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The results of the study of the charge state of the activator ([Ti*], [Ti**]) in Ti:sapphire
crystals grown by the method of horizontal directed crystallization, are presented. It is shown
that, depending on the pressure, the growth medium composition and the conditions of
annealing of the crystals with 0.03-0.1 wt. % titanium content, the ratio of the content of
the activator in the charge state [Ti**] to the one in [Ti®*] state is =~ 0.23-3.3 %. There are
obtained approximate analytical dependences of [Ti**] and [Ti**]/[Ti®%] on the partial pressure
of molecular oxygen and the total concentration of the activator which provide a reliable
description of the experimental data. It is established that though with the growth of the total
concentration of the activator the value of the ratio [Ti**]/[Ti®*] decreases to ~ [Titot]_l/ 4, the
concentration of the activator in the charge state Ti** rises to ~ [Titot]3/4- This may be
accompanied with the increase of the quantity of the absorption centers at 800 nm (Ti®*—Ti**-
centers) and, consequently with the figure of merit (FOM).
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TIpescraBIenbl PesyIbTAaThl MCCAELOBAHMS 3apsaLoBoro cocrosnus axtuparopa ([Tic*], [Ti4*])
B Kpucrajuiax |i:candupa, BHEIPAIIEHHBIX METOJOM I'OPHSOHTAJIBHON HAIIPABJIEHHON KPHCTAJIN-
sanuu. I[lokasaHo, YTO B 3aBHCUMOCTU OT [ABJEHUS U COCTABA aTMocdepbl BHIPAIMBAHUA,
YCIOBUM OTHMIa KPUCTALIOB ¢ cogepaxanneM Turada 0.03—0.1 wt. %, cooTHOIIEeHMEe KOJIMUYECT-
Ba aKTHBaTOpa B 8apsagoBoM cocromuum  [Ti4*] k [Ti®*] cocrapusier =~ 0.23-8.3 %. Iloxyuenst
upuGIOKeHHble aHaauTHdeckue sasucumoctu [TIVF] u [Ti**]/[Ti®*] or mapuuanbHOro naBieHUH
MOJIEKYJISIPHOrO0 KHCJI0POLa U 00Iell KOHIEHTPAINY aKTHUBATOPa, 00eCIIeunBaOIIAe JOCTOBEPHOE
OIIMCAHNE DKCIEPHMEHTAJNbHBIX JAHHBIX. Y CTAHOBJIEHO, UTO XOTH C POCTOM OOIell KOHIEHTpA-
oMK aKTuBaTopa BesmumHa coorHomenus [Ti4]/[Ti®*] cuusaerca ~ [Tito,]’l/‘*, KOHIIEHTPAI
aKTHBATOPa B 3apsAmoBoM coctogmum [Ti4t] pacrer ~ [Titot]3/ 4, YTO MOKET COMPOBOMKIATHLCA yBe-
JMUeHNeM KOJIMYeCTBa IeHTPoB moriomenus mpu 800 nm (Tie*—Ti**-mentpr1) u, caegoBaTensHo,
cumxenrem FOM.

3apajgosuil craH akTuBaTopa y Kpucrauaax li:candipy, supomenunx merogom I'CK.
H.C.Cidenvnirxosa, C.B.Hixcanrxoacoruil, B.B.Bapanos.

IpencraBieHo pesyIbTATH AOCIiJKeHHS sapsagoBoro crady axrtuearopa ([Ti°*], [Ti**]) vy
Kpuctanax Ti:candyipy, BUPOIIEHUX METOJOM TOPU3OHTANLHOI crpsaMoBaHol Kpucrajisarii. Io-
KasaHo, 1110 B 3aJIe;KHOCTI Bif THMCKY i cKiamy aTmocdepu BUPOINTYBAHHS, YMOB Biamasy Kpuc-
tanie 3 Bmicrom tutamy 0.03-0.1 wt.%, cmiBBigHOmIeHHs KiJbKOCTI aKTHUBATOpPA y 3apsAJI0BOMY
crani Ti** 1o Ti®* cranosuts ~ 0,23-8,3 % . Orpumano nabamskeni anamitiamni sameskmocti [Ti*Y]
i [Ti**)/[Ti®*] Biz mapmialeHOTO THCKY MOJEKYIAPHOTO KHCHIO i 3aTaibHOI KOHIEHTpAIl akTH-
BATOpa, 10 3a0e3MeuyioTh JOCTOBIPHUIH ONMNC €KCIIEPUMEHTAILHUX AaHMX. BeTaHoBieHo, IIT0
X0ua 3 POCTOM 3aTANbHOI KOHIEHTpaIii akTUBATOpa BelmumHa cmieBigmomremma [Ti**]/[Ti**]
SHIKYETBCT ~ [Tito,]’l/ 4, koHIeHTpalin axrHBaTOpa y sapagoeomy craui [Ti**] pocre ~ [Titot]g/ 4
0 MOXKE€ CYIPOBOIMKYBaTUCA 3O6iJblIeHHAM KinbKocri menrpis moriaumHanusa npu S00 nm
(T¥*—Ti**-weurpu) i, orke, sumxennam FOM.
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1. Introduction

