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The infrared absorption spectra of MgO, CaO, and SrO, crystals containing high con-
centrations of hydrogen are studied. Samples reduced at high temperatures and high
pressures of the alkaline-earth vapor exhibit sharp absorption lines that can be attributed
to the fundamental vibrations of substitutional H™ ions. In MgO:H™ a first-harmonic
line is also observed. A comparison is made with results for H™ ions in the alkali

halides.

1. INTRODUCTION

Hydrogen appears in the alkaline-earth oxides in
five basic forms or configurations: H,, OH™, H,
hydrides, and H™. High-pressure hydrogen gas
(H,) has been found to be present in cavities in
MgO, resulting in opacity of the crystal.! The
source of the hydrogen is moisture sorbed in MgO
powder prior to crystal growth. Hydroxyl ions
(OH™) are normally present as —(OH),?>~ precipi-
tates, or as OH ™ ions with the proton substituting
for Mg>t, Ca®*, or Sr?*.2 These ions are normal-
ly monitored by infrared-absorption measurements.
Atomic hydrogen (H) has been found in CaO fol-
lowing irradiation at 77 K by electron paramagnet-
ic resonance.’ Hydrides, such as LiH, have also
been observed in CaO.® Lastly, H™ substituting
for O?~ ions in the crystals can be expected in spe-
cial situations.

A substantial body of literature exists concerning
the vibrational properties of substitutional H™ and
D™ impurities, also referred to as U centers, in the
alkali halides.*~'? These systems are perhaps the
best understood examples of localized modes in
ionic crystals. Some studies have also been per-
formed on H™ and D™ ion vibrations in the
alkaline-earth fluorides'® and in rare-earth tri-
fluorides.'* Relatively little has been done on the
high-temperature oxides, presumably because sub-
stitutional H™ ions can be produced only under
severe temperature and pressure conditions. An
exception is the work on CaO by Gourley and
Vance!® and Vance and Mallard,'® who found that
the luminescent regions of arc-melted CaO crystals
exhibited sharp infrared-absorption lines near 900
cm™; they tentatively attributed these lines, which
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were intensity-correlated in different samples, to
H~ vibrations.

The motivation of the present investigation is
that the conditions that prevail in the operation of
some energy-efficient devices, such as the Stirling
engine, are the same as those which produce H™
ions, namely high temperatures and high pressures
of a reducing gas. In the present work we investi-
gate the infrared spectra of MgO, CaO, and SrO,
and provide evidence that certain structure appear-
ing in the low-frequency region arises from H™ ion
vibrations.

II. EXPERIMENTAL PROCEDURES

The MgO, CaO, and SrO crystals used in the
present study were grown by the arc-fusion method
at the Oak Ridge National Laboratory.!” The
respective starting materials were high-purity grade
MgO powder from Kanto Chemical Company,
Tokyo, Japan, and reagent grade CaCO; and
SrCO; powder from Mallinckrodt Chemical Com-
pany. The typical chemical analyses of the MgO
and CaO crystals, along with their starting materi-
als, have been reported previously.!”!® The
analysis of the SrCO; powder and the resulting
SrO crystals is given in Table I. In general, all
MgO, CaO, and SrO crystals are expected to con-
tain hydrogen. For the latter two crystals, the con-
centrations are inherently high. In the case of
MgO, large variations of hydrogen content can be
obtained. MgO powder presoaked with water pro-
duced crystals that are very cloudy, due to the
presence of cavities containing high-pressure H,
gas.! On the other extreme, MgO crystals with un-
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TABLE I. Chemical analyses of Mallinckrodt SrCO; powder and the resulting SrO crys-
tals. Methods of characterization include wet chemistry, neutron activation analyses, flame
photometry, atomic absorption spectroscopy, and arc-emission spectrochemical techniques.
The analyses are semiquantitative, to be interpreted as approximations only (< means below

the limit of detection).

