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Additive Coloration of Calcium Oxide*

WIRT C. WARD) AND EUGENE 3.HENBIXY
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iReceived 1 July 1NS)

Single crystals of CaO have been additively colored by heating them at 1700'C in calcium vapor at
pressures from 0.33 to 40 Torr. An asymmetric optical absorption band which peaks at 3.1 eV is observed to
grow in proportion to the increase in calcium-vapor density and is ascribed to the formation of P centers.
A second band, which peaks at 3.6 eV and saturates with increasing calcium-vapor density, is ascribed to
the formatio~ of E centers.

I. INTRODUCTION earth oxides werc described in the preceding paper. 9

However, since this investigation of CaO occurred early
in the development of these procedures, the techniques
actually used represent the rather crude early stages of
their development. A single-section coloring furnace
was used to control the temperature of the crystal which
was held in a molybdenum wire basket in the top of the
tantalum coloring bomb. The temperature of the cal-
cium metal in the bottom of the bomb was controlled

by changes in the length of the bomb and in the distance
it extended out of the furnace. The temperature of the
lower cnd of thc 401114 wRs Incasurcd with R Pt—Pt-10 jo
Rh thermocouple and the temperature of the upper end
of the bomb was measured with an optical pyrometer.
Corrections fol spcctI'Rl cInlsslvlty Rnd losses 1Q the
window were made by observing the melting of a
platinum strip welded to the top of the bomb.

The optical absorption measurements werc made
using a locally constructed. double-beam, ratio-recording
spectrophotometer based on a Perkin-Elmer model 83
quartz-prism monochrometer coupled with a grating
unit to reduce the stray light. Some of the absorption
curves were rerun on a Cary model $4 spectrophotom-
eter acquired after this investigation was completed
Rnd good agreement wRs found bctwccQ the two lnstlu-
ments. The conventionally constructed cryogenic
crystal holder had two 1-mm apertures which could

alternately be positioned in the incident beam. The
crystal was clamped over one of these for the absorption
measurements and the other was used for a no-sample
reference scan. A similar i-mm aperture was placed in
the reference beam of the spectrophotometer.

'HE results of a preliminary investigation of the
color centers induced in calcium-oxide single

crystals by additive coloration are reported in this
paper. Related publications on CaO include brief re-

ports on the optical-absorption spectra of nonirradiated'
and neutron-irradiated' Cao crystals and on the photo-
conversion of F~P cclltcl's (RI11011 vacancies co11-

taining one and two electrons, respectively) using
crystals colored in this investigation. ' An optical
absorption near 3.6 CV in neutron-irradiated crystals
has been reported to be associated with the electron

spin resonance (ESR)' ' and Faraday rotation' of the
P center. The production of F centers by plastic de-

formation has also been reported. ' The lowest-energy
exciton absorption in CaO has been observed to occur
at 7.0 CV.~

Thc cl'ystRls used lQ this lnvcstlgRtlon werc clcRvcd
from a clear crystal approximately 3+5+10 mm in

size obtained from Semi Elements, Inc. , Saxonburg, Pa.,
and from melts produced by fusing CaO powder in a
carbon arc. ' The specimens selected for coloring mere

about 2 mIIl square Rnd R fraction of a mllllmctcl thick.
Prior to coloring, the crystals were annealed at 1500'C
for about 1 h Rnd the faces were then polished to a good
optical 6nish.

PI'occdul"cs fol thc Rddltlvc co1018tlon of thc Rlkalinc-
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III. RESULTS AND DISCUSSION

The absorption spectra for 6ve crystals colored at
about 1700'C in calcium vapor pressures from 0.33 to
40 Torr are shown in Fig. 1.An approximate correction
for reQectivity has been applied to these spectra but no
correction was applied for the initial absorption of the
uncolored crystals. This was because the initial absorp-
tion was observed to bc altered by the additive coloring

process, especially at the high-energy end of the spectra,
leading in some cases to an apparent negative-induced

i&30 9 E. B. Hensley, %. C. %ard, 8. P. Johnson, and R. L. Kroes,
preceding paper, Phys. Rev. 175, 1227 (1968).
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ters could result in a perturbation of the equilibriulQ
density. In Fig. 2, both the dcnsitics of P centers and
the suIQ of the densities of the F and F' centers are
shown plotted as R function of thc dcnslties of RtoIQS ln
thc vapor. It is believed that the present data are
adequate to verify the dilcct plopoltloDRllty between
thc anion vacRIlclcs Rnd thc RtoIQ8 ln the vRpol ~

how-

ever, they are not believed to be of suKcient accuracy
fol Rny discussion Of the re6ncIQcnts to this rclatiorlship
suggested Rbovc.

