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Infrared spectra of hydrogen isotopes in a-A1203
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Infrared absorption of OH, OD, and OT in a-A1,0, at 77 K occurs at energies of 3282, 2439, and
2069 cm ', respectively. A small band at 3266 cm ' disappeared after high-temperature treatment of the
crystal and was attributed to an OH ion which is perturbed by an unidentified defect. Calculations of the
electrostatic potential combined with measurements of the polarization of the absorbed light indicated that
the OH ion lies in the basal plane of the crystal. No evidence was found from measurements of the EPR
spectrum of a y-irradiated crystal for the presence of V o„centers in a-A1,03.

I. INTRODUCTION

Possible technological applications of refractory
oxides in the development of new energy sources
have led to much interest in and research on these
materials. Its strength and high melting tempera-
ture make aluminum oxide particularly interesting
as a potential first-wall material in thermonuclear
reactors and for hydrogen-containment applica-
tions. In regard to the latter, the characterization
of hydrogenic species in n-A1,0, is important in
order to determine the solubility and diffusivity
of hydrogen. In this work we report our observa-
tions of the absorption of infrared light due to
hydrogen, deuterium, and tritium in o.-A1,0,.

Bates and Perkins' recently observed infrared
absorption from these isotopes in rutile. The
frequencies which they found for the absorption
bands fit those of an anharmonic oscillator in
which the hydrogen isotope is chemically bound
to an oxygen ion forming an OH ion. Our fre-,
quency data for aluminum oxide were well fit to
the same model. In addition, the results of po-
tential-energy calculations have suggested pos-
sible orientations of the OH ion, and these re-
sults are compared with experiment.

tium-doped sample was prepared by sealing the
crystal in a quartz ampoule which had been
evacuated and back-filled with T, gas at a pres-
sure of 140 Torr. The ampoule was heated for
4 days at 1000 C, at which temperature the T,
gas pressure over the sample was approximately
600 Torr.

Measurements of the intensity of the OH band
as a function of polarization of the light were
made using a Perkin-Elmer 621 double beam
spectrophotometer. The polarizer was of the
wire grid type having an extinction ratio of 100:l.
All other infrared measurements were made on a
Digilab FTS-20 Fourier transform spectrometer.
The resolution of this instrument was about
3 cm '. In these experiments between 500 and

1000 spectral scans were made and averaged.
Each single beam spectrum of the crystal was di-
vided by the spectrum of the evacuated sample
chamber. Low-temperature data were taken with

the crystal mounted on the cold finger of a liquid

nitrogen cryostat. All Fourier transform spectra
were obtained with the crystal mounted such that
the light was directed parallel to. the c axis (i.e.,
so that the total path length was 12.7 mm).

II. EXPERIMENTAL CONSIDERATIONS

Sapphire crystals of uv grade were obtained
from the Union Carbide Corporation's Crystal
Products division. The crystals were cut to di-
mensions of 3.2x 11.2x 12.7 mm and polished to
optical transparency. Their orientation was such
that the c axis lay within 1 of the 12.V-mm edge.

As will be discussed in Sec. III E, the integrated
intensity of the infrared absorption of the OH
band indicated that the as-received crystals con-
tained approximately 2.6x 10"cm ' of OH . For
the OH measurements no further doping was
necessary. Deuterium was introduced into a
crystal by heating it to 1000 'C in flowing D, gas
at a temperature of 760 Torr for 24 h. A tri-

III. INFRARED SPECTRA AND THEIR ANALYSIS

A. Isotope frequency shifts

Figure 1 shows the infrared absorption in crys-
tals of n-A1, 0, containing hydrogen, deuterium,
and tritium at a temperature of VV K. The rather
steeply sloping background apparent in the bottom
spectrum of Fig. 1 is due to the high-energy edge
of the n-A1, 0, lattice absorpti. on which overlaps
the OT band. The value of each peak frequency
and its uncertainty were determined by fitting a
Gaussian function to the absorption band. The
values so determined are given in the column
headed v,„p in Table I.

