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Solid State Reactions
and Defects in Doped Verneuil Sapphire

IIIY). Systems a-Al:Oj: Fe, a-Al:O3: Ti and a-Al:Os: (Fe, Ti)

by Kaspar Eigenmann?), Karl Kurtz?) and Hs. H. Giinthard

Swiss Federal Institute of Technology, Laboratory of Physical Chemistry, Zurich, Switzerland

(27. VIIL 71)

Abstract. Extending earlier work on Ni and Co doped sapphire to Ti, Fe and doubly doped
(Fe, Ti) sapphire the phenomenon of non additive color of multiply doped corundum was given
special attention. Since in all these cases Verneuil grown crystals show inhomogeneous dopant
distribution, local concentrations were determined by electron microprobe analysis calibrated by
neutron activation analysis. Polarized and high resolution UV-VIS spectra, polarized IR and
quantitative ESR spectra of the doped crystals in the untreated state and after oxidation by Oq
and reduction by Hsz at 1500°C are given. Information derived therefrom shows Ti to be present
as Tit3 and Ti*4, Fe as Fe*2 and Fe*3 and (Fe, Ti) as (Fe, Ti)*6 and (Fe, Ti)*7 in the reduced state
and oxidized state respectively. In the reduced state hydrogen is shown by polarized infrared
spectra and isotopic shifts to occupy an interstitial site between two O~2 ions of the larger oxygen
triangles on (001) planes. For assignment of the UV-VIS bands near 385 and 450 nm of o-AlsO3:
Fe*3 extended crystal field calculations were carried out based on a point charge lattice, using all
3 dn electron configurations of Ti*3 and Fet3 and Hartree-Fock atomic orbitals for free ions. In
order to obtain acceptable agreement between observed and calculated spectra the quantity {#4)
is considered as a fitting parameter, leading to considerably higher (74> values for both Ti*3 and
Fe*3. Under this assumption an assignment for the «-AlsOg: Fet3 spectrum compatible with the
observed polarization and high resolution UV-VIS data may be given. The characteristic and
nonadditive spectrum of a-AlyO3: (Fe, Ti) in the reduced state is shown by various arguments to
originate from a biparticle (Fe, Ti)+6. Finally thermodynamic data for redox reactions and re-
latively detailed models for the substituted ions in different oxidation states are given.

1. Introduction

Optical and magnetic properties of transition metal ions substituted into the
a-AleOs structure have been subject to intensive study. Optical spectra of ions of the
iron series substituted on Al+3 sites up to 1962 have been discussed by McClure [1].
Geschwind and Remeika [2] published extensive analyses of ESR spectra of Nit3,
Ni*2 Co+3, V+3 in sapphire grown from oxide fluxes. In some of these systems valence

1) For paper I, c.f. Ref. (14], for paper II, c.f. Ref. [36].
2) Work extracted in part from Ph. D. theses of Kaspar Eigenmann [39] and Karl Kurtz [19].
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states are difficult to establish. Several investigations have been directed towards the
study of changes of valence states of substituted ions and the accompanying variations
of optical and ESR spectra. Any such change must involve a charge compensating
process which may involve either impurities or charge variations of other constituents
of the «-Al203 structure. The same principle of charge compensation applies to growth
of doped crystals by either growth method. As a consequence substitution of Me+2
ions on Al+*3 sites implies either defects or vacancies in the AlaOs structure or charge
compensation by interstitial or substitutional impurity ions.

In most cases ESR, fluorescence or/and optical spectra have been used to identify
valence states of transition metal ions. Sturge [3] observed fluorescence of V+2, after
irradiation of a-AleO3: V+3 with Co®0 radiation. Similarly Lambe and Kikuchi [4] were
able to detect the ESR spectra of a-AlsO3: V+2, x-Als03: V+4in a-AlxO3: V+3 irradiated
by 50 kV X-rays. By admixture of metal nitrides in the Verneuil growth process,
Hoskin [5] reported the ESR spectrum of Cr+4 assuming charge compensation by
substitution of N-3 for O-2. Geschwind [6] et al. used Mg+2 for charge compensation in
o-AlsOs: Mn*4 whose identity was established by ESR, thermoluminescence and
fluorescence spectra. Mg+2 also proved efficient for substitution of Co+4 in sapphire
grown from PbO-B203z melts [7]. Miiller et al. [8] were the first to produce reversible
valence changes of a-AlsO3:Nit3 and «-Al:O3:Co+3 by high temperature reactions
according to

M+3 1 % Hs — M+2 + H+, (1)

H+ 4 202 — OHO-3 (L")

using gaseous Hz and Oz respectively. The existence of the hydrogen was demonstrated
by IR absorption bands in the 3 p region in the reduced state of the doped crystals.
In these systems therefore the charge compensating particle involved in the valence
state change of the transition metal ion may be identified. Recently these results were
confirmed by Hauffe et al. [9] who tried to give a more detailed model for the diffu-
sion processes involved in the redox process.

Several workers have studied the systems investigated in this paper, i.e. a-AlzO3:
Fe, a-AlxO3:Ti and a-AlxOs: (Fe, Ti). ESR spectra of a-AlzOs: Fe+3 have been measured
by Kornienko et al. [10], who also published ESR data of «-AlsO3:Ti*3.

Optical spectra of Fe- and Ti-doped sapphire were discussed by McClure [1].
Recently Lehmann et al. [11] reported optical spectra of natural blue sapphire.
Obviously some of the crystals doped with several transition metal ions exhibit non-
additive spectra. A rather extended series of non additive UV and VIS spectra of
multiply doped sapphire have been reported by S. V. Grum-Grschumaulo [12] and
by Keig [13].

In this work a detailed study of the redox processes of Fe, Ti and (Fe, Ti) doped
sapphire grown by the Verneuil process is given. Since distribution of dopants in such
crystals is non uniform considerable effort has been made to obtain reliable information
about concentration profiles of Ti and Fe in the crystals by instrumental neutron
activation and electron microprobe analysis. From analytical data correlation of ab-
sorption spectra with concentrations of dopants is derived. It is shown that heat
treatments near 1550°C in either Hs, Oz or vacuum involves irreversible processes in
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the first step, similar but not identical to those observed for defect laser rubies grown
by Verneuil process [14]. Succeeding redox treatments involve changes of the valence
states in Fe, Ti and (Fe, Ti) doped sapphire which are identified by IR, VIS-UV and
ESR spectra. Intensity measurements of ESR spectra are used to derive information
on valence states and degree of reduction or oxidation respectively produced by treat-
ment in hot gas atmospheres.

Arguments based on empirical data and extended crystal field calculations are
presented for assignment of the crystal field absorption spectra of Fe*3 and (Fe, Ti)
doped sapphire. Using thermodynamic considerations rather detailed models are
given for the structure of the defects involving the transition metal ions and for the
charge compensation processes accompanying high temperature redox reactions.
Evidence is presented for the existence of (Fe, Ti) pairs to which the characteristic
blue color of (Fe, Ti) doped sapphire is correlated.

2. Experimental

Materials

In this study doped sapphire samples grown by the Verneuil process were used
exclusively. Fe doped crystals were grown with 60 ° orientation, whereas Tiand (Fe, Ti)
doped samples were grown with 90° orientation. Dopant concentrations in the raw
material used in the Verneuil process (nominal) and single crystals obtained from it
(actual) are listed in Table 1. Actual concentrations were determined by electron
microprobe (EMP) measurements and by instrumental neutron activation analysis
(INAA). Details about analytical procedures, accuracy and correlation between the
two methods are published elsewhere [15]. The dopants, in particular Ti and (Fe, Ti),
were found to be distributed quite inhomogeneously. Therefore considerable care has
been applied in obtaining spectroscopic samples with nearly homogeneous distribution
from Verneuil boules.

Table 1
Dopant Concentration in Raw Material and Verneuil Sapphire Crystals.

Crystal Raw Material Verneuil Crystal?)
Fe Ti Fe Ti
x-AlsO3: Fe 2000 ppm - 75 ppm -
a-AlpO3: Ti - 600 ppm — 350-600 ppm
x-AlsO3z: (Fe, Ti) 8800 ppm 600 ppm 250-1000 ppm 60-350 ppm

2) In case of inhomogeneous crystals the range of concentrations measured in the center and at
the periphery are given.