Solid lasers based on titanium-doped sap-
phire (Ti:sapphire) are widely used in spec-
troscopy, measuring systems, facilities for
treatment of metals, in various scientific
investigations. At present the main tech-
niques used for the obtaining of Ti:sapphire
crystals for lasers are the Czhochralski, Ky-
ropoulos, HEM (heat exchange method)
methods and TGT (temperature gradient
technology) [1-6]. As a rule, in these meth-
ods crystallization is realized in mixed
argon and hydrogen atmosphere.

A promising technology for the obtaining
of wide-aperture laser crystals is the
method of horizontal directed crystal-
lization (HDC) which uses carbon-containing
constructional materials in the capacity of
thermal insulation. This method is conven-
tionally applied for the growth of large-size
sapphire crystals with high optical quality
and structure perfection [7]. In this case
the reducing medium containing CO as a
main component is formed spontaneously at
the interaction of residual oxygen and
water vapor with carbon (the lining mate-
rial) [8—-10]. Earlier in [10] we studied the
use of this method for the obtaining of laser
Ti:sapphire crystals (100x100x35 mm3) with
the non-uniformity of titanium distribution
AC1i<5 % and the wave front distortion
A/5=A/10 [10]. The results obtained while
studying the distribution of color centers in
Ti:sapphire crystals grown by the method of
HDC in different reducing atmospheres
were presented in [11].

One of the basic characteristics of Ti:sap-
phire crystals to be used in the capacity of
active laser medium is their FOM:FOM =
K490/ Kgpg>» Where K qq is the absorption co-
efficient at 490 nm wavelength (the maxi-
mum of the optical absorption band of
Ti:sapphire in the visible region of the spec-
trum), Kggg, the absorption coefficient at
800 nm wavelength (the generation region
for Ti:sapphire laser). Therefore, the possi-
bility of commercial use of Ti:sapphire crys-
tals as active laser elements to a consider-
able extent is defined by the value of opti-
cal loss at the generation wavelength
(~800 nm). As established in [12-15], the
optical absorption band in this region of the
spectrum is connected with the presence of
the centers Ti3*—Ti4* in the crystals. The
intensity of this band depends on the rela-
tive content of the activator in the charge
state Ti4* which is defined by the value of
the reduction potential of the growth me-
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dium, or by subsequent thermal treatment
(the partial oxygen pressure in the techno-
logical medium).

The aim of the present work was to inves-
tigate the charge state of the activator in
Ti:sapphire crystals grown by the method of
HDC using carbon-containing constructional
materials and subjected to additional anneal-
ing in different reducing atmospheres.

2. Experimental

Ti:sapphire crystals with 0.03-0.1 wt. %
titanium content and the dimensions 100-
175x100-175x40 mm3 were grown at fore-
vacuum pumping-out in the medium of CO
+ H, under low pressure (0.01-0.3 Torr), and
in argon atmosphere (800-950 Torr). In the
former case the medium practically com-
pletely consists of the mixture of CO and
H, (PHZ/PCO ~0.02-0.04). In this case the

total concentration of the reducing compo-
nents (CO + H,) formed due to the interac-
tion of the adsorbed oxygen and water va-
pour with the carbon graphite materials
reached 1-5 vol.% (amounted to several
torr), depending on the preliminary vacuum
technical procedure. In this connection, the
relative contents of CO and H, also changed
within the limits PHZ/PCOzO.1—0.3. The

concentrations of CO and H, in the gaseous
medium were controlled using a gas chro-
matograph of "Crystal 2000M" type.