As in the case of rutile, ' the model of an an-
harmonic diatomic oscillator, which consists of
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where p, ; is the reduced mass m;m, /(m, +mo)
of the oscillator of the hydrogen isotope i of
atomic mass m;, and m, is the atomic mass of
oxygen. Using the atomic masses of hydrogen,
deuterium, tritium, and oxygen, (1.00"l825,
2.0140, 3.01605, and lb.99491 amu, respec-
tively), we find p, = 1.0000, p, = 0.'l280, and p,
= 0.6112. Using only the first- and second-order
terms of Eq. (1) we find that the frequency for
the ground to first excited state transition is
given by
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FIG. 1. OH (top), OD (center), and OT (bottom) in-
frared absorption bands in n —A1203 at 77 K.

the hydrogen isotope bound to an oxygen ion,
yielded a very good fit of the isotopic frequen-
cies. Herzberg' gives the energy levels for such
an oscillator as

Z„= (n+-,')p, (u, —(n+-,')'p'~ x + ~ ~

where E„ is the energy of a level of vibrational
quantum number n, (d„and x, are constants, and
p; is given by

v] = p~(de —2p~(de&e ~
2 (3)

%e made a least-squares fit of this equation to
the observed frequencies and determined the val-
ues of p;~e and p&uexe shown in Table I. It should

be noted that the uncertainties given in Table I
are large relative to the accuracy of the experi-
mentally observed frequencies due to a rather
large correlation between the parameters ~, and

That is, a small increase in +„ for ex-
ample, may be compensated for by an increase
in e,x, without affecting the fit very much. The
frequencies calculated from these best fit pa-
rameters are given in the column labeled v„,. As
is seen, in most cases these calculated frequen-
cies are within 1 cm of those observed experi-
mentally.

The quantity D, = (p, &, —p,'. ~,x,)'/4p, '. ~,~„also
shown in Table I, represents the dissociation en-
ergy of the ion." The slight variations in D,
with isotopic ~ass are due to differences in the
zero-point energies of OH, OD, and OT .

9. OH and OD distributions within the crystal

From measurements of tritium diffusion in
u-A1203 by Fowler et a/. ,

' we estimate the coef-
ficient of self-diffusion D for deuterium to be
approximately 3X 10 "cm'/sec for a crystal
temperature of 1000 'C. Assuming a simple ran-
dom-walk model for the diffusion, ' the rms pene-

TABLE I. Frequencies (v), bandwidths (~), and spectroscopic constants for OH, OD, and OT bands in &-A1203.

OH

OD

OT

300
77

300
77

300
77

v~~ (cm ~)

3279.1+0.4
3282.4 + 0.3
2436.9 + 1.4
2438.9 + 0.9
2065.7 + 1.1
2068.7 + 0.6

&.~ (cm-')

9.3+ 0.6
5.6 ~ 0.4
6.8 + 2.8
5.3+ 1.6
5.6+ 2.4
4.0 ~ 1.0

pc~e (cm ~)

3535.7 + 3.9
3542.2 + 2.3
2574.0 + 2.9
2578.7 + 1.7
2161.0 + 2.4
2165.0 + 1.4

pi~~exe (cm ~)

128.3 + 2.0
129.9 + 1.2
68.0 + 1.1
68.9 + 0.6
47.9 + 0.8
48.5+ 0.4

vingt (cm )

3279.1
3282.4
2438.0
2441.0
2065.2
2067.9

D, (eV)

2.80 ~ 0.05
2.78 + 0.03
2.86 + 0.05
2.83 + 0.03
2.89 + 0.05
2.86+ 0.02

&,~ is the full width at half-band maximum. vzqq is the band energy calculated from the best-fit parameters p;, and

%~He.2
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FIG. 3. Comparison of the infrared absorption spectra
in the region of the OH band for temperatures of 77 and
300 K.

temperature dependence of the two bands to be
similar. Although the results shown in Table I
indicate that the energy of the satellite band is
unchanged with temperature, the uncertainty in
the measured value makes it impossible to rule
out a temperature effect similar to that of the
OH bind.