For ESR samples cylindrical rods of 1.5 mm diameter and 10-20 mm length were
cut from the boules with the crystallographic ¢ axes parallel to the cylinder axis.
o-AlaO3: Fe samples were prepared from the boules center, whereas for «-Al:Os:Ti
and a-AlxOs:(Fe, Ti) samples from both the central and the peripherical zone were
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taken. Samples for optical measurements in the infrared (IR), visible (VIS) and ultra-
violet (UV) region and for measurement of the concentration profiles were plane
parallel plates of 1-2 cm diameter and 0.1-8 mm thickness, cut and polished with the
face parallel to the ¢ axis. For high resolution and Zeeman measurements of (Fe, Ti)
doped a-Al:Os plates of 8 x 1 3.7 mm3 (c-axis parallel to 3.7 mm edge) were cut from
the outer zones of raw boules. They were polished and assembled to a prismatic sample
of 8 x 8> 3.7 mm3. '

Hugh Temperature Reduction Oxidation Treatment

For high temperature treatments up to 1650°C two furnace systems have been
used both allowing treatment of samples in a flow system with either Hs or Oz atmo-
sphere of approximately 1 at pressure or in vacuo; flow rates were approx. 60 cm?3/min.
Samples for optical measurements were heated by a SOLO-furnace [16], model HRO
3754 KS, in sintered alumina tubes (99.59, AlsOs, 25 mm i. diam.).

The tubes were ground at both ends to accept water colled O-Ring seals for
connection to flow or vacuum systems. ESR samples were subject to high temperature
treatments in a Metals Research [17] furnace, model PCA 10, equipped with its own
flow system and accessories for pyrometric temperature measurements. It should be
pointed out that use of a flow system is essential for precise control of the gas atmo-
sphere. Permeation of gases through the walls of the alumina tube at temperatures
above 1000°C proved to introduce significant contamination if a stationary gas
atmosphere was applied. Furthermore it should be mentioned that even under flow
conditions noticeable transport of dopant material from the samples into the alumina
tubes was observed.

Optical Spectra and Zeeman M easurements

Measurement of VIS-UV spectra at low resolving power were made with a Beck-
man model DK2 spectrophotometer, equipped with a set-up for polarization measure-
ments and exact setting of samples [18]. By use of circular apertures down to 1 mm
diameter in both sample and reference beams nearly local absorption spectra could
be obtained reproducibly. Owing to birefrigence and anisotropy reproducibility of
measurements proved to depend critically on precise setting and orientation of the
samples in the beams. LHe and LN temperature spectra were determined with a
cryogenic cell of our own design fitting in the sample compartment of the DKZ. For
study of the complex and very weak band group near 385 nm a high resolution Zee-
man set-up scetched in Figure 1 was built [19]. The sample was mounted in a LHe
cryostate of our own design, which fitted directly into the gap of a magnet yielding a
max field of 12 kGauss at a 1" gap. For the low noise detector system a home made
preamplifier phase sensitive detector se-tup with the reference signal taken from a
photodiode controlled by a mechanical chopper was used. All data were collected by
means of a data acquisition system described earlier [20]. Owing to the weak absorp-
tion of the 385 nm bands samples with relatively low transmittance (typically 1%) in
the 385 nm region were used. This on the other hand necessitated a slit width of
~ 9 cm1 yielding signal to noise ratios of 5 at time constants of 1-3 s. For careful
control of drifts the measurement of spectra and Zeeman effect was made by a
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sequence of field on-field off measurements at 1.5 cm-1 intervals. The digitized data
were analyzed by a line shape program including a quadratic base line into a set of
Lorentzian shapes with a preselected number of bands.

Figure 1
Experimental Set-up for Measurement of spectra and
the optical Zeeman Effect.

Legend:

E Light source (OSRAM type 64625)
MC Monochromator (SPEX-II)
CaFz lenses

Polarizer (Polaroid KN 36)
Sample mounted in cryostate
Magnet (MAGNION type UFS)
PMT detector (RCA1P21)

PA Preamplifier

PSD  Phase Sensitive Detector

REC Recorder

DACS Data Acquisition System

CS Control System

WD  Wavelength drive

C Chopper

7
iy
:

Infrared Spectra

The measurements of infrared absorption spectra were carried out on a Perkin
Elmer 225 instrument equipped with polarization facilities. Because of the large beam
cross section relative to the sample size masks of 2-8 mm diam. were used.

ESR Spectroscopy

All measurements at room temperature were carried out on a K band super
heterodyne spectrometer, whose description is given elsewhere [21]. Magnetic fields
were measured with a self locking proton resonance magnetometer [22]. Both ESR
signal and magnetic field measurements were collected with a digital data acquisition
system [20] allowing processing of data by punched cards.

For quantitative measurements of ESR signal strength a special set-up was
constructed following ideas proposed by D. S. Thompson [23]. By this procedure the
ESR signal strength of a reference sample and the sample under investigation were
measured by nearly the same conditions in the ESR spectrometer, thereby avoiding
exact resettability of 7f field and electronic amplification by comparison of reference
and sample signal. The actual set-up used in this work is shown in Figure 2. As a
reference sample a ruby rod of 1 mm diameter and 10 mm length, with crystallo-
graphic c-axis perpendicular to the rod axis, was positioned with a KelF holder from
below in the lower half of the cavity (16.2 mm diameter, 16 mm height). In a similar
manner the sample cylinder was positioned from above with a KelF holder connected
to a goniometer head. Both crystals were held coaxially for all positions of the sample
crystal by means of the ruby holder. For relative signal strength measurement the
ruby sample was rotated until its signal appeared near to the sample’s signal, but not
overlapping it. For «-Al:Os: Fet3, one of whose signals at 23.8 GHz appeared near
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+®
@
—@ Figure 2 _
K Band ESR Cavity for quantitative ESR Signal Strength Measurement
Legend: 1 Cylindrical Ruby reference
2 KelF holder
—+® 3 KelF holder
] 4 Sample

9312 Gauss with ¢ | H orientation, a ruby orientation with X (¢, Ho) = 11° was
used, producing a «-AlyOs:Cr*3 line near 8560 Gauss. In order to determine the
a-Al2O3: Fe*3 signal quantitatively both signals were recorded digitally in the same
setting of the K band spectrometer by the same magnetic field sweep. Usually this
measurement was repeated several (5-10) times. The digitalized signals were analysed
into derivatives of Lorentzian or Gaussian lines by a least square fit. Either a linear
or quadratic base line was included in the fitting process. The latter provided the
parameters vy,,, Ho and AH ), [24] for each line, from which the integrated intensity
was obtained by

2.5 ) —S—

A= (%:) i, AH2, or A =V2Zmey, (0.5 AH,,)" . (2)
Comparison of quality of the fit by Lorentzian or Gaussian line shape was made

by comparison of the residual sum of squares by the F-test, i.e.

4 (Y'(H) — y'(H))?

3222

=4 M — ’

where

Y'(H;): calculated signal at H;
y'(H;): measured signal at H;

H;: magnetic field
M: number of measurements
N: number of parameters.

Since in this work the Fe+3 signal strength of particular samples had to be mea-
sured several times after successive heat treatments, the errors introduced through
resetting of the sample in the cavity were of special interest. This error obviously is
relevant for conclusions to be drawn from ESR signal strength measurement and from
the effects of high temperature reactions on Fe+3 concentration. Table 2 gives infor-
mation about typical resettability errors. It may be commented upon as follows:

(i) Within a setting the parameters AH,, and Ho of the a-Al2Os:Cr+2 line are
reproducible to high precision, whereas for a-AlsOs:Fet3 the resonance field Hp is
highly reproducible but not the line width parameter (5%, rms deviation in the second
setting).
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(i) Between the settings the resonance fields are reproducible to approx. three
times the rms deviation within settings. For a-Al:O3:Cr+3 AHp, is highly repro-
ducible (within one rms deviation within settings), for a-AlsOs:Fe+3 however the rms
deviation of AH,, is approx. 5%,.

