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Presented are the results of comparative studies of the influence of carbothermal
treatment of the raw material (Al,O5 and TiO, powders) and reducing properties of the
growth medium on the charge state of titanium ions in Al,O4:Ti crystals. It is shown that
carbothermal treatment at temperatures of 1700-1800°C makes it possible to additionally
decrease the relative content of titanium in the charge state Ti** by 2.5-3 times.
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IIpuBeseHbl Pe3yJbTATH CPABHUTEJIBHBIX WCCIELOBAHUYN BIUAHUS BOCCTAHOBUTENBLHBIX
CBOWVICTB Cpebl BRIPANUBAHUA U KapOOTepMUUeCKo o0paboTKM NIMXTHI Ha 3apsfOBOE COCTO-
auane moHoB TuTaHa B Kpucramnax Al,O5:Ti. Ilokasano, uTo mpegBapuTenbHadA KapOoTepMIU-
yeckas o0paGoTka muxThl npu Temieparypax 1700-1800°C mossoiser JOMOJHHUTEIBHO IIO-
HUBUTL B KPHCTANIAX COJEPIKAHIE aKTHBATOPA B 3apaAZoBOM coctosumn Titt B 8—4 pasa.

Bnane ymMoB BUpPOIIYBaHHS Ta KapOoTepMiuHOl 06pOo6GKH HAa 3apATOBHH CTAaH AKTHBATO-
pa y kpucranax Ti:candipy. C.B.Husxcanrisecoruii, H.C.Cudeavrurosa, B.B.Baparos.

Haseneno pesyabTaTy MOPiBHAJBHUX AOCIIAKEHDL BILJIMBY BiJHOBJIIOBAJIBHUX BJIACTHUBOC-
Tell cepemoBHINA BUPOIIYBAaHHA 1 KapboTepMiuuol 00pOoOKM IIMXTH HA 3apAJLOBUU CTAH iOHIB
rurany y Kpucranax Al,O5Ti. Ilokasaro, mo momepepHsa KapGorepmiuna o0po6Ka IIHXTH
mpu Temiepatypax 1700-1800°C rosBosisie MOJaTKOBO 3HUSUTH Y KPUCTAJNaX BMiCT aKTuBa-
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Topa y sapsagosomy crami Ti** yv 8-4 pasum.

1. Introduction

Laser efficiency of Ti:sapphire essentially
depends on the value of optical loss at laser
generation wavelengths in (650-1100 nm)
region. As established in [1-4], Ti:sapphire
has a wide absorption band with a maxi-
mum at ~ 820 nm caused by the presence of
the complex centers TiS*—Ti4* in the crystal.
The generally accepted criterion of laser ef-
ficiency for this crystal is the value of FOM
(figure of merit), i.e. the ratio between the
values of optical absorption in the pumping
region and of absorption at the generation
maximum ( ~ 800 nm). The intensity of
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parasitic absorption is defined by the con-
centration of the pairs Ti®*-Ti** which de-
pends on the total content of titanium and
its relative content in the charge state Ti4*.
In its turn, the latter value depends on the
partial pressure of oxygen in the techno-
logical crystal growth medium, thermal
treatment and impurity composition.

The most widespread method for diminu-
tion of Ti4* concentration is reducing an-
nealing of the as-grown crystals which per-
mits to raise the value of FOM up to 200-
250 and higher for weakly activated
crystals with the concentration of titanium
not exceeding 0.02-0.05 wt.%. However,
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with the rise of the size of the crystal ele-
ments such a method becomes inefficient,
since the required annealing duration in-
creases as the square of the linear size of
the element, and is accompanied with essen-
tial technological difficulties. Moreover, the
increase of the activator concentration in
the crystals considerably lowers the value of
FOM. For small (up to 5-10 mm) crystals
with the concentration of titanium not
lower than 0.07-0.15 wt.%, the value of
FOM normally achieved by means of the an-
nealing is =100-150.