The intensity of the satellite band is greatly
reduced following high temperature treatment
of the crystal. Figure 4 shows the spectrum of an
as-received crystal superposed on that of the
same crystal after annealing at 800 'C for 48 h.
If the satellite band is due to a hydrogenic spec-
ies, is this species removed from the crystal
(perhaps by conversion from OH to H or Hs)
or converted to the OH center producing the
main peak~ Our data do not provide an unam-
biguous answer. The integrated intensity of the
OH band grew by only about la%% after annealing,
but in the as-received crystal the satellite-band
intensity is approximately 3%o of that of the OH
band. A change in the oscillator strength of the
satellite-band species as a result of physical

FIG. 4. Comparison of the infrared absorption spectra
in the region of the OH band of an as-grown crystal and
a crystal which was held at a temperature of 800 C for
48 h. The intensity of the satellite band at 3266 cm ~ is
reduced as a result of this heat treatment.

changes which take place during annealing could
account for this discrepancy.

D. Orientation of the OH ion

In order to learn something about the orienta-
tion of the OH ion within the crystal we mea-
sured the polarization of the absorbed light. For
these measurements the crystal was mounted with
its c axis perpendicular to the beam direction.
The OH band shape was recorded for 10 incre-
ments of the angle 8 between the polarization of
the light and the basal plane. The chart recorder
data were digitized on a programmable calculator,
and the computer program subtracted the back-
ground and integrated the result using Simpson's
rule. The intensities as a function of angle are
shown in Fig. 5. Vfe made two to four measure-
ments of the band intensity for most angles. In
addition to uncertainty in the background, a slight
instability in the apparatus contributed to the un-

TABLE II. Comparison of energies (&), bandwidths (~), and intensities (A) of the OH band
with its satellite s.

&pH (cm ) &os (cm ) ~s (cm ) vs (cm ~) ~s (cm ~) &s (cm ')

300
77

3279.1 ~ 0.4
3282.4 + 0.3

9.3 + 0.6
5.6 + 0.4

0.81 + 0.07
1.05 + 0.10

3265.6 + 1.8
3265.9 + 2.7

14.1 ~ 3.5
11.8 + 5.0

0.27 + 0.09
0.27 + 0.05

& is the full width at half-band maximum. The intensity A is J c(v)dp cm 2, where n(v) is
the absorption coefficient.
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FIG. 5. Integrated intensity of the OH band vs polari-
zation of light. At an angle of approximately -3' the
polarization of the light is perpendicular to the c axis.

certainties in the data points shown.
The data were fit using the function

A = a, cos'(0 + a,) + a, ,

where a„a„and a, were adjusted. The parameter
a, accounts both for possible deviation of the
actual polarizgr transmission axis from the dial
reading and for possible misalignment of the
crystal c axis; a, turned out to be about -3 .
As Fig. 5 shows, the curve clearly reaches zero
for 8 = 90 . Because the dipole 'moment of the
ion lies along the OH bond, we conclude that the
OH ion lies in the basal plane.

We have made an approximate calculation of the
potential of the OH ion in the crystal using a pro-
cedure similar to that described by Bates et al.'
The three possible orientations found by the cal-
culation are shown in Fig. 6. In the aluminum
oxide molecular unit the three oxygen atoms form
an equilateral triangle, the plane of which is the
crystal basal plane, with the two aluminum atoms
directly above and below the center of the tri-
angle. ' One orientation of the OH ion, labeled
H'(1) in Fig. 6, has the proton lying in the basal
plane in a direction directly away from the center
of the oxygen triangle. The other two orienta-
tions, labeled H'(2) and H" (2), a.re such that the
O-H bonds make angles of +13 and -13, re-
spectively, to the basal plane. The projections
of the bonds onto the basal plane are at 30 from
the nearby 0-0 bonds.

The parameters used in the above calculation
are now known well enough to be able to trust the
calculated values of the minimum potential energy.
However, if the OH ions lie in orientation (2)
or (8), it would be possible to observe the OH
band for any polarization. The cross above the
angle of 8V in Fig. 5 shows the minimum intensity

FIG. 6. Aluminum oxide molecular unit. The dashed
circles show possible orientations of the proton of the
OH ion based on calculations of the potential energy.

expected for these orientations. The curve clearly
passes through zero, so we are led to conclude
that the OH ion lies in orientation (1).

