization cross €nergy of YAIOs;. The result is similar to the case of
section from2E, (Illb) onset of ESAtthey both are estimated from Al ,03:Ti.?® On the other hand, the separation between the

Wavenumber (10* em™)
N
[

UV data. (IV) onset of the UV2. conduction band and th&E excited statg18 500 cmi %) is
near to the?E—2T zero-phonon energ§18 530 cm 1) of
C. Position of Ti®* levels in the band gap of YAIO, Ti3* and this is the source of the ESA. The close coinci-

Using the values of photoionization thresholds in donor-dence between the excited-state ionization energy and the
type and in acceptor-type transitions, it is possible to find the¢€ro-phonon level shows that special long-wavelength
position of the TF*/Ti** level in the band gap of YAIQ _pumpmg(wmg—pumpmg would be necessary if this crystall
crystals as shown in Fig. 11. Thick horizontal lines represenfS {0 be used as a solid-state laser. Though a strong reduction
the zero-vibrational energy levels of the relaxed Ti electronid’ the pumping efficiency is still expected.
states. Besides th&T and °E levels of Ti**, the energies of
the CB and VB edges as well as the bound exciton states are ACKNOWLEDGMENTS
also shown. Thin horizontal lines represent the higher vibra-
tional levels in different electronic states. The vertical arrows Work at St. Petersburg and Hamburg was supported by
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