In the described method the reduction
degree for titanium ions (Ti4* — Ti%*) is de-
fined by the equilibrium constant of the
oxidation-reduction reaction [4]:

3TRT + %Oz(gas) & ST + Vi + %oo, 1)

which depends on the partial pressure of
oxygen above the crystal and the concentra-
tion of anionic vacancies in the crystal [5]:

. [Ti§e . . (2)
Ti [V%I ]PO32/4’

ox,V = [Ti%\T]g

where [Tigﬂ and [Tiﬁ\T] is the concentration
of Ti ions in the charge state 8" and 47,
respectively; [V%T], the concentration of an-

ionic vacancies; Pg , the partial pressure of
2

oxygen in the growth medium. As follows
from (2), the reduction degree for titanium
ions Ti** — Ti* increases with the rise of
the concentration of anionic vacancies and
diminution of the partial pressure of oxy-
gen. At the same time, as established
earlier [6], a considerable increase of the
concentration of anionic vacancies in inacti-
vated sapphire crystals can be achieved not
only due to reduction of the partial pressure
of oxygen in the vapor phase of Al,O3, but
also by means of carbothermal reduction
(CTR) of the raw material. In the latter case
carbon additive is introduced in the form of
fine-dispersed powder of graphite (soot,
etc.) or aluminium carbide (Al4C3). Thereat,
the concentration of anionic vacancies in
the crystals considerably rises (up to ~
1018 ¢m3), that can be estimated from the
intensity of the optical absorption bands for
F and F'-centers. It may be expected that
CTR will promote more intense Ti4* — Tid*
reduction and allow to decrease the relative
concentration of Ti** in Al,O3Ti crystals.
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Reported in [7] are the results on the
growth of carbon-doped Ti:sapphire crystals
by the Kyropoulos method which speak for
this assumption. However, the presence of
carbon at the crystal growth stage may con-
siderably raise gas formation in the melt
and lead to the formation of optical de-
fects. In the developed approach CTR is
used at the preliminary stage of the initial
material treatment which must be optimized
for the obtaining of the crystals with high
optical quality and low absorption in the
range of laser generation wavelengths.

The present work was aimed at compara-
tive studies of the influence of the reducing
properties of the growth medium and CTR on
the content of the activator in the charge state
Ti** and optical absorption in Ti:sapphire.

2. Experimental

Sapphire crystals with =7-8-107¢ wt. %
content of residual titanium additive and
Ti:sapphire crystals containing =0.06 wt. %
of titanium with the dimensions 100-
175x100-175x40 mm3 were grown from mo-
lybdenum crucibles in a furnace with carbon
graphite thermal insulation [8] in low-pres-
sure (13—-40 Pa, PHz/PCO = 0.01-0.04) CO +

Homedium and in  Ar  atmosphere
(1.1-10° Pa—1.8-10° Pa), at the partial pres-
sure of the reducing component Pggo/ PH2 ~

130-400 Pa, PHz/PO2 = 0.01-0.1. The con-

centration of CO, H, in the crystal growth
atmosphere was controlled by a gas chroma-
tograph "Crystal 2000M".

The crystallization rate was 2-
2.5 mm/h. In the capacity of raw material
we used fragments of sapphire crystals and
TiO, powder of = 1073 wt. % purity. During
the growth of some crystals there was used
AlbO3 + TiO, raw material preliminarily re-
duced by thermal treatment in Ar+ CO +
H, atmosphere for 20 h at a temperature of
2000 K. The growth of AlL,O; and AlLO5Ti
with CTR performed using = 0.1-1 wt. % of
fine-dispersed graphite or Al,C;. CTR was re-
alized during 5 h in Ar atmosphere (1.1-
1.3-10°% Pa) at a temperature of 2000 K.

3. Results and discussion

The present study included thermody-
namic analysis and comparison of the values
of the pressure of partial oxygen (Po2) in

the vapor phase of Ti:sapphire under the
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real conditions of the growth of crystals
with the corresponding values of the region
of stability for different phases in the sys-
tem TiO-TiO, (Fig. 1). The changes in the
thermodynamic potential AG? per O, mole
resulting from successive oxidation

were calculated using the reference data
[9-11]. The pressure of molecular oxygen
(POZS) in the vapor phase of Al,O; in the

low-pressure CO + H, atmosphere and Ar +
CO + H, atmosphere with a total pressure
of 1.1.10° Pa was calculated according to
the procedure described in detail in [6, 12].
Under the said conditions, POZS above Al,O4

melt of non-stoichiometric composition is
presented by the expression:

Py ~ (Fy+Fy- Poo+ Fy- Py )25 (3)

where F;, Fy, F3 are the functions of sev-
eral parameters, including the temperature
and the total pressure of the medium. For
POZS calculations we used the reference data

[9, 13, 14]. If the concentration of titanium
in Ti:sapphire is lower than 1 wt. %, it
should be assumed that the pressure of oxy-
gen in the vapour phase of Ti:sapphire to a
sufficient accuracy coincides with the one in
the vapour phase of Al,O.