Element SrCo; powder SrO crystal Element SrCO; powder SrO crystal
Ag <1 <1 Mo <1 <1
Al 3 <3 Nb <5 <5
B 1 1 Nd 70 <1
Ba 10 3 Ni <3 <3
Be < 1 < 1 Pb <3 <3
Bi < 3 < 3 Pt < 20 < 20
Ca 200 200 Rb <3 <3
Cd < 10 < 10 Sb <5 <5
Co <5 <5 Si 5 <5
Cr 3 < 1 Sn < 3 <3
Cs < 10 < 10 Ta < 10 < 10
Cu <1 <1 Ti 2 < 1
Fe 3 <1 v < 1 < 1
K < 3 < 3 w < 10 < 10
Li <1 <1 Zn < 50 < 50
Mg 5 3 Zr <5 <5
Mn 70 10

detectable or barely detectable OH™ concentrations
can be produced when grown in a special way.!”
Infrared absorption measurements were made
with a Perkin-Elmer Spectrophotometer Model
580. Low-temperature measurements were made
with a custom-made cryostat fitted with KBr win-
dows. Oxygen-vacancy concentrations were es-
timated from optical-absorption measurements per-
formed with a Cary 17D spectrophotometer.

ITII. RESULTS

The method used to produce H™ ions in all
three materials involves a process commonly re-
ferred to as “additive coloration.” This process
produces anion (oxygen) vacancies, viz., a
stoichiometric excess of cations. If hydrogen im-
purities are present in the crystal, it is expected
that they can be trapped at oxygen-vacancy sites
and form H™ ions. In practice, crystals containing
hydrogen are heated at high temperatures (2000
—2400 K) and high pressures of magnesium or
calcium vapor (4—7 atm) in a tantalum bomb, fol-
lowed by rapid cooling. The process is more aptly
called ““subtractive coloration” since the experimen-
tal evidence indicates that the stoichiometric im-
balance is due to removal of oxygen ions from the

crystal rather than absorption of cations from the
vapor. A similar conclusion was drawn from stud-
ies in AL,O;."

A. Magnesium oxide

The infrared spectrum of a very cloudy MgO
crystal, containing the maximum hydrogen concen-
tration available in this laboratory, is shown in Fig.
1. The crystal had been heated in air at 1450 K
for 10 min and quenched in order to maximize the
3296-cm~! line at the expense of the 3700-cm ™!
band.?® The former is due to the OH™ stretching
vibration of the Vou- center (configuration:

OH™ —[Mg vacancy] — O*") and the latter
corresponds to that for Mg(OH), precipitates.”? We
also show the part of the spectrum around 1000
em™!; no sharp absorption lines appear in this re-
gion.

After reduction in the tantalum bomb at ~
K, a very cloudy crystal became less cloudy. At
such elevated temperatures, the pressure of H, in
the cavities is about 10° atm (Ref. 1) and some hy-
drogen probably diffused out of the sample during
the reduction. Soluble hydrogen remaining in the
crystal changed its configurations, as shown in Fig.
2. The 3296- and 3700-cm ! absorption bands
disappeared, and sharp lines at 1024, 1032, and
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FIG. 1. Infrared spectrum of a cloudy MgO crystal
with high hydrogen content, measured at 295 K. The
sample thickness was 0.6 mm. The sample had been
heated in air at 1450 K for 10 min prior to fast cooling
in order to maximize the 3296 cm~! band.