The crystallization rate was 1-2 mm/h.
As a raw material, there were used broken
Al,O3 crystals and TiO, powder containing
~107% wt. % of impurities. The optical in-
vestigations were realized on polished
plane-parallel samples with the crystal-
lographic orientation of the surface (0001).

The transmission spectra (T(A, %) of
Ti:sapphire samples were registered on a
Perkin-Elmer Lambda-35 spectrophotometer
in 190-1100 nm range. The absorption
spectra (K(A, cm~1) were built after subtrac-
tion of the corrections for the reflection and
the reduction to a unit of thickness [11].

The concentration of Ti3* in the grown
crystals was estimated from the empiric re-
lation [16]:

C(T®) = K514/18.55em™), wt. %, (1,

where Ky, is the optical absorption coeffi-
cient at 514 nm wavelength.

After decomposition of the spectra K(A)
into the Gaussian components [11], the con-
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centration of Ti4* was estimated by means
of the Smakula’s equation:

[T+ f = (2)
=0.87-1017-n-(2+n?%) 2. K, A, ecm3,

where K, .. is the maximum value of the

absorption coefficient A = 225 nm; A, the
full peak width at half intensity; n, the re-

fractive index at A = 225 nm corresponding
to K, f, the oscillator strength (in the
calculations we used f = 0.5 taken from [17]).

We performed the thermodynamic analy-
sis of the influence of the growth medium
composition and the degree of the melt
overheating on the concentration of tita-
nium in the charge state Ti4* in Ti:sapphire
crystals using the data from [18]. In the
mentioned paper devoted to the study of the
defect structure of titanium-activated sap-
phire the authors established the tempera-
ture dependence of the equilibrium constant
for the redox reaction defining the valence
state of titanium as a function of the par-
tial oxygen pressure:

50,(e) + 8Tig = 8T + V' + 305 , ()

KTi — (4)

ox,V —

=4.99 - 102 . exp(7.08ev/kT)atm 3’4 cm3.

In accordance with the mass action law,
the equilibrium constant (4) has the form:

_ [Ti]] 5
K-Orglc,v _ XI] ( )
[Tig13

) [VP,\,I] . p(—)32/4,

where [Ti}| ] is the concentration of the ac-

tivator in the charge state Ti4*; [Tif.‘l]3, the
concentration of the activator in the charge
state Ti®*; , [Vu] the concentration of Al

vacancies (cm 3); Poz, the pressure of mo-

lecular oxygen in Al,O3 vapour phase (atm).
Under the neutral conditions

[Ti}, = 3 - [V al, (6)

i0 14
KTi — [TIXI] ,P—3/4 (7)
ox,V < 13 (o) .
Using (4) and (7) from [18] one can ob-
tain the expression for the numerical esti-

mation of [Ti4*]/[Ti3*] value under different
conditions (T, Poz):
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where X = [Ti**]/[Ti®*]; [Tid = [Ti*] + [Ti**]
is the total activator concentration, and es-
timate the corresponding value of [Ti**]:

[Ti4] = (1 + [Ti4+]/[Ti3+])_1 Mied- &

When the concentration of titanium in
Ti:sapphire is less than 1 wt. %, it can be
assumed that the pressure of oxygen in the
gaseous phase over Ti:sapphire to a suffi-
cient degree of accuracy coincides with the
pressure of oxygen in the wvapour phase
over Al;Oj3. The calculations of the pres-
sure of molecular oxygen in the wvapour
phase of Al,O; in the reducing gaseous
mixtures CO + H, and Ar + CO + H, of dif-
ferent composition were made according to
the earlier proposed methods described in
detail in [9, 19] using the reference thermo-
dynamic data from [20-22]. The calcula-
tions were realized for vacuum and CO + H,
mixtures under the pressures ranging be-
tween 0.0001 and 2 Torr. The calculations
for Ar + CO + H, mixtures were made under
the conditions of the total pressure
800 Torr and the partial pressure of the
reducing component CO+H, (P,,;) varying
from 0.0001 to 12 Torr at the ratio
PHZ/PCO in the mixture ranging from 0.01

to 1. Such compositions of the mixtures
completely overlap the interval of real con-
ditions for the growth of sapphire and
Ti:sapphire by the method of HDC using
carbon-containing constructional materials
[9-11].