As seen from the results presented in
Fig. 1, at the melting temperature of Al,O5
the region of stable existence of the phase
TioO3 corresponds to the values of oxygen
potential R~T-1n(P02) < —410 kJ/mole, i.e.

the partial pressure of molecular oxygen
above the system Py < 6-107% Pa. Shown in

the figure is the region of calculated wval-
ues R-T~1n(P023) limited by the real condi-

tions of the growth of Ti:sapphire (the me-
dium CO + H2, PCO + PH2: 13 Pa, PHz/PCO

= 0.01; the atmosphere Ar+ CO + H,, Pcqo
+ PH2=400 Pa, PHZ/PCO =1). Under such

conditions TizOg (with the mixed charge
state Ti3*, Ti4¥) is a stable phase. The values
of POZS corresponding to the region of stable

existence for the phase Ti,Oz, can be ob-
tained only at lower partial pressures of
oxygen above Al,O5 melt, that is hardly re-
alized technologically.
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Fig. 1. Ellingham diagram for Ti-O system.
Grey color denotes the region of real conditions
during the growth of Ti:sapphire. 1 —
Poo + PH‘)= 13 Pa, PHO/PCO =0.01; 2 —

Ppr i co+m, =1.1:10° A, Pgg + Py =400 Pa,
Py /Pco=1 3 Ppr 4o + H = 1.110° A,
Pgo + Py =1600 Pa, Py /Pco = 1.

Thus, the performed estimations do not
predict the possibility to provide an effec-
tive reduction of Ti4* concentration during
the growth of Ti:sapphire crystals. At the
same time, these estimations show that at
lower temperatures the region of stable ex-
istence for the phase Ti,Oj coincides with
the region of calculated values of
RT-In(Pp,) above Tiisapphire. In other
words, it should be expected that prelimi-
nary thermal treatment of the raw material,
or post-growth annealing of the crystal
under the said conditions will make it possi-
ble to decrease the concentration of Ti4*. To
analyze the conditions of CTR it was neces-
sary to consider possible reactions of Al,O4
and TiO, with carbon. So, we studied the
thermodynamic probability of some reac-
tions with participation of Al,Oj, carbon
and Al carbide and oxycarbides within the
temperature interval from 1000 to 2000 K
at different compositions of CTR medium.

In particular, there were considered the
reactions leading to the formation of con-
densed aluminum phase (Al.,,;) and CO,
CO, resulting in diminution of the content
of oxygen in the raw material and in viola-
tion of the stoichiometry of Al,O5 crystal:
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Fig. 2. Calculated temperature dependences of equilibrium pressure of gaseous products in reducing
reactions with the formation of condensed Al phase: (a) 1, 2, 3 — Pgq for reactions (4, 6, 8); I, II
— Pcp in CTR medium; (b) — 1’, 2°, 3’ — P, for reactions (5, 7, 9); I’, I’ III’ — calculated

values of PCOZS above Al,Oj in the media P + PH2= 40 Pa, PHZ/PCO =0.01, Ar+ CO + Hy, Pgo +
P, =1600 Pa, Py /Pcq =1, Pog + Py =40 Pa, Py /Ppg = 1, respectively.

1/8A1,05 + C <> 2/8Al;ong + COT, (4
2/3AL03 + C < 4/3Alng + COLT,  (5)
1/3A1,05 + 1/8Al,C3 <> 2Al g + COT, (6)
2/8Al,03 + 1/8Al,Cs <> 8/3Al g + COLTLT)

1/4A1,0,C + 1/4A1,C5 > 2Al 4 + COT, (8)

con

1/2A1,0,C + Y6A1,C3 <> 88Al g + COLT, (9)
The ones followed by the formation of Al
carbide and oxycarbides and CO, CO, sub-

sequently leading to reactions (6)—(9):
1/3A1,05 + 8/2C < Y6Al,C4 + COT, (10)
25A1,05 + 2C <> 1/3Al,C5 + CO,T, (11)
1/2Al,05 + 8/2C < 1/2AL,0C + COT(12)
AlL,O5 + 2C <> ALOC + CO,T,  (13)