(1) Reproducibility of the Fet3 concentration between settings amounts to
approx. 2%, though according to the errors of AH,, it could be up to 109, (cf. equa-
tion (1) ) No more detailed investigation concerning this point has been made. Practi-
cally an accuracy of 5-10%, for the Fe*3 concentration may be considered a conser-
vative estimate.

For low temperature study of a-AlpO3:Ti*3 a X band Hilger Microspin spectro-
meter was used together with a LHe cryostat of our design. Magnetic field measure-

ments were made with a self locking proton resonance magnetometer working in the
2-28 MHz range [25].

Table 2
Quantitative ESR Signal Strength Measurements. Errors of Line Shape Parameters and Fe*3
Concentration introduced by Sample Resetting.

Parameter?) 1st setting 2nd setting
(10 measurements) (9 measurements)
average variance average variance
Hgy (Crt3) 8660.255 0.153 8660.817 0.509
Hy (Fet3) 9312.805 0.122 9313.379 0.142
AHpp(Crt3) 13.449 0.136 13.455 0.062
AHpp(Fet3) 20.751 0.259 21.922 1.083
rel. Fet3
concentr, 4.507 0.175 4.568 0.097

2) Fields measurements in Gauss.

3. Results

Concentration Profiles of Dopants

In Figures 3, 4 and 5 the radial concentration profiles of «-Al;O3: Fe, a-AlaO3: Ti
and a«-AleOs: (Fe, Ti) are shown. These were obtained by electron microprobe mea-
surements and calibrated by instrumental neutron activation analysis. In «-Al2Os: Fe
the I'e concentration in the central part is nearly homogeneous, but increases by a
factor three to five within a peripheral zone of 0.5 mm thickness. Ti doped sapphire
(Fig. 4) exhibits much less homogeneous distribution monotonically increasing from
the center towards the periphery by a factor of two. Sapphire doped with both Fe and
Ti (Fig. 5) shows a relatively homogeneous nucleus with approx. 10 mm diameter and
monotonic increase within a peripheral zone of approx. 3 mm thickness for both
dopants. Both behave similarly.

The samples of this investigation have not been tested for uncontrolled impurities.
A detailed study of impurities has earlier been made for rubies grown under similar
conditions by the Verneuil process [14]. One can therefore assume similar impurity
concentrations in both types of crystals, i.e. typically 26-56 ppm Na, 33-85 ppm Mg,
60 ppm K, 30 ppm total other transition metals.
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Optical and Infrared Spectra

Optical and infrared spectra were measured on all systems in states produced by
the following general type of thermal treatment:

() Raw state, i.e. state of the crystals as produced by the Verneuil process.

(1) Oxidized state, i.e. the state produced by treatment in O: atmosphere at
temperatures between 1000 and 1550°C from the raw state.

(iif) Reduced state, i.e. the state obtained from the raw state by treatment in H»
at temperatures between 1000 and 1550°C.

(iv) Oxireduced state, i.e. the state obtained by H: treatment from the oxidized
state at temperatures between 1000 and 1550°C.

In order to obtain information about redistribution processes of substituted ions,
local optical spectra were measured in the four states, which yielded concentration
profiles of the substituents.

1. «-AlxOs: Fe

The UV-VIS and IR spectra of this system in different states of thermal treat-

ment are shown in Figure 6 and Figure 11 respectively. The following statements
should be made:
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(i) In the raw state a-Al2Os3:Fe exhibits two absorption bands near 258 and
395 nm and no detectable absorption in the 3400-3100 cm ! near IR region.

(ii) Oxidized state: Between 1100 and 1200°C the 395 nm band disappears (cf.
Fig. 6 curves 2 V-4 V), treatment at 1400°C yields crystals of higher transparence
and at 1550°C transparency i1s further increased and new weak absorption bands at
392 (L), 387 (L + ||) and 373 nm (||) appear. These bands will be discussed in more
details in the next section. No change in the near infrared region is found.

(iii) Reduced state: At 1100-1200°C the 395 nm band is removed too. Above
1200°C the transparency decreases, but even at 1550°C no infrared absorption was
decernible.

(iv) Oxireduced state: The three bands near 385 nm disappear but only after
40 hours Hs treatment at 1400°C. Similarly the transparency of the material decreases
after treatment above this temperature. On the other side three sharp bands appear
gradually with increasing temperature in the near infrared, as is demonstrated in
Figure 11a.

By measurement of the local optical absorption spectra it was found that in
neither of the states were changes of the concentration profile detectable.

FI 400 500 600 nm .
. Figure 6
g_ 4_’ o-AlyO3: Fe UV-VIS Spectra.
=
= Legend:
z 2¢ av 60 . . . E— :
= v | Lower Scale (UV = U): 1 U: Unpolarized
. \ UV-Spectrum of raw state.
*t 140 Upper scale (VIS=V): 2V, 3V, 4V:
Annealing of 395 nm band by heat treat-
0 ment, raw (2V), 20 h 1100°C (3 V), 20 h
Fil 1200°C (4 V); 5V (L, ||): polarized spectra
. . i _ of oxidized state.
U 200 250 300 nm
2. a-AlOs3:Ti

UV-VIS and near IR spectra are shown in Figure 7 and Figure 11 respectively and
should be commented upon as follows:

(i) Intheraw state the VIS spectrum of a-Al2O3: Ti is characterized by absorption
bands at 490 nm (||) and 550 nm (1), which are due to d-d transitions of «-AlzOs:
Ti+3 [1]. The UV spectrum is characterized by monotonic decrease of transmission
below 350 nm and one absorption band at 265 nm. With respect to the near IR
spectrum the samples investigated show occasionally absorption bands of the type
shown in Figure 11b.

(ii) Oxidized state: O treatment above 1300°C changes the spectra very mark-
edly, as demonstrated by Figure 7, curve 8 V. The typical Ti*® crystal field bands
(490, 550 nm) are considerably reduced in intensity, but even at 1550 °C after 80 hours
a pink nucleus remains. In a thin peripheral zone and in the central part these bands
vanish nearly completely, as is proven by local spectra measurements with 2 mm
diameter aperture, presented in Figure 9. For derivation of this information the Ti*3
bands at 490 and 550 nm have been subject to a line shape analysis into two Gaussian
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lines and a linear base line. In Figure 9 the integrated absorption coefficients of the
two bands are plotted versus the distance from the crystal plate’s center yielding the
radial distribution.

Figure 7
a-AlpOg: Ti UV-VIS Spectra.

S Legend:
500 600 nm
T Lower scale (UV = U):1 U, 2 U, 3 U: Oxi-

oz g dation of raw state, unpolarized spectra
after Og treatment of 20 h at 1100°C (1 U),
20 h at 1300°C (2 U) and 80 h at 1550°C
(3 U); 4 U, 5 U: unpolarized spectra of raw
state in the center (4 U) and at the periphery
(5 U).
Upper scale (VIS =V): 6 V (1, ||): po-
larized spectra of reduced state; 7 V, 8 V:
unpolarized spectra of reduced (7 V) and
oxidized state (8 V).
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Figure 8

a-AlzOz: FeTi UV-VIS Spectra.

Legend:

Lower scale (UV = U): 1 U: unpolarized spectrum of raw state.

Upper scale (VIS = V): 2V (|, ||): polarized spectra of oxidized state; 3 V (L, ||): polarized
spectra of reduced state.

Inserted Figure: High resolution polarized spectra of 385 nm band group of raw state (ordinate:
relative transmission).

In the UV region 1300°C treatment produces a new band near 315 nm (Fig. 7,
curve 2 U), besides the 265 nm band. At 1550°C the 315 nm band disappears (Fig. 7,
curve 3 U) and the absorption at 265 nm cannot be detected in the strong general
absorption starting around 300 nm. 1400°C treatment of «-AlsO3:Ti yielded gener-
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ally pronounced turbidity, which excluded meaningful absorption measurements. The
origin of this turbidity has not yet been investigated. All infrared bands between
3100-3400 cm ! disappear above 1300°C.

(iii) Reduced state: All spectra are very similar to spectra of the raw state. In
particular the near IR bands do not change intensity upon Hg treatment of raw
crystals.