The calculations for [Ti4*]/[Ti3*] and
[Ti4*] were carried out under the neutral
conditions of wvacuum and Ar atmosphere
and reducing conditions in CO+H, and
Ar+CO+H, mixtures for activator concen-
tration ([Tiyy]) from 0.01 to 0.4 wt %
(=8-1018-1020 cm3).

Peculiarities of the obtained dependences
[Ti4*1/[Ti*] (Fig. 1) on the partial pressure of
the reducing component P,,; = Pog + PH2 are

defined by the character of the change in
the composition of vapour Al,O3 phase
under stationary conditions of evaporation
in media with different composition.

3. Results and discussion

As earlier shown in [9, 19], in the inert
medium the dependence of P02 on P, is
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Fig. 1. Calculated values of the ratio [Ti**]/[Ti®*] at T = 2827 K, C(Tiy,; = 0.05 wt %: (a) in a media
under low pressure on the total pressure in vacuum (curve I) and in CO+H, medium at the ratios
PHZ/PCO = 0.01, PHZ/PCO =0.1, PHZ/PCO =1, curves 2, 3, 4, respectively; (b) in the neutral Ar medium

at a pressure of 800 Torr (curve 1) and in Ar+CO+H, medium, on the partial pressure of the reducing
t (Peq + P t the ratios P, /Prn =0.01, P, /Pay=0.1, Py /Paq =1, 2, 8, 4,
component (Pgq Hz) a e ratios H2/ co HZ/ co H2/ co curves

respectively.

weak and defined predominantly by the
transition from molecular to diffusion
evaporation under pressures lower than
10 Torr. The dependence of P02 on P, is

more essential. For P,,;<0.01 Torr the
composition of the vapour over Al,O3 melt
is predominantly defined by the value of the
total pressure of the medium, for
P,.;=0.01-0.1 Torr there exists an interme-
diate region where the influence of the reduc-
tion reactions starts to manifest itself. With
the rise of the total pressure of the reducing
components and of the ratio PH2/PCO the

reducing properties of the gaseous medium
also increase. Under P,,; > 0.1 Torr the re-
ducing reactions become determinative. In
these reactions (the interaction between
Al,O3 and the products of its dissociation
with the reducing components CO and H,)
the loss of oxygen takes place not only in
the composition of the oxygen-containing
products of Al,O3 thermal dissociation, but
also in the composition of CO, and H,O (the
products of the reducing reactions). Accord-
ingly, in the inert medium with P, chang-
ing from ~ 0.0001 Torr to atmospheric pres-
sure the value of decreases less than by
10 % (curves 1, Fig. 1). In the media which
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contain the reducing components at P,,,; <
0.01 Torr the decrease of [Ti4*]/[Ti**] is
more noticeable. At P,,; > 0.01 Torr this
effect increases, and the rise of the contri-
bution of hydrogen which is more intense
reducer leads to more intense decrease.

Even in the case of the neutral condi-
tions (i.e. vacuum or argon atmosphere) the
calculated [Ti4*]/[Ti3*] values do not exceed
0.05 (Fig. 1). Therefore, when assuming
[Ti3*]=[Tis]d in (7), and X <1 in (8), these
expressions can be used for obtaining ap-
proximate dependences of [Ti4*] and
[Ti4*]/[Ti3*] on the partial pressure of mo-
lecular oxygen and the total activator con-
centration:

[Ti4*] = (8-KJL 1) /4-(Pg ) %161Tiyed”1, cm’l, (10)

%:—_;: = (3'KIL,V)1/4.(P02)3/16, [Titot]_1/4- (11)

The Pozcomparison of the expressions

(8), (11) and (9), (10) shows that the ap-
proximate estimations of [Ti4*]/[Ti%*] are
lower than the exact solution of (8),
whereas the estimations of [Ti4*] are higher
than the ones obtained according to (9). The
exact and approximate values of [Ti4*]/[Ti3*]

Functional materials, 22, 4, 2015
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Fig. 2. Values of [Ti**]/[Ti**] (a) and [Ti**] (b) under changing P, in Al,O; vapour phase in media
with different composition at T = 2327 K. The dependences 1, 2, 3, 4 are the exact calculations

according to (6), (7); 1’, 2, 3, 4’ are the approximate estimations according to (9), (8) at C(Tiy,) =