AlL,O5 + 8/2C < 1/2A,0,C + COT, (14)
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AlL,O5 + 2C <> Al,O,C + CO,T,  (15)
14A1,0,C + 8/2C < V4Al,C4 + COT, (16)
1/2A1,0,C + 2C <> 1/2A1,C5 + CO,T,(17)
ALOC +8/2C < 1/2A|,C5 + COT, (18)

2AL,0C + 2C < Al,C5 + CO,T.  (19)

The reactions resulting in the formation of
Al.,,q With subsequent violation of Al,Of
stoichiometry (4)—(9) and then leading to
Ti4* - Ti3* reduction according to the
scheme:

(V& + 2e) + Ti* & (V& + e) + Ti¥+, (20)

where (V&) +2e is a neutral F-center;
(VE) + e, Fr-center.
The reactions resulting in the formation

of gaseous products of Al,O5 dissociation:
AlL,O3 + C & (Alg,AI0,ALO)T + (CO,CO,xT (21)

do not increase the degree of Al,O; non-
stoichiometry, they only raise the evapora-
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Fig. 3. Temperature dependences of equilibrium pressure of gaseous products in reducing reactions

with the formation of Al carbide and oxycarbides. (a) (6) — (10) — Pq for reactions (10), (12),

(14), (16), (18); I, IT — P;q CTR medium; (b) (4’) — (8’) — Py for reactions (11), (13), (15), (17),
2

(19); I’, II’ III’ — calculated PCOZS values in the media P + PH2= 40 Pa, PHZ/PCO =0.01, Ar+ CO

+H,, Peo + PH2= 1600 Pa, PHZ/PCO =1, Peg + PH2=4O Pa, PHZ/PCO = 1, respectively.

tion rate. Therefore, these reactions are ex-
cluded from further analysis.

The temperature dependences of equilib-
rium pressure for the gaseous products
(CO, CO,) of the reducing reactions leading
to the formation of Al,,,, are presented in
Fig. 2. Shown in Fig. 3 are the temperature
dependences of the reactions resulting in the
formation of Al carbide and oxycarbides. The
values of equilibrium CO and CO, pressure
are determined from the known expressions
for equilibrium constants of the reactions:

AGO = RTInK, (22)

where AGY is the change of the thermody-
namic potential in the reaction realized
under standard conditions; R, the gas con-
stant; K, the equilibrium constant of the
reaction defined by the ratio of the partial
pressures of the reaction products and the
reagents; for reactions (2)—(17) it corre-
sponds to Ppg or PCOZ' The changes in the

thermodynamic potential AGY per 1 mole
of CO, CO, were calculated using the refer-
ence data [13, 14] and the data from [15]
for aluminium carbide and oxycarbides.
Shown in Fig. 2a and 8a are the regions
of Ppg values in the CTR medium CO + H,,
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Pep + PH2 =40 Pa (curve I) and in the at-

mosphere Ar + CO + H, = 1600 Pa (curve II).
Fig. 2b and 3b present the calculated Pgpo®
values in the gas phase above Al,O3 melt, in
the CTR medium CO + H,, Pgg + Pyp =
40 Pa, Ppy/Pco =1 (curve III’) and in the
atmosphere Ar+ CO + H,, Pgg+ Pyy=
1600 Pa, Py, + Pco =1 (curve II’). Under
such conditions Pgp,® value essentially dif-
fers from the equilibrium value above
graphite and is defined by the equilibrium
condition of the reaction

CO +1/20, < CO, (23)

above corundum obtained from the expres-
sion:

Pcoys = (Pco;) Pco - Kco,,  (29)

where P002 is defined by dependence (3),
K002 is the constant of reaction (23). The
value of PCO§ was calculated using the ref-

erence data [14, 18, 19].

As seen while comparing the regions of
real composition of the CTR medium with
the values of equilibrium pressure Ppn and
P002 for reactions (4)—(19), the considered

Functional materials, 25, 2, 2018
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Table 1. Calculated values of onset temperature for reactions (2)—(17) at different composition of
the medium in crystallization chamber