We considered the possibility that the OH satel-
lite line at 3266 cm ' might be an OH ion in one
of the other orientations. If this orientation were
metastable with respect to orientation (1), then
annealing might cause reorientation into (1), thus
reducing the satellite-band intensity. An OH

defect in one of these other orientations would
be expected to show a measurable absorption of
light polarized parallel to the c axis. However,
an as-received crystal showed no indication of
this band for light having such polarization. Thus,
this band behaves as expected of a band associated
with a defect that anneals out rather than with a
defect that reorients.

nH f= (A„tjc'/me')9n/(n'+ 2)' (6)

where p is the reduced mass of the OH ion (equal
to 0.9481 amu), c is the speed of light, e is the
charge of an electron in esu, and n is the index

E. OH concentration

Johnson et a/. ' were able to determine the total
hydrogen concentration, nH, in TiO, by exchanging
deuterium for hydrogen and measuring the change
in mass of the crystal. Unfortunately, the weak-
ness of the OH infrared band in Al, O, indicates
that the hydrogen concentration is so small as to
make this method impractical for this material.

It is possible, however, to make an approximate
estimation of the hydrogen concentration using the
optical parameters for TiO, . In addition to mea-
suring the mass differences of their sample,
Johnson et al. measured the integrated intensity

A. „of the OH band for a sample of known hydro-
gen concentration n„. This permitted them to
determine the oscillator strength f for the transi-
tion from Smakula's equation'
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of refraction of the host crystal at the wavelength
of the transition. Using this equation Johnson
et al. obtained a value 3.8&10 ' for the oscillator
strength of the OH ion for measurements at
room temperature.

Bates and Perkins' observed the room tempera-
ture OH, OD, and OT bands in TiO, at fre-
quencies of 3276, 243V, and 2065 cm ', respec-
tively. These values are very close to those we
have found (3279, 2437, and 2066 cm ~) for
a-A120, . Bg contrast, the values of the OH fre-
quency in the alkali halides observed by Wedding
and Klein" were significantly higher. These fre-
quencies were found to be above 3600 cm ' for
all host crystals. Because of the closeness of the
OH band energies in TiO, and&-Al, O„weassume
that its oscillator strength in n-A1, 0, is not very
different from that in TiO, . However, Johnson
et al,.' point out that because the static dielectric
constant of TiO, is very large (e = 173), there
may be significant local distortion around the de-
fect. Therefore, the Lorentz-field correction,
given by the factors 9n/(n'+2)' of Eq. (4), may
not be a very good approximation, and hence the
oscillator strength obtained by Johnson et a/. may
be somewhat inaccurate. With this possible error
in mind we can estimate the OH concentration
in o.-AI,O, using Eq. (4) with the index refraction"
at 3279 cm ' of n = 1.711. The result is n„=2.6
y, 10~6 cm-3.

F. Charge compensation and the 08 defect

The OH stretching vibration occurs at 3296
cm ' in MgO crystals. " Following x irradiation
of this crystal at 7'7 K the 3296-cm ' band inten-
sity is reduced and another band appears at 3323
cm '. There is a correlation in intensity between
this latter band and ESR signals from the V»
center, which has a structure represented by
OH -[Mg"]-0, where [Mg"] is a Mg" vacancy
and 0 is an oxygen ion which has captured a
hole. Such a defect is electrically neutral. It
was concluded that the 3296 cm ' band arises from
an OH ion adjacent to a magnesium vacancy;
that is, the band arises from a Vo„center, which
is negatively charged. It is widely believed" that
charge compensation is provided by impurities.
For example, Fe" substituting for Mg" is fre-
quently suggested.

Turner and Crawford"'" have also observed
the 3279-cm ' band (the energy of which they re-
port as 3278 cm ') in o.-AI,O, . Following room-
temperature y irradiation of the crystal they ob-
served an attenuation of this band similar to that
of the 3296-cm ' band in MgO. Also similar to
MgO, a new band appeared in the irradiated sam-

pie at 3316 cm '. Reasoning by analogy with MgO,
they speculated that the 3279 cm ' band in o.-A1,0,
was due to an OH ion adjacent to an aluminum
vacancy and that the 3316-cm ' band was due to
such a defect which had captured a hole. They
called the latter defect a VoH center.