0.01, 0.03, 0.05, 0.1 wt. %, respectively.

and depending on the partial pressure of
oxygen are presented in Fig. 2. Marked here
are the intervals P02 corresponding to the

conditions of the growth in the inert me-
dium (vacuum or Ar atmosphere) , and in
the reducing media CO+H, and Ar+CO+H,. It
is seen that the distinctions between the exact
and approximate values are not essential,
they do not exceed ~1 % and diminish when
[Ti4*]/[Ti®*] values decrease with the rise of
the reduction potential of the medium (i.e.
with the diminution of the partial pressure of
oxygen in the vapour phase of Al,O3). The
graphs are presented in double logarithmic
scale to clearly illustrate the presence of the
power dependences of [Ti**]/[Ti®*] and [Ti4*]
on for the exact solution.

It is interesting to study the peculiarities
of the temperature dependence of
[Ti#*]/[Ti®*] (Fig. 3a), bound up with differ-

ent temperature dependences of K-OF;CV 4)

and P02 (Fig. 3, b) and the above-considered

character of the change in the composition
of vapour Al,O3 phase in media of different
compositions.

Functional materials, 22, 4, 2015

As the temperature rises, the value of
[Ti**]/[Ti3*] in vacuum and the inert me-
dium decreases (dependences 1, 2, Fig. 3a),
in the media with relatively high reduction
potential it grows (dependence 6, Fig. 3). In
the media with relatively low reduction po-
tential, that corresponds to the growth of
crystals in low-pressure media, (the depend-
ences 3-5, Fig. 3a), the considered wvalue
has a maximum (at low temperatures it
rises, at high temperatures decreases). The
position of the maximum depends on the
composition of the reducing medium. This
is connected with the peculiarities of the
temperature dependence of Po, in Al,O5

vapor phase in different media. In (10) and
(11) the temperature-dependent parameters
are KIL,V and Poz, thereat, the value of
K]\ ~ exp(7.08/kT) diminishes as the tem-
perature rises, whereas the value of PO2

rises. The estimations show that at tempera-
tures lower than 2000 K in the inert phase
P02~ exp(—7.33/kT) (the dependences 1, 2,

Fig. 3b), in the medium containing the re-
ducing components P02 ~ exp(—11.8/kT) (the
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Fig. 8. Temperature dependences [Ti**]/[Ti®*] (a) and Py, in AlL,Oz vapour phase (b): (I) in vacuum
(0.0001 Torr); (2) in the inert Ar medium (800 Torr); (3), (4), (5) in CO+H, medium under pressures of
0.01, 0.1, 0.8 Torr, PHZ/PCO = 0.01; (6) in Ar+CO+H, medium (800 Torr), P,, = 8 Torr, PHZ/PCO =0.1.

dependences 3—6, Fig. 8b). In other words,
the absolute value of the exponent rises as
the reducing properties of the medium in-
crease. Accordingly, at low temperatures
the product (3~KO’VTi)1/4'P023/16 which de-

fines the temperature dependence of
[Ti4*]/[Ti®*] and [Ti**] in the neutral me-
dium is ~exp (0.4/kT), in the medium con-
taining the reducing components it is
~exp(0.4/kT). The largest distinction be-
tween the dependences POZ(T) in Al,O5 va-

pour phase in the inert medium and in the
medium which contains the reducing compo-
nents is observed at low temperatures when
the contribution of thermal dissociation is
minimal. With the growth of the tempera-
ture this contribution increases, the abso-
lute value of the exponent POZ(T) dimin-

ishes and approaches the value charac-
teristic of the one for the inert medium.
Thereat, with the growth of the reducing
properties of the medium the exponential de-
pendence POZ(T)~exp(—11.8/kT) holds true at

higher temperatures, that is seen when com-
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paring the dependences 3 and 6, Fig. 3b.
Therefore, in the media with relatively low
reduction potential at reaching certain con-
ditions the exponent which defines the tem-
perature dependence of the product

(3'KIL,V)1/4‘P023/16’ reverses its sign. This

testifies to the presence of a maximum of
the temperature dependences of [Ti4*]/[Ti®*]
and [Ti4*] under such conditions (the de-
pendences 3-5, Fig. 3a).