Numbgr of Composition of medium Numbe:'r of Composition of medium
iy oo G | g T e il
Fig. 2,3) Fig. 2, 8) | PH2/Pco =1 |Pup/Pco =001} Pypp/Peo = 1
2(1) 1723 1956 3(1’%) 2135 2250 2342
4(2) 1826 2043 5(2’) 2202 2300 2390
6(3) 1837 2054 7(3%) 2225 2320 2405
8(4) 1662 1902 9(4’) 2043 2175 2282
10(5) 1665 1898 11(5°) 2023 2145 2236
12(6) 1638 1876 13(6°) 1980 2115 2212
14(7) 1673 1915 15(7°) 2074 2207 2313
16(8) 1654 1910 17(8%) 2095 2264 2408

reactions are thermodynamically probable
starting from temperatures lower than the
melting point. The onset temperatures for
the reactions leading to the formation of
CO are lower than those for the reactions
resulting in the formation of CO,. With the
increase of Ppp in the crystal growth me-
dium the reaction onset temperature rises,
too. At the same time, the onset tempera-
ture for the reactions with CO, formation
also depends on the value of PHZ/PCO ratio

in the medium, that is bound up with de-
pendences (3) and (24). The calculations of
the reaction onset temperatures at different
compositions of the medium in the crystal-
lization chamber are presented in Table 1.
As follows from the results shown in Fig. 2,
3 and Table 1, in the presence of carbon and
Al4C3 in the raw material the reduction effi-
ciency rises as Pgp value in the crystal-
lization chamber decreases. This can be suc-
cessfully achieved at lower pressures of the
medium. However, in this case it is neces-
sary to take into account an essential in-
crease of evaporation rate for the raw mate-
rial and the melt according to reactions
(21). Moreover, the calculations show that
in the presence of carbon in the raw mate-
rial, the reduction processes leading to the
formation of condensed Al phase which give
rise to violation of stoichiometry in Al,Oj,
start at temperatures higher than those for
the reactions with the formation of Al car-
bide and oxycarbides. Therefore, one may
expect that the presence of carbon and Al,C;
will exert equivalent action on the reduc-
tion process. Further it will be shown that,
according to experimental studies, the in-
tensities of the absorption bands bound up
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with the presence of F- and Ti**-centers in
the optical spectra of Al,O3Ti crystals
grown with CTR do not acquire noticeable
changes at introduction of graphite or Al,C;
in the raw material. The presence of
carbon in the raw material also facilitates
the reduction of titanium oxides with sub-
sequent formation of lower oxide and gase-
ous products of CO, CO, according to the
reactions:

4TiO, + C = Ti,O; + [CO}T, (25)

8TiO, + C = 2TiyO, + [CO,}T,  (26)
8Ti,0; + C = 4Tiz05 + [CO}T,  (27)
6Ti,O; + C = 8Ti;05 + [CO,T,  (28)
2Tiz05 + C = 8Ti,05 + [CO}T,  (29)
4Ti;05 + C = 6Ti,05 + [CO,T,  (30)
Ti,05 + C = 2TiO + [CO}T,  (31)
2Ti,05 + C = 4TiO + [CO}T. (32)

The temperature dependences of the
equilibrium pressure of CO, CO, in these
reactions are presented in Fig. 4. The calcu-
lations of the changes in the thermodynamic
potential AGO per 1 mole of CO, CO, due to
the reaction of successive reduction
— TiO were made using the reference data
[10, 11, 13]. As well as in the case of reac-
tions (4)—(19), the equilibrium pressure of
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Fig. 4. Temperature dependences of equilibrium pressure of CO (a) and CO, (b) at reduction of

titanium oxides with/by carbon. I, Il — Pcq in the growth medium; I’, II’ III’ — calculated Pgq,

S

gvalues in the medium Pgq + Py, =40 Pa, Py/Pcg = 0.01, Ar+ CO+H,, Py + Py, = 1600 Pa,
Py/Pco = 1, Pcg + Py = 40 Pa, Pyy/Pco = 1, respectively.

CO and CO, was determined from the ex-
pressions for the equilibrium constants of
the reactions using relation (22). By anal-
ogy with Fig. 2, 3, shown in Fig. 4 are the
regions of the real Poo values and the cal-
culated PCO§ values in the gas phase above

Al,O5 limited by the values characteristic of
the process of Tirsapphire growth in the
low-pressure medium (Pgo + PH2) =40 Pa,

PHZ/PCO =1 — curve III’) and in the atmos-

phere Ar + CO + H,, Pcg + Pyp = 1600 Pa,
Pys/Pco =1 — curve II’). Likewise Fig. 1,
the diagram presented in Fig. 4 characterizes
the regions of stability for different phases in
the system TiO-TiO,, but in the presence of
carbon and the gas phase CO or CO,.