1053 cm ™! emerged. The intensity of these lines
depends strongly on both the initial hydrogen con-
tent, as monitored by the cloudiness of the crystal
and the OH™ bands, and the temperature for the
reduction. The relative intensities of the lines,
however, were roughly constant from sample to
sample. Higher reduction temperature produces
higher anion-vacancy concentration, as determined
by the absorption coefficient of the 5.0 eV (250 nm)
band. A very cloudy crystal reduced at the rela-
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FIG. 2. Room-temperature spectrum of an MgO
crystal with high hydrogen content after reduction at
2400 K in a tantalum bomb. The sample thickness was
0.6 mm. In the small inset, the band at 2098 cm~! is
magnified 5X in the vertical direction. The large inset
is enlarged 2X and 5X in the horizontal and vertical
directions, respectively.

tively lower temperature of ~ 2000 K exhibited
lines of low intensity. The same was true for a
crystal with low hydrogen content “bombed” at
2400 K. The unusually large intensity of the three
lines shown in Fig. 2 was obtainable only for a
very cloudy crystal reduced at 2400 K. The con-
centration of oxygen vacancies in this crystal was
~2%10'"® cm~3. Also, our results showed that for
crystals with a given hydrogen content, the more
intense the three-line series, the lower the intensity
of the 3296 cm™! band, and vice versa. We attri-
bute these lines to the fundamental vibrations of
substitutional H™ ions.

It is interesting to note that a low-intensity sig-
nal at 2098 cm~! can be seen in Fig. 2. This line
was detectable only for very cloudy crystals that
were bombed at 2400 K. We attribute this line to
the first-harmonic vibration for the 1053-cm ™! ab-
sorption. Since it is impossible to detect the funda-
mental D™ lines, because they would be submerged
at 700—750 cm ™! under the very strong absorp-
tion in this region, we searched for the first-
harmonic vibration for the D™ ions. While our
deuterated crystals had a concentration ratio of
OD™/OH™ equal to 4, the deuterium (and hydro-
gen) content was low. In spite of the reduction of
the deuterated samples at 2400 K, no structure
could be seen near 1500 cm !, which is where the
first-harmonic vibration for the D~ ions is expect-
ed to be, and no H™ harmonic signal was observed
at 2098 cm .

The spectrum of the same crystal measured at 80
K is shown in Fig. 3. The three lines attributed to
the H™ ions narrowed and the peaks shifted ap-
proximately 3 cm ™! to 1027, 1034, and 1056
cm~!. The low-intensity line at 2098 cm ™" at
room temperature also narrowed and shifted 8
ecm™! t0 2106 cm~'. Hence, the evidence for this
signal being the first harmonic for the H™ ions is
(a) intensity correlation with the 1056-cm ™" line,
(b) doubling of the frequency, and (c) the larger 8
cm ™! shift relative to that of the fundamental H™
vibration.

Some very weak structure observed at about
1104 cm~! at 295 K (see Fig. 2) became more pro-
nounced at 80 K and can be clearly resolved at
1092, 1100, and 1107 cm~!. These lines were ob-
servable only in the very cloudy crystals which
were reduced, at 2400 K. Therefore, it appears that
some correlation exists between the H™ impurities
and these lines. In analogy with the situation in
KCL,'? it may be possible that H"H ™ pairs on ad-
jacent (110) anion sites are the cause of these
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FIG. 3. Spectrum of the same sample as that shown
in Fig. 2, measured at 80 K. In the inset, the band at
2106 cm~! is magnified 5X in the vertical direction.

transitions. Also, it is noted that these lines ex-
perienced a significant increase in intensity after
the samples had been annealed in a graphite cruci-
ble at 1475 K for 10 min and subsequently slow
cooled. Rapid cooling had the opposite effect.

B. Calcium oxide

CaO crystals are normally cloudy and the opaci-
ty is more pronounced than in MgO. The cloudi-
ness arises from reactions involving hydroxyl ions
from Ca(OH), in the powder and CO, evolved
from the CaCO; powder.!” Therefore, CaO crys-
tals usually contain an abundance of hydrogen im-
purities.

The room-temperature spectrum of an as-grown -

CaO sample, approximately 0.6 mm thick, is
shown in Fig. 4. The broad band centered at 3640
cm ™! is associated with Ca(OH), formed mainly
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on the sample surface.! By removing the surface

region via abrasion on a SiC paper, this absorption
band can be drastically reduced and a narrower
band centered at 3645 cm ™! due to Ca(OH), pre-
cipitates' in the bulk is observed. At 80 K (cf. Fig.
5), this broad Ca(OH), band shifts toward higher
frequency and can be resolved into at least two
bands, observable at 3650 and 3690 cm~!. No ab-
sorptlion lines were observed in the region near 900
cm™ .