(iv) Oxireduced state: Treatment above 1300°C yields an increase in intensity
of the two Ti*3-bands around 500 nm and all crystals show near IR absorptions as
shown in Figure 11b.

(R |
rel
1
10 4
__ 3
.
5~
-
et Ll / 2
—_— Figure 9
/-4 o-AlpO3: Ti; Radial dependence of Re-
g o R lative Ti*3-Concentration on Redox
Treatment [raw state (1)], oxidized
~ from raw state (2), reduced from oxidized
state (3) and oxidized from reduced
0 . . = state (4).
1] 1 2 3 4 5 mm
c P

3. a-AlOs: (Fe, Ti)

UV-VIS and IR spectra are shown in Figures 8 and 11. These should be comple-
mented by the following statements, which apply to the coloured peripheral zone
containing relatively high concentrations of the dopants, according to concentration
profile Figure 5.
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(i) Raw state: The visible spectrum is identical with that of the reduced state and
is characterized by a broad absorption between 800 and 500 nm composed of at least
two bands, one centered around 720 nm without pronounced polarization and one
around 565 nm with perpendicular polarization. Furthermore bands at 392 (1),
387 (L +||) and 373 nm (||) occur, similar to those observed with «-AlOs:Fe, but
of considerably higher intensity. In the UV region the 265 nm band found in other
systems occurs. In the near IR two bands near 3310 cm~! and 3230 ¢cm~! could be
found (Fig. 11c¢).

(if) Oxidized state: Treatment in Os above 1400°C yields nearly colorless crystals.
The broad absorption between 500 and 800 nm nearly disappears, but the bands
around 370-395 nm increase in intensity together with the appearance of a similar
band at 450 nm ( | ). No infrared bands can be observed in this state.

(iti) Reduced state: No changes in the VIS-UV spectra can be observed, but the
IR absorption between 3100-3400 cm~! increase in intensity.

(iv) Oxireduced state: The VIS-UV spectra become similar to those of the raw
and the reduced states above 1400°C, whereas the near IR absorptions appear at
1100-1200°C.

It seems that oxidation and reduction in the case of «-Al2Os: (Fe, Ti) is reversible.
This is demonstrated in Figure 10, which shows the results of local spectra measure-
ments with 2 mm diameter aperture. Because of the broadness of the bands in the
visible the change in concentration of the absorbing species was measured by comparing
the optical density at 600 nm in the different states of «-Al;Os:(Fe, Ti). Furthermore
Figure 10 demonstrates the strong inhomogeneity of a-Al2Os: (Fe, Ti).

Ec A=600nm

';

Figure 10
o-AlgOg: (Fe, Ti): Influence of Redox Treat-
ment on Radial Distribution of Optical Den-
sity at 600 nm [raw state (1), oxidized from raw
state (2), reduced from oxidized state (3) and
oxidized from reduced state (4)].
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High Resolution Optical and Zeeman Measurements of the 385 nm Bands

The band group near 385 nm as measured by the high resolution set up is shown
in Figure 8 and may be commented upon as follows:

(1) At LHe temperature the 385 nm band group is found to consist of 6 polarized
bands, the data of which are collected in Table 3.

(i) Both frequencies and line width do not vary detectably between LN and
LHe temperature.

(i) The central band at 25842 cm-! (387 nm) consists of two components
(ca. 3.4 cm~! apart) with different polarization. Furthermore this band is accompanied
by two further bands —60 and 4110 cm~! apart which are || and | polarized.

(iv) The relatively broad absorption at 26800 cm~! may either be fitted as a
single band or as a super-position of two bands 40 cm-1 apart with the same polariza-
tion. By Fischer’s I test the fit for two bands is significantly better (19, level of
significance) [26].

(v) With the magnetic fields available in this work no significant Zeeman shifts
or splittings were detectable. From statistical analysis of the field on-field off measure-
ments any Zeeman shift therefore must be smaller than 7 cm~!, i.e. smaller than
approximately 1/4 of the band width.

Table 3
Crystal Field Spectrum of «-AlOz: Fet3 near 385 nm.
22) v:2) Av;®) polariza- &) assignmentb)

tion

A cm~! cm-1 l/mol cm
3729 26817 +6 32411 Ellc 1.2 ] , ,
3735 26776 + 7 30110 Eflc ng | Awwkdivadlas et
3852 25957 + 2 294 7 E ¢ 1.0
3869 25847 +1 284+ 2 E lc 4.0 3T+ 2151+ 3 s (T2(b). 4G)
3869 2584541 314+ 2 Ellc 3.6 T+ 1Ty (T2, 2I)
3878 25786 1+ 3 35+ 4 Ell e 1.4
3917 25530:}:1 23:}: 2 EJ_C 2.7 F1/2+F3/2—}'F5/2 (Tg(b), 2])

a) Peak frequency in air (A, cm™1), line width and peak absorption coefficient.

b) Notation of symmetry species of the double group C#, followed by the notation of the cubic
crystal field (Op) and the free ion, where (a) and (b) denotes substates of T3, produced by the
influence of the trigonal crystal field.

%TRANSMISSION
%
1 *
@
o

Figure 11
Near IR spectra of «-AlzO3: Fe (A),
a-Al2O3: Ti (B) and «-AlxO3z: (Fe, Ti) (C)
1

— - Ll P in the reduced state.
3400 3100 3400 3100 3400 :s:ooc" v
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Ha[Ds Isotope Effects

Following the results of paper 1 for a-AlsOs: Ni and «-Al:O3:Co one expects that
OHO-hydrogen bands give rise to the near IR absorptions around 3100-3400 cm-1.
This was proven by reduction experiments with Dy instead of Hs which should yield
a typical isotope shift to lower frequencies. Figure 12 shows the spectrum of a-AlsOs:
(Fe, Ti) in the near IR after treatment with H. at 1550°C and the spectrum of the
same crystal, treated with Oz at 1550°C and then reduced with D (96%,) for 75 hours
at 1550°C. A very marked isotope effect is observed proving the above hypothesis.
In Table 4 the line position in the spectra of the Hs and the Ds reduced crystals are

given together with the theoretical isotope shift of diatomic O-H and triatomic
D ;, O-H-O vibrators [27].

3350 3300 3250 3200 3150 o
=t ' ' ' ' ' 00
R
]
N 180
H, 460
[S S '100
3®
| 180
B D, 460
1 S — —
2850 2500 2450 2400 2350 o
Figure 12

LN, Temperature near TR Spectra of the reduced State of a-AlyO3: (Fe, Ti) after Reduction by
Hj and by Ds.

Table 4
Isotope Effect of Reduction by Dy instead of Hp on the near IR Spectrum of «-AlyOg: (Fe, Ti).

YoH Yon Vou[Vop
3371.0 cm-1 2501.1 cm™? 1.3478
3312.5 2464.0 1.3443
3296.8 2452.0 1.3445
3234.0 2410.0 1.3419
3187.4 2380.0 1.3392
average value 1.3435
theoretical ratio for Vor/Vop (C o) 1.374

theoretical ratio for Yono/Vop (D coh) 1.393
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ESR Results of Reduced und Oxidized States

The ESR results reported here are intended to give information about the valence
states of the transition metal ions and their changes upon redox treatment. In the
case of Fe and (Fe, Ti) doped crystals it was furthermore possible to measure the
changes in concentration of IFe*3 produced by redox treatment. In this group of
experiments the latter consisted of exposure of the crystals to Hz or Oz atmosphere at
1550-1600°C for 60 hours.

1. Fe*3 in a-AleOs: Fe and o-AlOs: (Fe, Ti) systems

Using the procedure described in Section 2 the results collected in Table 5
were obtained, which should be completed by the following statements:

(i) Line shape analysis reveals that for Fe doped crystals better fits were obtained
by Gaussian shapes whereas for a-Al2O3:(Fe, Ti) Lorentzian shapes are more appro-
priate.

(i) The line width of the Fe+3 signal obtained with peripheral «-AlzO3:(Fe, Ti)
samples reveals a distinct difference between the reduced and oxidized states, amount-
ing to approximately 21 and 24.5 Gauss respectively. For samples cut from the central
part and from a-AlxOs: Fe no significant line width alteration was observed.