Let us compare the real composition of
the growth medium with the values of Pgq
and Pggo equilibrium pressures for reac-
tions (25)—(382). One can see that within the
whole considered interval of the reducing
medium composition these reactions, as well
as reactions (4)—(9), favour intense
Ti4* — Tid* reduction and diminution of the
relative Ti** concentration.

The obtained thermodynamic estima-
tions, in particular, the reaction onset tem-
perature, as well as the experimental data
for the growth of Al,O05:C crystals were
used for the growth of Al,O4:Ti with CTR.
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Fig. 5 presents the optical absorption
spectra of the standard (nominally pure) crys-
tals of sapphire containing =7-1074 wt % of
residual titanium additive and of Ti:sapphire
with =0.06 wt % titanium content grown in
Ar + CO + H, atmosphere, Pog + Py ~ 400 Pa,
PHZ/PCO = = 0.1, in PCO + PH2 = 7 Pa atmos-
phere, as well as the spectra of Al,O; and
Al,O4:Ti crystals with CTR.

As shown by investigations, the optical
characteristics of such crystals essentially
depend on the partial pressure of the reduc-
ing components (Pco, Pyy) at all the stages
of the crystallization process, as well as on
the concentration of polyvalent titanium ad-
ditive in the raw material. If the crystal
growth conditions provide the transition of
a considerable portion of titanium into the
charge state Ti3*, then the absorption band
of neutral F-centers (~ 205 nm) is dominat-
ing in the UV-region. If the growth condi-
tions do not provide such a transition, then
the said spectral region contains the domi-
nating broad non-elementary band at 200—
250 nm bound up with the presence of tita-
nium in the charge state Ti4*. As seen from
Fig. 5, such a spectrum is characteristic of
sapphire grown in a low-pressure medium
(curve 2). At the same time, the absorption
band of neutral F-centers prevails in the
spectra of the nominally pure crystals
grown in the atmosphere Ar+ CO + H,

Functional materials, 25, 2, 2018
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Fig. 5. Optical absorption spectra for sapphire with
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=~7.107* wt% residual titanium content (a) and

Ti:sapphire containing =0.06 wt% of titanium (b) grown in the media =0.1 (1), (1’) and Pgg +
P, = 7 Pa, (2), (2’), and the spectra for the crystals grown in the medium Pyq + Py, = 7 Pa from

the raw material containing =0.3 wt% of

C (8), =1 wt% of C (38’) and =1 wt% of Al,C; (4). In

Fig.5(b) dotted lines show decomposition of the spectrum (3’) into Gaussian components.

(curve 1), as well as in the ones of AlL,O5:C
crystals grown in a low-pressure medium
(curve 3, 4). In other words, the presence of
additional inner source of reduction exerts the
same influence on the process of titanium re-
duction as a considerable increase of the reduc-
tion potential of the crystal growth medium. It
should be also noted that, in comparison with
the nominally pure crystals, Al,O5:C crystals
contain a considerably higher concentration of
Ft_centers (the bands at ~ 280 and ~ 260 nm).
It has been assumed that the formation of
elevated concentration of F'-centers in such
crystals is caused by substitution of trivalent
Al cation by bivalent carbon ion, and by the
formation of F'-center as a compensator of
C2* charge [16, 17]. Along with the above-said
widespread viewpoint, there exists an alterna-
tive assumption to the effect that carbon in
Al,O3:C crystal is an anionic additive, and F*-
centers function as C*4~ charge compensators in
the 02 position in Al,O5 lattice [18]. Irrespec-
tive of the mechanism of F'-center formation,
the character of the spectra of Al,O5:C crystals
(curves 3, 4 in Fig. b) testifies that during the
growth of these crystals C and Al,C; are not
consumed completely as a result of reactions
(4)-(9) and (25)-(32): they are partially dis-
solved in the crystal and influence its opti-
cal characteristics.
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In the UV-region the optical absorption
spectrum of Al,O3Ti crystal grown in the
low-pressure medium (curve 2’) contain the
characteristic absorption band at 200-
250 nm bound up with Ti4*. Its intensity is
observed to essentially diminish with the
rise of the reduction potential of the growth
medium (curve I’), as well as for Al,Ox:Ti
crystals with CTR (curve 3’). The absorp-
tion in the band at ~ 800 nm related to the
presence of TiS*—Ti4* centers in the crystal
also decreases (Fig. 5c).