After reduction at ~ 2100 K in ~ 5 atm of Ca
vapor, similar CaO crystals became clearer and ex-
hibited an orange color when exposed to room
light. Placed in the dark, they emit a persistent
orange luminescence corresponding to the 3P— 'S
transition of the two-electron anion vacancy.?!
The spectra of a typical crystal, measured at 80
and 295 K, are shown in Fig. 5. At room tem-
perature, two lines not seen in the spectrum of the
as-grown crystal are observed at 880 and 911
em™!. At 80 K these peaks shift upward 5 cm ™!
to 885 and 916 cm ™!, respectively. These values
agree extremely well with those reported by Gour-
ley and Vance'® for crystals “accidentally colored”
during crystal growth. We support their con-
clusion that these lines are due to the vibrations of
substitutional H™ ions. A search was carried out
for a signal around 1800 cm ™!, corresponding to
the first harmonic for H™ ions. Several crystals
were examined, including some heated at 2300 K.
None showed any evidence of the first-harmonic
vibration.

C. Strontium oxide

Like CaO, as-grown single crystals of SrO in-
herently contain an abundance of hydrogen. The
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FIG. 4. Room-temperature spectrum of an as-grown
CAO:H crystal. The sample thickness was 0.6 mm.
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FIG. 5. Spectrum of a CaO:H crystal after reduction
in a tantalum bomb at 2100 K, measured at 80 and 295
K. The sample thickness was 0.6 mm.



6866
100 —
80 Vw
19
3 60 -
(23
4}
z
2 40 1~3600/
<
' <
[
20
3620
oL T

3400 3000 2600 1000 800 600

WAVE NUMBER (cm™)

FIG. 6. Room-temperature spectrum of a SrO:H
crystal after reduction in a tantalum bomb at 2100 K.
The sample thickness was 0.6 mm. The inset is magni-
fied 5X in both the horizontal and vertical directions.

infrared spectrum displays strong absorption in the
OH™ region. (A spectrum is not shown, but is
similar to that on the left in Fig. 6 for a reduced
sample.) At 295 K two sharp lines at 3620 and
3600 cm ! are adjacent to a broad band centered
at about 3480 cm~!. After abrading off the surface
region, the intensity of the two lines decreased con-
siderably and the 3480 cm ™! band sharpened and
shifted toward 3500 cm™!. These values agree
with those reported by Briggs (3612, 3590, and
3490 cm™!) after his samples were annealed in hy-
drogen at 1500 K for 12 h.!

After reduction at 2100 K in a tantalum bomb,
SrO crystals exhibited a room-temperature spec-
trum shown in Fig. 6. The OH™ portion of the
spectrum did not change appreciably. However,
two sharp lines appeared at 809 and 827 cm ™!
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FIG. 7. Spectrum measured at 80 K for the same
crystal whose spectrum is shown in Fig. 6. The inset is
magnified 5X in both directions.

which were not present prior to the reduction. At

80 K these two lines became more pronounced and
shifted about 5 cm ™! to 815 and 832 cm ™, respec-
tively, as shown in Fig. 7. Also, a weaker signal at

822 cm—! became evident. These lines are attribut-

ed to H™ ions in SrO. Attempts were made to
find the first harmonic for the H™ ions in the
neighborhood of 1650 cm ™!, but no line was ob-
served.