(iii) It was generally found, that the line width depends on the ion concentration,
1.e. 1s markedly larger in the peripheral zone of «-Al:O3: (Fe, Ti).

Using the results reported in Section 3 about electron microprobe analysis one
may draw conclusions concerning the absolute concentration of Fe+3 in the different
states.

Table 5
Relative Fet3-Concentration in Reduced and Oxidized State.

State a-AlsO3: (Fe, Ti) x-AlOg: Fe
center periphery

raw 1.805 4 0.028 4.387 + 0.077 1.007 £ 0.025

oxidized 2.084 4 0.022 5.404 -+ 0.068 1.149 + 0.027

reduced 1.423 4 0.029 3.736 4 0.073 0.548 4 0.007

oxidized 2.770 4+ 0.058 5.561 + 0.064 1.163 + 0.026

2. Ti*3 in a-AleO3:Ti and a-AleOs: (Fe, Ti) crystals

The ESR signal of «-AlsOs: Ti+3 has been investigated by Kornienko and Prokho-
rov [10] who reported a single line signal with approximately 50 G line width below
9 K. Above this temperature the line width increased. No quantitative measurements
of line strength was possible in this work owing to technical difficulties at LHe tem-
perature. These also excluded comparison between measurements on different samples
leading to only qualitative estimates of signal strength.

The results collected in Table 6 have been obtained from measurement of Ti and
(Fe, Ti) doped samples in the raw and the oxidized state. The following remarks
should be made:
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() No sample (in either state) gave detectable splittings or significant line width
changes.

(i) For a-Al2O3:Ti the decrease of the Ti+3 signal upon oxidation of the raw state
is significant.

(iii) In the case of a-AloOs:(Fe, Ti) samples oxidation of the raw state may also
have involved a decrease of the Ti+? signal, but there is doubt owing to resettability
problems with the LHe measurement.

Table 6
Approximate Relative ESR Signal Intensity of Tit3a),

State Ot-AlgOgI (Fe, Ti) Ot-A12032 Ti
raw 100 1
oxidized 1 1/16

a) Measurement with magnetic field parallel to crystallographic ¢ axes.

T T T T T T
i co % Femt ] [rem 100
5
o
£ P tn BO
0 460
e Figure 13
Polarized near IR Spectra of the Reduced
2396000 3350 5950 L State of a-AlaQ3:Co and x-AlyOgz: (Fe, Ti).
3330 2990

4. Discussion

In order to rationalize the solid state reactions studied in this work discussion
will be made in sections. First infrared spectra will be considered because of their
bearing to the structure of the transition metal ion and its near surroundings. Then
the valence states of the former will be correlated to the optical and ESR spectra and
finally a reaction scheme including approximate thermodynamic aspects is suggested.

Conclusion from Infrared Spectra

From comparison with results published in paper I and by Hauffe et al. [9]
considerable differences in the structure of the 3 p IR bands are found between Ni-
and Co-doped «-Al;Os on one hand and Fe, Ti and (Fe, Ti) substituted sapphire on the
other hand. All essential features of the near IR spectra are collected in Table 7
comprising frequency, half width ¥1s, polarization and frequency shift Ay = »(OH) sree
— »(OH). Whereas the first group exhibits broad bands extending from 3300 to
2900 cm ! accompanied by a group of sharp weak bands near 2300 cm-1, the second
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group shows only one group of sharp bands near 3400-3100 cm~1. In both cases how-
ever the bands may be assigned unambigously to OH stretching vibrations by their
deuterium isotope shift (cf. Section 3).

Table 7
Data of Near IR Absorption Bands of Various Substituted Sapphire.

Experimental Data Calculated Data?)
s Avg V12 Pole) Py from  0...0 0...0 occurrence
|: L 4% distance distance

from 7 from Avs

3025 cm~1 625 c¢cm~! 130 cm-1  5:1 470 cm™1  2.74 A 2.70 A a-AlsO3: Co

2972 678 180 Sl 520 2.72 2.69 a-AlsO3: Ni
3180 470 4 b) n.m. 232 2.76 2.73 a-AlsO3: Fe
3230 420 6 n,m, 318 2.78 2.75 o-AlsOj3: Fe
d-A].gOaZ Ti
3310 340 3 b) 0 230 2.84 2.78 a-AleOg3: (Fe, Ti)

3) c.f. Ref. [29].

b) Spectra measured at 77 K.

€) ||: L means intensity ratio measured for || and | polarized radiation with respect to the
crystallographic c-axis.

From Table 4 considerable deviations between observed and predicted isotope
shifts are to be noted. The latter are calculated by the harmonic approximation, but
should be corrected for anharmonicity effects. If the approximate relation »=
we(l — 2 x,) between fundamental and normal frequency [27], and the relation
%,/%; = w,Jw) proposed by Dennison [28] are used, one obtains 2 x, = 8.02 - 10-2 and
2 xe = 12.47 - 10~2. The latter value indeed is unusually high and leads to the con-
clusion that the infrared absorption probably has to be ascribed to a O-H type rather
than to a OHO symmetrical type vibrator.

Using empirical relations between isotope shift Ays and 0 . . . 0 distance proposed
by several authors [29] it has been inferred for the Ni- and Co-sapphire, that the
proton is situated between oxygen ion pairs Oz . . . Os, cf. Figure 14. As an immediate
consequence partial polarization parallel to ¢ would be expected. This is born out
by a polarization ratio I | [I;; = 1/5 found experimentally (cf. Fig. 13). Furthermore
the large half width of the »(OH) bands of Ni- and Co-sapphire supports the view of
an intermolecular hydrogen bond, supposing the O-2 triangle in adjacent layers to be
considered as different ‘molecules’.

Using the same type of argument for hydrogen bonding for the Fe-, Ti- and
(Fe, Ti)-substituted sapphire, the IR spectra of these crystals in the reduced state
indicate an 0. . . 0 distance of 2.73-2.78 A, which is significantly larger than in the
Ni- and Co-dopped sapphire. This may be identified with the 2.87 A distance of 0;...02
pairs, cf. Figure 14. Accordingly the »(OH) band should be polarized perpendicular to
¢, which is experimentally confirmed (cf. Fig. 13). Furthermore, the small halfwidth
v1/2 points to an intramolecular hydrogen bond, supporting the view of considering the
O-2 triangles (O1... 0Oz ... Os) as ‘molecules’.
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Figure 14
Structure of «-AlyOs (reprinted from
Ref. [8]).

No attempt has been made in the frame of this work to extract more information
about the structure of the defects produced by the transition metal ion in the reduced
state substituted in sapphire. Also the nature of the 2300 cm -1 bands of Ni- and Co-
sapphire has not been elucidated so far.

Valence State of Transition Metal Ions

In this section first the results of extensive crystal field calculations for a-AlaOs:
Fe+3 and «-AlOs: Ti+2 are given and the problems arising in their use for interpreta-
tion of empirical spectra will be pointed out. Also comparison of the assignments for
Fe*3 crystal field bands presented by other authors is made. Furthermore behaviour
and interrelation of the 385 nm and 450 nm band groups of Fe- and (Fe, Ti)-sapphire
with the Fe+? ESR results is reviewed, leading to the assignment of this group to the
crystal field spectrum of a-AlyO3:Fe*3. Finally a discussion of the valence states of
Tiin both «-AlxO3:Ti and «-Al2Os: (Fe, Ti) is added.

1. Crystal Field Treatment for a-AlxOs:Fe+3

As will be shown in the next section the 385 and 450 nm bands in «-AlxOs: (Fe, Ti)
must be correlated to the a-Al:Os: Fe+3 crystal field.

In order to obtain a guiding line for the assignment of these absorptions extensive
crystal field calculations were carried out. These were made within the same frame
as used earlier for calculation of defect spectra in ruby [14]. For details the reader is
referred to this paper and only points relevant to the work reported here are mentioned.