Preliminary studies show that the same
effect is also observed at introduction of
Al,Cs into the raw material. The optical ab-
sorption spectra allowed to estimate the val-
ues of [Ti**]/{Ti3*] in Al,O4:Ti crystals and
in the ones with CTR (Table 2).

The concentration of Ti4* was estimated
from the intensity of the absorption band
with a maximum at 225 nm bound up with
the presence of Ti** according to the
Smakula’s formula:

[Ti*]- f = (33)

=0.87-1017-n-(2+n%2.K_,, - Acm™3,

where K, is the absorption coefficient; A,
the peak width at the half-intensity; n, the
refractive index at the wavelength corre-
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Table 2. Growth conditions for Al,O5:Ti and Al,O5:Ti crystals with CTR and [Ti**]/[Ti®*] ratio in

these crystals

Number Crystal Composition and Composition of |Values of RTIn(Py,* [Ti**1/[Ti*]
of crystal conditions for raw crystal growth (calculation of Py’ values
material preparation medium from (1) at
T = 2327 K) values
1 Al,O5:Ti AlL,O; + TiO, Peo + Py =7 Pa -337 0.029
Pyy/Pco = 0.01
2 Al,O4Ti Al,O4 + TiO,, Thermal Peo + Py =7 Pa -337 0.02
treatment in Ar + CO Pyo/Peo = 0.01
+ H,, P =1.8105 Pa,
Poo + Py, ~ 400 P,
Pyo/Pco = 0.01
3 Al,O5:Ti Al,05:TiO, Ar + CO + H,, -399 0.009
P =1.3 Pa,
Peg + Py, ~ 400 Pa,
4 AlL,O4:Ti:C Al,O5 + TiO, + C Pcot+ Py~ 7 Pa -337 0.001
(1 wt%) Pyy/Pcg = 0.01

sponding to K, ,.; f, the oscillator strength
(equal to =0.5 as in [19]). The spectral band
of Ti4* ions in the region of 190-310 nm
containing overlapping bands of different
defects such as F'-centers (the bands with
maxima at 230 and 260 nm), was singled
out by the Alentsev-Fock method with sub-
sequent resolution into elementary Gaussian
components (for details see [20]). The criterion
of resolution accuracy was the relation [21]

m
2 (Kg:xp - Kgalc)z (34)
y=22— < 0.05,
Y (Kgxp)2
i=0

where m — are the points of the curve K(A),
K¢XP, the experimental values; Kf“lc, the

values calculated from the sum of K(A) com-
ponents at the corresponding wavelength.
The calculation was made for 190-310 nm
range, m = 120. For the spectra presented
in Fig. 4, y amounts to 2-4-1073,

The concentration of Ti3* was estimated
using the empiric relation [22]:

Ks14

T3t = —2-=
[ ] 18.55cm™1

, wt%, (35)

where Kyz;4 is the coefficient of optical ab-
sorption at 514 nm wavelength.
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Table 2 contains the data for the crystals
which optical absorption spectra are pre-
sented in Fig. 5(b,c), as well as the data
obtained for Al,O3:Ti crystal grown from the
raw material preliminarily reduced by ther-
mal treatment in Ar + CO + H, atmosphere
during 20 hours at 2000 K.

As seen while analyzing these data, the
said preliminary thermal treatment of the
raw material makes it possible to decrease
the relative content of Ti4* approximately
by 1.5 times, that qualitatively coincides with
the estimation which follows from Fig. 1.
Diminution of the oxygen potential at the
growth of the crystal in Ar + CO + H, atmos-
phere and introduction of carbon into the
raw material lead to practically equivalent
result and allow to diminish the value of
[Ti4*]1/[Ti3*] more than by 2-3 times. As
seen from the optical absorption spectra
(Fig. 5), such a decrease of the content of
Ti4* ions leads to the corresponding diminu-
tion of the absorption (by 2—3 times) in the
region of 800 nm that is bound up with the
activator complexes Ti3*—Ti4* .

4. Conclussions

Thus, the presence of the additional
inner reduction source (the introduction of
C or Al4C3) during carbothermal treatment
of the raw material makes it possible to
effectively diminish the value of oxygen po-
tential which defines the relative content of
the activator in the charge state Ti4* and
Tid+—Ti4+.

Functional materials, 25, 2, 2018
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