The data presented in Fig. 8a show that
at the growth of the crystals in vacuum, in
the inert medium and the medium CO-+H,
under low (0.01-0.1 Torr) pressure, the rise
of the degree of the melt overheating is
accompanied with the decrease of the values
of [Ti4*]/[Ti®*] and [Ti4*]. At further rise of
the pressure such an effect is practically
absent. At the growth of the crystals in Ar
atmosphere with 1-5 vol.% concentration
of the reducing component CO+H, an essen-
tial increase of the degree of the melt over-
heating is not expedient since this raises
[Ti4*]/[Ti3*] and [Ti**].

While analyzing the approximate depend-
ences (10), (11) one can see that with the

Functional materials, 22, 4, 2015
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Fig. 4. Calculated and experimental values of [Ti**]/[Ti®*] (a) and [Ti**] (b) at changing [Tiy,] for

media of different composition: 1, 2, 3, 4, 5 are calculated at the values of T, Pm, P

re’

PH2 /Pco given

in Table 1; 6, 7 — according to (11) (a) and (10) (b). Points denote the experimental data for the crystals

grown at P(CO+H2)=0.03-0.05 Torr (1),

in Ar+CO+H2 medium, Pm = 800 Torr, Pred = 3—5 Torr

(II-III) and after additional reducing annealing at T = 1900 K Ar+CO+H, medium, P,, = 800 Torr,

P, = 35 Torr (IV, V).

growth of [Ti,] the ratio [Ti**]/[Ti%*] dimin-
ishes whereas [Ti4*] rises, and the latter
may be accompanied with the increase of
the quantity of the centers (Ti®*-Ti4) which
define the optical absorption at 800 nm
and, consequently, with the decrease of the
FOM. It should be noted that the data con-
cerning the tendency to the FOM decrease at
the rise of the activator concentration have
also been reported by other authors [2, 23],
and are contained in the commercial infor-

mation presented e.g. by the website of GT
Advanced Technologies [24].

In spite of essential assumption, the re-
sults of the performed calculations to a suf-
ficient accuracy coincide with the experi-
mental data (Fig. 4). So, the above-de-
scribed thermodynamic approach can be
used while estimating the degree of the ac-
tivator reduction in the Ti-sapphire crystals
grown in the media containing the reducing
components. Fig. 4 presents the calculated
(solid lines) and experimental (separate

Table. Parameters used in theoretical estimations of [Ti4*]/[Ti®*] and [Ti**] values

Number Composition of T, K p,_, Torr P, Torr Py /Pco
the medium 2
1 CO+H, 2327 0.03 0.03 0.01
2 Ar+CO+H, 2327 800 3 0.1
3 Ar+CO+H, 2327 800 5 0.1
4 Ar+CO+H, 1900 800 3 0.1
5 Ar+CO+H, 1900 800 5 0.1
Functional materials, 22, 4, 2015 467
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Fig. 5. Optical absorption spectra for OP
Ti:sapphire grown in Ar+CO+H, (a), and in
CO+H, atmosphere after additional reducing
annealing under less reducing (conditions IV)
(b) and more reducing (conditions IV) (c) con-
ditions. The results of the decomposition of
the spectra into elementary Gaussian compo-
nents are shown by dashed curves, the posi-
tion of the maximum of the band is marked
at 225 nm.

points) [Ti4*]/[Ti*] and [Ti4*] values depend-
ing on the total concentration of the activa-
tor Tig] = [Ti®*] + [Ti**]. The parameters
used in the calculations (the temperature
and composition of the medium) are given
in Table 1. The experimental values are
presented for the crystals grown in the
medium CO+H,, P(CO+H,) = 0.03-
0.05 Torr (conditions I), and in the me-
dium Ar+CO+H, P, = 800 Torr, P,,; = 3—
5 Torr (conditions II-III), as well as for the
crystals subjected to additional reducing an-
nealing at 1900 K in the medium
Ar+CO+H,, P, =800 Torr, P,,; =3 Torr
(conditions IV) and P,,; =5 Torr (condi-
tions V).