IV. DISCUSSION AND CONCLUSIONS

Table II summarizes our data on absorption
lines attributed to substitutional H™-ion vibrations
in MgO, CaO, and SrO. In each of the three ox-
ides the fundamental H™-ion vibrations produce
two or more sharp, closely spaced lines, whose in-
tensities in a given crystal are comparable, but not
necessarily equal or rationally related. This may
indicate a lowering of the point-group symmetry

TABLE II. Substitutional H™-ion vibrational frequencies in MgO, CaO, and SrO. Units
are cm ~!. The numbers in parentheses are estimated relative intensities within each series of

lines.
H~ lines Other lines
80 K 295 K 80 K 295 K
MgO 1056 ( 0.9) 1053 ( 0.9) 1092 (1.0)
1034 ( 1.0) 1032 ( 1.0) 1100 (0.3)
1027 ( 0.9) 1024 ( 0.9) 1107 (0.8) 1104
2106 (<0.1) 2098 (<0.1)
CaO 885 ( 1.0) 880 ( 1.0)
916 ( 0.3) 911 ( 0.3)
SrO 815 ( 1.0) 809 ( 1.0)
822 (0.3)
832 (0.3) 827 (0.3)
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TABLE III. H™ local-mode frequencies in the
alkaline-earth oxides and the alkali halides, in units of
cm ™. The first column, w, gives the experimental
values; for MgO, CaO, and SrO, these are arithmetic
averages of the 80-K data in Table II, and for the alkali
halides, they are averages of the values compiled in
Table 7-1 of Ref. 8. The second column, labeled wpg,
lists frequencies calculated by treating the substitutional
H~ ion as a mass defect, that is, as an impurity having
a different mass, but the same charge and the same in-
teractions with its neighbors, as the ion it replaces. The
shell models used for the mass-defect calculations are
those in Refs. a—i. The last column lists the ratios of
the observed H™ ion frequencies to the maximum pho-
non frequencies @,y in the pure-host crystal.

w Wmd w/COmA ] /wmax
MgO* 1039 1745 0.595 1.44
CaQP 901 1465 0.615 1.61
SrO° 823 1268 0.649 1.71
NacCl¢ 563 808 0.697 2.17
Kl 501 735 0.682 2.37
RbCl¢ 475 738 0.644 2.75
NaBr® 497 766 0.649 2.47
KBrf 447 712 0.628 2.71
RbBr# 424 685 0.619 3.29
Nal® 427 696 0.614 2.50
KIt 380 678 0.560 2.70
RbI! 360 688 0.523 3.36

*M. J. L. Sangster, G. Peckham, and D. H. Saunderson,
J. Phys. C 3, 1026 (1970); model B in Table 3.

®D. H. Saunderson and G. E. Peckham, J. Phys. C 4,
2009 (1971); model II in Table 3.

°K. H. Reider, R. Migoni, and B. Renker, Phys. Rev. B
12, 3374 (1975); model I in Table III.

4G. Raunio and S. Rolandson, Phys. Rev. B 2, 2098
(1970); model II in Tables I and II.

J. S. Reid, T. Smith, and W. J. L. Buyers, Phys. Rev. B
1, 1833 (1970); model II in Table II.

fR. A. Cowley, W. Cochran, B. N. Brockhouse, and A.
D. B. Woods, Phys. Rev. 131, 1030 (1963); model VI in
Tables II and III.

&S. Rolandson and G. Raunio, J. Phys. C 4, 958 (1971);
model IV in Table 3.

"G. Dolling, R. A. Cowley, C. Schittenhelm, and I. M.

Thorson, Phys. Rev. 147, 577 (1966); model III in Table II.

iG. Raunio and S. Rolandson, Phys. Status Solidi 40,
749 (1970); model 2 in Table 3.

around the H™ ion from O, to a less symmetric
configuration, which in turn may be due to local
charge compensation as discussed by Gourley and
Vance.!> The observation of the first harmonic in
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MgO is further evidence of reduced symmetry
around the H™ ion in that crystal, since as pointed
out in Ref. 15, the first harmonic is not an optical-
ly allowed transition in O, symmetry. It is also
possible, particularly in MgO where two sets of
three lines are observed at 80 K (cf. Fig. 3), that
H™ ions are present in local environments of
slightly different symmetries. Satellite lines arising
from this effect have been observed in the alkali
halides’ and the alkaline-earth fluorides.'?