tolS
Id

Flo. 2. The densities of color centers, E„plotted as a function
of the density of calcium atoms in the vapor, X~. 'She 45' line
represents the equation E,=25K,.

color-center dcDslty to thc RlcR undcl thc absorption
curve. "The J' band vras assumed to have the shape
dcplcted by the cuI'vc foI' crystal 40 ln Flg. i, RDd thc
area of the Il band was determined as being super-
imposed on the high-energy tail of the F' band. A value
of 1 was used fox the osciHator strength of both F
RndF .

Thc dcnslty of F ccntcx'8 18 Obsclvcd to remain coIl-
stant @within a factor Of 2 with changes in the density
of atoms in the vapor. This is consistent with the
hypothesis that their density is limited to the density
of impurities capable of trapping electrons from E'
centers. The variation observed is probably due to

' diGercnccs in thc UQpullty conccntratlons ln thc vRx'ious

individual clystals.
In a pure crystal, the equiHbriuIQ density Of P

centers would be expected to be directly proportional
to thc dcnslty of atolQS ln the vapol foI' a glvcn tem-
perature. In a crystal containing impurities such that
P centers are produced, the total density of the anion
vacanclesq that 18) thc sunl of thc E- RDd E -ccntcl
densities, shouM probably be used. .In this case, possible
diGcrcnces ln thc oscillator stlcngths fox' thc F RIll F
centers could RGect the measurements of this relation-

ship, and also it is possible that the presence of F cen-

'40. L. Dexter, Phys. Rev. 1M, 48 (1956).

IV. CONCLUSIONS

Tvro optica3. absorption bands peaking at 3.6 and
3.j. CV were induced in C3.0 crystals by the additive-
coloring process. The arguments justifying the identi-
6cation of these bands as arising froIQ anion vacancies
containing oDc Rnd tv(0 clcctx'ons, lcspcctlvcly, that 18,
Ii and P centers, vrill be summarized here.

The possibiHty of the 3.1-CV band being due to an
UQpurity was lulcd out by producing lt to R dcnslty in
excess of any of the detected impurities in the crystal
with thc possible exception of magncsiUI11. MRglMslulTl

would not be expected to produce an absorption band
in CRO. Fol R glvcn temperature, thc dcDsltlcs of these
centers werc observed to be directly proportional to
the densities of the atoms in the vapor, as would be
expected fox' Rnlon vacRnclcs. No ESR of comparable
IQRgnltude %as observed~ vcllfylDg that these ccIltcls
%'erc not pR1 RIQagnctlc.

The 3.6-cV band has previously been associated with

the P center on the bases of ESR" Rnd Faraday-
rotation~ measurements. The fact that the densitics of
these centers saturate at R level comparable with the
impurities in the crystals is a behavior one would expect
from the assumed model. Finally, the photoconversion
of F ccntcI'8 to I' ccntcx'8 by lcd light Rnd the lcvcx'sc

process induced by blue light' is believed to Rdd further

support to the idcntiIj. cations of both of these centers. '~

'~ An investigation is currently in progress in this laboratory
by D. L. Packwood in which CaO crystals are being doped with
various known impurities and then additively colored to verify
that the 3.6-eV peak is independent of the particular impurity
involved and to study the effects of both the F centers and tem-
perature on the equilibrium density. Possible mechanisms for the
photoconversion process are also being investigated,

. ' rra. turn

Photoemission Study of the Electronic Structure of Wurtzite CdSe and Cds, J. L. SH&v &Nn W. E.
SprcER LPhys. Rev. 169, 650 (1968}g.Figures 16 and 38 should be interchanged. In Sec. IV A, the quoted

yield should be changed from 7 to 4%. In Table IV, the yield quoted for CdSe should be changed from

7.1 to 4.0%, and for CdS it should be changed from 9.2 to 5.2%.