The calculated dependences (1), Fig. 4
obtained at T =2327 K, P(CO+H,)=
0.03 Torr, PHZ/PCO = 0.01 to a sufficient

degree coincide with the experimental data.
A good agreement is also observed between
the experimental data for the crystals
grown in the Ar+CO+H, atmosphere and the
calculations made for T = 2327 K,
AI’+CO+H2, Pm = 800 TOI'I', Pred = 3-
5 Torr, PHZ/PCO = 0.1 (the dependences 2,

3). The composition of the medium used in
these calculations coincides with the one
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characteristic of the growth of the crystals
[7-10]. At the same time, though for the
crystals subjected to additional reducing an-
nealing in Ar+CO+H, atmosphere at 1900 K
the power dependences [Ti4*]/[Ti®*] ~ [Tig]
1/4 and [Ti**] ~ [Tig]%/* hold true (the de-
pendences 6, 7), the quantitative coinci-
dence of the calculated (the dependences 4,
5) and experimental (the dependences IV, V)
values is not observed. The calculated val-
ues exceed the experimental ones by more
than three times. Preliminarily, such a fact
may be explained taking into account the
assumption (Tiz] = [Ti¥*]+[Ti**]) used in the
theoretical estimations, as well as the pecu-
liarities of the optical absorption spectra of
the crystals (Fig. 5).

As noted above, the values of Ti** have
been estimated after decomposition of the
spectra K(o) into the Gaussian components,
with respect to the intensity of the optical
absorption band with a maxima at 225 nm.
At the same time, as established by the ear-
lier performed analysis of the optical ab-
sorption spectrum for the Ti:sapphire ob-
tained under the reducing conditions [11],
the spectral region of 190—-250 nm contains
not only the band with a maximum at
225 nm connected with the presence of the
activator in the charge state Ti4*, but also
the bands with maxima at 195 and 210 nm,
obviously caused by the defects of Fq; type
(F-center near the titanium ion substituting
AlI3*) [25]. In this case some portion of Ti4*
ions may be contained in these complex de-
fects and may not be taken into account
while calculating the experimental [Ti4*]
value according to (2). In the crystals grown
in CO+H, medium under low pressure [11]
and in Ar+CO+H, atmosphere (Fig. 5a), the
intensity of such bands is low in comparison
with that of the band with a maximum at
225 nm. After additional reducing anneal-
ing the relative contribution of there bands
increases (Fig. db, ¢), and the theoretical
estimations made under the condition [Tiy]
= [Ti3*]+[Ti4*] considerably exceed the val-
ues of [Ti4*] estimated according to (2). This
explanation is confirmed by the observed
correlation between the relative contribu-
tion of the bands with maxima at 195 and
210 nm at the rise of the reduction poten-
tial of the annealing medium (Fig. 5b, c)
and the increase of the quantitative non-co-
incidence of the calculated and experimental
values of [Ti4*]/[Ti®*] and [Ti4*] (the depend-
ences 4, 5 and the points IV, V in Fig. 4).

Functional materials, 22, 4, 2015



N.S.Sidelnikova et al. / Charge state of the activator...

4. Conclusions

Thus, the study of the charge state of
the activator in the Ti:sapphire crystals grown
by the method of HDC using carbon-containing
constructional materials shows that for the
crystals containing 0.03-0.1 wt % of tita-
nium grown in CO+H, medium under a
pressure of 0.01-0.3 Torr, the ratio of the
activator quantity in the charge states [Ti4*]
and [Ti**] is =0.024-0.033. For the crystals
grown in Ar+CO+H, atmosphere it is
=~0.014-0.017 and decreases after the addi-

tional reducing annealing down to =0.0023—
0.0035. The obtained approximate analyti-
cal dependences of [Ti**] and [Ti**]/[Ti3*] on
the partial pressure of molecular oxygen
and the total concentration of the activator
provide an accurate description of the ex-
perimental data obtained for the Ti:sapphire
grown by the method of HDC using carbon
graphite materials in the capacity of thermal
insulation. It is established that though at
the rise of the total concentration of the acti-
vator the value of the ratio [Ti4*]/[Ti%*] di-
minishes to ~ Tiy; 1/4, the concentration of
the activator in the charge state Ti4* rises
to ~ Tiy /4. This may be accompanied with
the increase of the quantity of centers of
absorption at 800 nm (Ti3*-Ti4"-centers )
and, consequently, by the decrease of the
FOM. In conclusion it should be noted that
the realized thermodynamic approach may
be used for estimation of the degree of re-
duction of the activator in Ti-sapphire crys-
tals grown by different methods using the
technological media which contain the re-
ducing components.
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