In the alkali halides,*~!! the alkaline-earth
fluorides,'® and rare-earth trifluorides,'* one-
phonon sidebands of the fundamental H™-ion vi-
brational lines are seen. These arise from the
anharmonic coupling between the H™ local mode
and the perturbed lattice modes of its neighbors.
Because of this coupling, the absorbed light can
create a local-mode phonon and also create
(higher-frequency sideband) or destroy (lower-
frequency sideband) a lattice phonon. In a given
crystal, the sideband structure is the same for D~
as for H™, although the fundamental peak is shift-
ed down by a factor of very close to 1/V2. We
have not observed one-phonon sidebands of the H™
lines in MgO, Ca0, or SrO, but our experiments
were not sufficiently definitive to absolutely rule
them out.

Table III compares our results for H™ ion vibra-
tions in the alkaline-earth oxides with results in the
alkali halides. The tabulation includes (average)
observed values  for the local-mode frequency and
values w4 calculated by treating the H™ ion as an
isotopic mass impurity, having the same charge
and interactions with other ions in the crystal as
the ion it replaces (O*>~, C1—, Br—, I"). While this
is not a very good approximation, as the table
demonstrates, the ratio w/wyy provides a rough
measure of how the forces between the H™ ion and
its neighbors differ from those between an O*~ ion
and its neighbors in the host. The last column in
the table shows how far above the maximum vibra-
tional frequency in the perfect host crystal the H™
line lies. This is much lower in MgO, CaO, and
SrO than in the alkali halides listed because of the
smaller mass ratio M(H):M(O).

In the alkali halides, the H™ ion has the same
charge as the ion it replaces. Two major factors
contribute to the reduction of the local-mode fre-
quency from the value found by treating the H™
ion as a mass defect. The first is a large decrease
in the short-range repulsive interaction of the de-
fect with its nearest neighbors. When only this ef-
fect is included, as in Ref. 7 for KBr:H ™ and
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KI:H , a decrease of the order of 50% in the
first-neighbor central-force constant is required to
fit the experimental data. The second major factor
is the different polarizability of the H™ ion, whose
importance has been emphasized by Bilz et al.®

In the oxides, the H™ impurity not only has dif-
ferent interactions with its neighbors and a dif-
ferent polarizability from O, it has a different
charge. The details of the (unknown) charge com-
pensation determine the very long-range nature of
the electrostatic disturbance. In the alkali halides,
the evidence”!! is that the first neighbors of the
H~™ ion relax inward by a few percent because of
the reduction in ionic size and in the short-range
repulsive interactions. In the oxides, the first
neighbors probably relax outward because of the
reduced Coulomb attraction. We have performed
model semi-classical, Mott-Littleton calcula-
tions?>? for H™ in MgO that indicate that this oc-
curs. Using first-nearest-neighbor host interaction
parameters from Sangster,”* and taking the pre-
exponential Born-Mayer parameter B, _ for the
H-Mg interaction to be half that for O-Mg, we
find that the first-neighbor Mg?* ions relax out-
ward by 4.7% and the fourth-neighbor O*~ ions
relax inward by 2.9%.

In view of the significant physical differences be-
tween substitutional H™ ions in the oxides and the
alkali halides, it is somewhat surprising that the
observed frequencies are so similar relative to the
mass-defect values. The only noticeable difference
in the results for /w4 for the oxides and halides
is that for the former, this ratio increases slightly
with increasing cation mass, while for the latter, it
decreases. Figure 8 is a log-log plot of local-mode
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FIG. 8. Ivey plot of H-ion vibrational frequency
versus lattice constant in the alkaline-earth oxides.

frequency versus lattice constant, which to a good
approximation is a straight line as in the alkali
halides,® ! and has about the same slope as the
corresponding plot® for NaCl, KCl, and RbCl.
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