(i) For the ions Fe+3 and Ti*3 all 3 d» electron configurations and all Russell-
Saunders states resulting from these were included in the calculation. Spin orbitals
were constructed from numerically given SCF Hartree Fock orbitals [30] from which
also the radial integrals {7*)» were calculated by numerical integration:

Ti+3: (72> = 0.53405 A2, (74) = 0.57689 A4, (3)
Fe+3 (2> = 0.31958 A2 | (r4) = 0.22362 A4, 4)

10
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(i) Since in the | J J3> base the LS coupling operator is diagonal, its matrix
elements for the free ion [31] could be used directly. The relevant site group for both
transition metal ions in site ¢ [35] is the double group C3%, hence the | J Js) basis
functions belong directly to the irreducible representations I3 of C3. For 3 d° and
3 d' systems in particular only the integer representations Iz, Is/2, I52 occur and
as a consequence the energy matrix factorizes into 3 blocks which were diagonalized
numerically.

For inclusion of the Zeeman Effect the matrix of the Zeeman Operator

H.— polHo, L +]g| S (5)

was calculated in the | J J3) basis by the formulae given by Slater [32] and added to
the crystal field matrix before diagonalization.

(iii) As has been found by several authors, (74> values derived from SCIF Hartree-
Fock orbitals of the free ion may lead to considerable discrepancies between optical
transitions calculated by crystal field theory and observed spectra [33]. In the frame
of Slater type atomic orbitals R, oc #7-1 - ¢=2 and therefore

i 2w+ 3)
= B e (6)

I'2n+5)

On the other hand for a trigonally distorted cubic crystal field splitting of 3 d
orbitals depends linearly on (74> and <{72>. In this work (74> will therefore be considered
as an empirical parameter, keeping (72> coupled to (74> by relation (6). Indeed (74>
depends critically on the information available for the SCF orbitals and may be
influenced most strongly by covalent interactions between the ion substituted and
the O~2 ions of the lattice.

Results of the crystal field computations are presented in Figure 15 which gives
the crystal field levels of the Fe+? at site ¢ as a function of (74> [34]. In the r.h.s. the
observed transitions of «-AlsOg3: Fe*3 near 385 and 450 nm are marked. They may be
commented upon as follows:

(i) The crystal field level pattern was calculated for the (74> value of the free
ion ((#% = 0.22 A) and two other points at arbitrally chosen values (#4) = 0.68 A4
and 2.2 A4, The lines connecting corresponding levels in the calculated patterns
represent linear interpolation.

(11) Since it is obvious from Figure 15 that the level pattern for the free ion case
(a) deviates grossly from the observed band group near 385 nm, use of a (4> value
different from that of the free ion is proposed. Possible assignment were obtained for
(r%) values 0.6, 1.0 and 1.8 A4 (points b, ¢ and d, respectively marked in Fig. 15) and
are represented graphically in more detail in the upper part of Figure 15 in relation to
the empirical spectrum. It showns that none of these gives perfect agreement. Very
close agreement may barely be expected, since the crystal field model used here still
contains some serious simplifications, e.g. neglect of covalence, higher multipole
terms in the crystal field expansion and extended electron configurations like 3 d4 4 s
or 3 p® 3 48, linear interpolation, etc. From empirical polarizations discrimination be-
tween these 3 possible assignments cannot be given. This follows from the behaviour
of the ¢S ground state, which in the group C#¥ goes over into 2 I'ys + 2 s + 2 53,
whose energies are equal in the C¥ crystal field. As a consequence transitions with
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both H and | polarization are allowed. Since no Zeeman effect has been detectable, no
discrimination among the C# substates is possible. As may be seen from Figure 15
one is tempted to chose the levels for (74> = 1.0 A4 as a best compromise if the
450 nm band observed with «-AlsOs-Fe+3 (cf. section 3 and Fig. 6, 8) is included. The
relation of this assignment (cf. Table 3) to assignments presented by other workers
will be discussed briefly below.

10%cm’

27

—r
|

260
-333
1 500
obs.
Figure 15
- (r%> Dependence of Crystal Field Levels of

o-AlpOs: Fe+3 (at the 1. h.s. free ion terms are
given, at the r.h.s. crystal field notations (0)
and observed line positions are marked. In
the upper part details of the 385 and 450 nm

L ‘%___J region are given.

\b 72

A view of the general correctness of the crystal field procedure used in this work
is born out by results obtained on Ti*3 substituted in «-Al:O3. These are reproduced in
Figure 16 from which a value of (74> = 1.3 A4 was derived in order to get a satis-
factory agreement between observed and .calculated d-d transition frequency.

Comparison shows that this is again considerably larger than the SCF Hartree-Fock
value for the free ion.

2. Comparison with other Assignments

McClure [1] observed with «-AleOs:Fe a band near 549 nm (18200 cm~1) which
was assigned to the crystal field transition 6A; — 4Ts. This band could be observed
neither in this work nor by Lehmann et al. [11]. From our measurement on 100 ppm
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Fe containing crystals up to 8 mm thickness one may conclude that max. ¢(549)
< 3.6 I/mol/cm. The band group near 385 nm (25600 cm~1) has been found with much
higher doped crystals but has only been partly resolved by McClure and Lehmann
et al. Besides this and a systematic shift however their results are confirmed by the
highly resolved spectra given in Figure 8. McClure assigned these bands to the transi-
tion 6A; —4A; 4 4E, whereas Lehmann et al. interpret the bands at 376, 389 and
452 nm as 8A; —14E(D), 6A; —4T3(D) and 6A; — 4A;(G) 4 4E(G) respectively.
Finally the bands found by Lehmann et al. near 568 and 697 nm with much higher
doped a-Al2Os:Fe crystals (1200 ppm) could not be detected in crystals containing
only Fe in this work. According to the present crystal field calculations both these
assignments for the 385 and 450 nm bands concern upper levels which are nearly
unaffected by the AlsOs crystal field (cf. Fig. 15) and would be expected at consid-
erably higher frequencies (30000 . . . 40000 cm~1). Since the bands near 568 and 697nm
were found to be not related to Fe*3, but to (Fe, Ti), it is felt that the assignment
presented in this work in Table 3 gives a more appropriate interpretation of the Fe+3
spectrum. The latter two bands should rather be ascribed to the pair particle
a-AleOs: (Fe, Ti)*6, according to our analytical and spectroscopic data. Further
discussion devoted to this interpretation is presented below. On the other hand the
bands near 810 and 640 nm found by Lehmann et al. [11] with highly doped natural
sapphire which these authors assigned to Fe*2 were never observed in this work with
reduced o-Al2Os:Fe or a-Al2O3: (Fe, Ti). From this fact we conclude that these bands
are not relevant for the blue colour of a-AlxOs: (Fe, Ti)+S.

3. Valence states of Fe in a-AlsO3: Fe and a-Al;O3: (Fe, Ti)

From the experimental results of optical, Zeeman and ESR studies presented in
Section 3, the 385 nm band group and the 450 nm band may unambigously be assigned
to Fe+3 crystal field transitions. The argument are as follows:

(i) The 385 nm bands have been observed to our knowlegde only with I'e con-
taining sapphire.

(i) The intensity variation of these bands produced by reduction and oxidation
parallels the intensity variation of the Fet3 ESR signal (cf. Table 5).

(iii) The results of the high resolution optical and Zeeman measurements do not
conflict with this assignment, though they do not definitely prove it.
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4. Valence states of Ti 1n o-Alz0s: Ti and a-AlsOs: (Fe, Ti)

For the system a-Al2Os:Ti it may be concluded from Table 6 and optical spectra
Figure 7, that in the reduced state Ti+2 is present. As a conclusion from the absence of
Ti*3 optical and ESR signals in the oxidized state one may assume Ti+3 to be dominant.

The system a-Al2Os: (Fe, Ti) is more complex (cf. Table 6).

() In neither the oxidized nor the reduced state was the optical spectrum of Ti+3
detectable.

(i) The ESR-signal of Ti*3 in both the oxidized and the reduced state was very
weak.

(iii) Information about an upper limit of the concentration of Ti*3 in a-AlaOs:
(Fe, Ti) may be obtained by means of the optical spectra. From Figure 7, which relates
to the Ti+3 spectrum, and Figure 4 one obtains for the extinction coefficient at 490 nm
¢ = 22.21mol-1 cm1, assuming that all Ti was present in the reduced state as Tit3.
Using a reproducibility of 49, for transmission measurements this leads to a detect-
ability limit of 12 ppm Ti*3.