If this model were correct, the OH ion would
lie along the oxygen-aluminum-vacancy direction,
and would therefore make an angle of 42' to the
basal plane. For this bond orientation we esti-
mate the ratio of the minimum to maximum in-
tensities of the band-versus-polarization angle
of, the light to be 0.62. Figure 5 shows that this
ratio is actually 0.0 to within experimental error.
Thus, the OH -aluminum-vacancy model is in-
consistent with our polarization data.

Furthermore, we have failed to find evidence
from magnetic resonance experiments for the

VOH center foil owing eith er room-temperature
or low-temperature y irradiation. A sample was
irradiated at 77 K with y rays from a "'Cs source
for 30 min corresponding to a total dose of about
2& 10' R. Without warming the sample, we mea-
sured the electron paramagnetic resonance spec-
trum and found no trace of the Vo„center. We
then irradiated the sample at 300 K for 2 h with
2-MeV electrons from a Van de Graaff accelera-
tor for a total dose of -4x 10"electrons/cm'.
Immediately following this treatment we irradiated
the sample for another 30 min at VV K in the y-ray
source as described above. (Irradiation at low
temperature was necessary in order to observe
possible atomic hydrogen which is expected to be
unstable at higher temperatures. ") No EPR
signals from either the Vo„center or atomic hy-
drogen were detected.

We observed an EPR line produced by room-
temperature irradiation similar to that reported
by Gamble et a/. " Electron-nuclear-double-
resonance (ENDOR) experiments on a sample at
4.2 K were performed, but no hydrogen nuclei
were found to be associated with the radiation
damage center. It was possible to observe many
strong ENDOR signals from Al" ions having hy-
perfine interactions w'ith an unidentified impurity
ion which we suspect is Fe", although a careful
determination was not made. " It was also pos-
sible to observe a weak, distant ENDOR signal"
at the hydrogen nuclear Zeeman frequency from
hydrogen located at some distance from the im-
purity. The low intensity of this signal was not
inconsistent with our estimate of the hydrogen
concentration from the optical measurements.
Thus, we concluded that the sensitivity of the ap-
paratus was sufficient to permit detecti on of a
paramagnetic Vo„center if it were present. The
results of these experiments bring into question
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the validity of the VoH-center model.
If an OH ion replaces an 0' ion, a net charge

of + 1 is left in the vicinity of the ion. Muller
and Gunthard" observed that the valence of Ni"
or Co" in n-A1, 0, may be reduced to 2+ by cook-
ing the sample in hydrogen gas at high tempera-
tures. Such a reduction could account for the
charge compensation of the OH ion. However,
Muller and Gunthard also observed a broad in-
frared absorption band at significant1y lower en-
ergies (about 3000 cm ') than the 3279 cm ' which

we observed. They attributed this absorption to
a hydrogen-bonded group of the type O-H O.
Thus, the defect or impurity which allows charge
compensation of the OH ion remains unidenti-
fied.

IV. CONCLUDING REMARKS

Our observations of the OD and OT bands
show that hydrogen diffuses into a-A1,0 by com-
bining with 0' ions. Polarization of light mea-
surements on OH show that these ions lie in the
basal plane. These experiments provide a basis
for understanding the microscopic processes in-
volved in diffusion mechanisms of H, D, and T.

A question which remains, however, is whether
the hydroxyl ion is the only form in which hydro-

gen exists within a-A1,0,. The EPR experiments
showed no evidence of atomic hydrogen which, as

a paramagnetic defect, would be expected to pro-
duce magnetic resonance signals. Another pos-
sible form is molecular hydrogen H„which would

be undetectable by infrared absorption measure-
ments. The frequency of the stretching mode of
the free H, molecule" is about 4160.2 cm '. This
mode of H, has been observed" in solids in the

range of 4142 to 4152 cm '. We were unable to
observe Raman scatter'ing of visible light in the
region 3500 to 4200 cm ' where the H, molecule
in n-A1203 might be expected to have its stretch-
ing frequency-. However, Raman scattering is not

a sensitive probe for impurities at low concen-
trations. We were also unable to see Raman
scattering from the OH ion which was present
in small concentrations. Thus, we are not able
to rule out the possibility of molecular hydrogen
being present in small amounts.
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