Therefore from (i)-(iii) one may conclude, that the Ti*? concentration in both the
reduced and the oxidized state of «-Al:O3: (Fe, Ti) never exceeded 12 ppm.

Solid State Reactions

From the results and discussion presented so far, one may now propose a system
of solid state redox reactions. Since at the present time no experimental thermo-
chemical data for these thermochemical processes are available, 4AH%(0) ~ AU°(0)
values were calculated within a Haber-Born type framework (the following notation
is used: Fe*3 (¢, «-Al:O3) means Fe+3 in site ¢ (Wykoff-Notation [35]) of «-Al:Os):

M+4(c, AlaOs) — M+3(g) , (7)
M+#(g) + e~ — M+ -U(g) (8)
M+=1(g) — M+G-1(c, AlsO3) , | 9)
1

5 Halg) ~H(g) , (10)
H(g) —H*g) + e, (11)
H+(g) — H+(ALOs) , (12)

1
Ha(g) + 5 Oa(e) — H20(g) - (13)

For transition metal ions the atomic energy levels [31] and lattice potentials
calculated by P. Ballmer et al. [36] were used to calculate the AH?(0)’s of reactions
(7), (8) and (9). The data for reaction (10), (11) and (13) have been taken from a NBS
Publication [37]. Table 8 gives the AH9(0) values for relevant reactions.

No reliable thermodynamic data may be derived for the model proposed in the
preceeding sections for H+(AlxOs) on spectroscopic arguments. Though the proton is
situated between O-2 ions in sites ¢ and therefore its crystal field energy may be



474 Kaspar Eigenmann, Karl Kurtz and Hs. H. Giinthard H.P. A.

calculated from the electrostatic crystal field potential [14], bonding in the particle
O...H...O03 may be expected to involve considerable covalent contributions.
Since from IR spectra it may be concluded that the particle has the same structure
for all 3 systems studied in this work, reaction (12) may be defined as a reference reac-
tion with well defined but unknown AHY,(0). A crystal field estimate of AH7,(0) has
been calculated in an earlier paper.

As mentioned above, two of the systems studied in this work showed a certain
irreversibility in the first step of thermal treatment. The solid state reactions respon-
sible for this phenomenon will now be discussed for each particular systems.

1. a-AlsO3: Fet3/Fe+2

As pointed out in section 3 H, treatment of raw «-AlyOs: Fe yielded no »(OH)
bands, these appeared only after Oz treatment preceeding the Ha treatment. Both
Hz and O: treatment and further heat treatment eliminated the near UV band at
395 nm. Irom ESR measurements one may conclude, that Fe+3 concentration was
nearly equal in raw and oxidized states.

Unfortunately the information available at present time does not enable us to
give a substantiable interpretation of this behaviour, in particular of the surprising
fact, that H» treatment of raw crystals produced no »(OH) bands. A similar behaviour
has been found with defect rubies [14]. However in that case the first thermal treat-
ment was shown to involve extraction of Na+ and K+ by diffusion into the gas phase.
On the other hand the 395 nm band of raw state seems to be attributable to a
thermal defect, which could not be regenerated by UV irradiation.

From the experimental data one may show the following steps to be responsible
for the redox behavior:

1
Fe+3(c, AloOs) + 5 Hs(g) — Fet2(c, AlOs) -+ H+(AlOs) , (14)
‘ , 1 1
Fe+2(c, AloOs) + H+(Al2Os) + T Oz(g) — Fet(c, AlaOs) + 5 H20O(g) . (15)
From Table 8 one obtains AH?, (0) = + 537 kcal/mol and AH?,(0) = — 563 kcal/

mol expressing the reversibility of the redox process. However it remains to explain
the fact, that by Hs treatment never more than approximately half the Fe+*3 could be

Table 8
AHO0) Values of Reaction Steps Relevant for Redox Processes.
Reaction AH%0) in kcal/mol

M+% = Fet3 M+2 = Ti+d

M+#(c, AlOg) — M*5(g) + 2466 -+ 3288
M+2(g) + e — M+E1)(g) — 703 — 988
M1 {g) — M+(E1) (e, AlpOp) — 1644 — 2466
1/2 Hy(g) — H(g) + 516
H(g) —+ H*g) + & + 314.2
H+(g) — H+ (Al;O3) + 52.03)
Hs(g) + 1/2 O2(g) — H20(g) — 571

3) Upper limit, c.f. Ref. [14].
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reduced, cf. Table 5. The only interpretation available at present seems to be the
increase of ionic radii on reduction, which are 0.76 and 0.64 A for Fet? and Fe+3
respectively. Apparently a considerable relaxation of the «-AlsOs structure is produced
with increase of the reduction reaction, leading to a more positive AH7,(0). This
interpretation is supported by the fact, that the transparency of a-AlsOs: Fe decreased
noticeably with the reduction process.

2. o-AlsOg: Ti*3/Ti+

The experimental data presented in Section 3 gives strong evidence that the
valence states of Ti in «-AlzO3:Ti involved in redox reactions should be identified
with Ti*3 and Ti+4. With respect to charge compensation, Ti therefore takes a unique
position among the systems studied so far in our laboratory, which obviously has to be
traced back to thermodynamic stability of Ti+4. The following model appears to be
compatible with experimental information:

1
raw state: Ti*3(c, AlsOs) + 5 [Na *(c, Al:O3) + VO-2(e, AlO3)] , (16)
oxidized state: Ti+4(c, AlaOg) -+ é- VAI+3(c, Al:Os) , (16")
oxireduced state: Ti+3(c, AleOs) + %VAI*S‘(C, AlQs) + H*(ALOs3) . (16")

Here VO=2(¢c, Al:Os) and VAl+3(¢, Al:Os) denote an Al*3 vacancy in site ¢ and
an O~2 vacancy in site ¢, respectively. This model requires a relatively small concen-
tration of vacancies and ot the impurity ions Na+ or K+ (1/3 of Ti concentration).

Oxidation of the raw state (16) produces by thermal extraction of Na or K ac-
cording to reaction (17):

3 Ti*3(c, AlsOs) + Nat(c, Al:Os) + Os(g) + VO-2(e, Al,O3) — 3 Ti+4(c, AlxOs)

+ VAL*3(c, AlsOs) + O—(e, Al:Os) + —;Nagoz(s) . (17)

For the system «-Al:O3: Ti alkali metal extraction has not directly been measured
by analytical methods. However in the case of defect ruby, this process has been
proven to take place during the first high temperature treatment [14]. We therefore
believe this process to be relevant also for the irreversible behaviour of «-Al»O3:Ti in
the first step of thermal treatment. The feasiblity of reaction (17) may be substantiated
by thermodynamic considerations. In Table 9 the AH?(0)’s of all elementary steps are
collected from which AHY.(0) may be estimated by the same type of arguments as
used for Table 8. It should be pointed out, that the scheme (16) does not represent the
only possibility to explain the behaviour of «-AlsOs:Ti. Charge compensation for
substitution of Ti+4 in the «-Al>Oj lattice structure could be provided by substitution
of N-3 for O-2. However under the conditions of the Verneuil method applied for
growth of the samples used in this work, substitution of N-3 appears highly unprob-
able. Alternatively substitution of pairs (Ti*4, Me+2) would be compatible with
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electroneutrality. However analytically Me*2 (transition metal or earth alkali ions)
have not been found in concentration sufficient for charge compensation of the
Ti+4 «» Ti*3 process.

Table 9
Thermodynamic Data of Redox Reactions of a-AlpOg: Ti System.

Reaction AHOY(0) in kcal/mol
3 Tit3(c, AlO3) — 3 Tit3(g) + 2466
3Tit3(g) — 3e~ — 3 Tit4(g) + 988
3 Tit4(g) > 3 Ti*4(c, Al,Oy) — 3288
Nat(c, AlsOs) — Nat(g) + 822
Nat(g) + e - Na(g) ~ 110
Naf(g) — Na(s) — 26
Na(s) + 1/2 Og(g) — 1/2 NagOa(s) — 6l
1/2 Os(g) > 0(g) + 58
O(g) + 2e = 02(z) + 170
0-2(g) — 0-2(¢, AlyO3) — 1260
Oxidation of raw state AHY0) — 241

For the reversible redox process

Ti*4(c, Al:Os) + % Ha(g) — Ti*¥(c, Al:Os) + H*(ALOs), )

1 1
Ti*3(c, AleOs) + H*(AlaOs) -+ - Oa(g) — Ti*4(c, AlOs) + — HaO(g) (18"

AH?,(0) ~ + 252 kcal/mol and AH,.(0) =~ — 279 kcal/mol is obtained from Table 8.
In equation (18') and (18") the charge compensating Al+3 vacancy (cf. (16)) is not in-
volved and thus not given explicitly.

3. O’.—A12032 (Fe, Tl)

For this system practically no irreversible steps have been found. From the
results presented in Section 3, the following facts should be rementioned:

(i) In the oxidized state all Fe was found in the form of Fe+3,

(ii) By Hs treatment part of the Fe*3 disappeared. Very probably this part was
present in the reduced state as Fe*2.

(iii) In both the oxidized and the reduced state most of the Ti must have been
present as Ti** as has been discussed in the section above.

(iv) The VIS spectrum of «-Al2Os:(IFe, Ti) is very different from those of the
single doped varieties. The bands at 565 and 700 nm (cf. Fig. 8) clearly indicate, that
it has to be assigned to a new particle and cannot be derived from the spectra of the
single particles Ti and Fe. This is born out also by the analytical data shown in
Figure 4 and I'igure 8.

The following interpretation may be given: Several workers [38] suggested the
existence of biparticles from magnetic and optical measurements, however to our
knowledge no di.ect analytical proof of biparticle formation has been given so far.
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For the system a-Al2O3: (Fe, Ti) one would have to assume the system of solid state
reactions to express biparticle formation:

Fe(c) + Fe(c) — (Fe, Fe) (c, ¢) , (19°)
Ti(c) + Ti(e) — (Ti, Ti) (c, ) , (197)
Ti(c) + Fe(c) — (Fe, Ti) (c ,c) . {a8™)

In the left hand sides of these equations the dopants were assumed to be substi-
tuted in site ¢ situated at large distance from each other, whereas in the r.h.s. pairs
of ions were substituted in adjacent ¢ sites. Reactions (19) may be considered to
symbolize biparticle formation during the flame fusion process. As the crystal was
cooled below the melting point, mobility of the ions droped and the biparticles were
frozen at a concentration corresponding to a near melting point temperature equi-
librium. For the system (19) application of Lambert Beers law yields

D(4,7) = L{ep[Fe] + 8F62[Fe2] + e Ti] + STiz[Tiz] + epepi[Fe Til}, (20)

where D, L and the ¢’s denote optical density, layer thickness and the extinction
coefficients of the defects at a given wavelength 4 and a given radial position 7. Then
using the chemical equilibrium equations of the reactions (19):

Fes
Fe, — "%?2_]1— ’ (21/)
Tie "
Ti, — % ’ (21 )
[Fe, Til ' (21"

K. .. =
Equation (20) became, after solution for the total concentrations [Felo and [Ti]o:

D(4, r) = Dy(4, 7) + ep[Fe]y + eq[Ti],

+ [ 2, -+ 8]702] KFed[Fe]O

+ [— &pe — &ni + €peril KrenilFelo * [Tilg

+[—2en+ &g KTig[Ti](Z) s I (22)
The data presented in Figure 5 and Figure 10 could now be analysed according

to (22) by multiple regression in order to prove the significance of terms of 2nd order.
We obtained the results in Table 10, which should be commented upon as follows [26]:

(i) Quadratic and bilinear terms are significant, indicating significant biparticle
formation. ‘

(i) On statistical arguments it cannot be significantly distinguished from the
different types of biparticle formation processes expressed by (19).
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For none of the statistically acceptable models No. 2, 3, 4 could all the physical
parameters (¢'s and K’s) be derived from the regression coefficients. This is seen from
equation (22), which shows the number of physical parameters being larger than that
of the significant regression coefficients. By the same reasoning consideration of a
model including more pairs differing in the valence states of Fe and Tiis not warranted
at the present time.

Table 10
Regression Analysis of Optical Density (600 nm) of a-AlsO3: (Fe, Ti).

Type of regression?) rssh) F-Teste)

1. Linear terms only 1.20 ref

2. Linear terms plus bilinear terms 0.406 ves ref

3. Complete second order 0.255 ves no ref
4. No bilinear terms 0.257 yes no no

4) ¢.f. equation (22).

b) Residual sum of squares.

¢) Level of significance = 0.95; ref, yes and no denote reference sample, significantly different and
non significantly different variances, respectively (within a column).

The fact, that the typical spectrum of (Fe, Ti) sapphire has not been observed
with a-Al2O3:Fe and a-Al2Os: Ti even at high dopant concentration indicates that the
biparticles (Fe, I'e) and (Ti, Ti) were not relevant and the pair (Fe, Ti) must have been
responsible for the 565 and 700 nm VIS band. As a model for this particle one may
suggest:

(1) In the reduced state:

(Fe, Ti)*6(c, ¢, Al2Os3), %VA1+3(c, AlxOs), H+(AlxOs) . (23')
(i) In the oxidized state:

(Fe, Ti)*7(c, ¢, Al2Os), % VAlL#3(c, Al2Os3) . (23"}
(1) For the redox process:

(Fe, Ti)*(c, ¢, Al2O3) + % Ha(g) — (Fe, Ti)*8(c, ¢, Al:Os) + H+(ALOs),  (23"")

(Fe, Ti)*5(c, ¢, Al:Os) + —i—- Os(g)

1
+ H*(ALOs) — (Fe Ti) (¢, ¢, Al:Os) + - Hz0(g) - (231

Further support for the model (22') was derived from infrared spectra and change
of Fe+? concentration on reduction (cf. section 3). The similarity of infrared spectra
of a-AlOs:Ti and «-AlOs: (Fe, Ti) shows that the defect structure ((Al*3)-vacency)
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should have been the same in both cases in accordance with models (16) and (22).
By quantitative ESR intensity measurements it was found that the change of the
Fe*3 concentration upon reduction approximately corresponded to the Ti concentra-
tion in «-AlOs: (Fe, Ti). Together with the fact that no Ti*3 could be detected in
a-AleOs: (Fe, Ti) in the reduced state, this indicates that all Ti present was involved
in the biparticle formation. For the electronic state of the particle (Fe, Ti) (c, ¢) one
further statement is possible owing to the fact, that in the oxidized state Fe'3 and
Ti+* were present. For its reduced state several electronic structures may be considered
possible, described by valence structures ((Fe(II), Ti(IV)), (Fe(III), Ti(IIT)) in re
sonance. In this resonance electron bands introduced by the defects in the «-Al2Os
electron band structure may have been involved.

5. Conclusion and Summary

A few concluding remarks concerning the system «-Al2Os: (Fe, Ti) seem to be in
order. Though at present no direct theoretical study concerning the properties of the
pair particle (I'e, Ti) are available, the results found in this work yield strong evidence
for its existence and its behaviour under high temperature redox conditions. It yields
a physical interpretation of the problem of non additivity of colours of transition metal
ion doped sapphire. The nature of chemical bonding respresents an interesting
problem, since, as may be concluded from the remarkable change in the optical spectra
of the constitutents, the Fe-Ti interaction should be similar to that in charge transfer
complexes or a weakly binding diatomic molecule in a strong crystal field. Very
probably the interaction is particularly strong in the reduced state.

Besides biparticle formation the system «-AlsOs:(Fe, Ti) may be con51dered as
a counter part to the systems «-AlxO3:Ni and «-AlsO5:Co. Though in both cases the
redox process of the transition metal ion is described by equation (1), the accompany-
ing charge compensation process leads to differently structured OHO-3. Originally it
was believed, that the process by which the proton is inserted into the Al2Os structure
1s the same for all substitutable transition metal ions undergoing redox reactions in
close analogy to the formation of HsO+ in aqueous solutions. Surprisingly this seems
not to be the case however. No explanation of this phenomenon can be offered at
present, though one may suppose that both the ionic radii and covalence may be
responsible for it.
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