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Photochromic color centers are known to exist in additively colored CaF2 doped with La,
Ce, Q6, 'Yb, &~, o~ M. 4X ~s a%soMmqn'inatihese centers conelet oR one or two electrons
bound at the fluorine vacancy adjacent to the tIivalent impurity cation. The ultraviolet (uv)
absorption spectra of photochromic centers (PC) in CaF2 were measured from 35 000 to
80 000 cm ~, the band edge of the host crystal, at both room and liquid-nitrogen temperatures.
The spectI'R show two regioQS of absorption, The low-energy I'egion, up to 57 000 cnl, has
bands at 44 000 and 52 000 cm"~, which are conjectured to be analogous to the I bands of 5'&

centers in alkali halides. The high-energy region, from 57000 cm on, is characterized by
a band at 62000 cm", which is interpreted as charge transfer from PC to nearby impurities.
At the band edge, an extra absorption appears in the uv-switched CRF2.. 0. l-at. %-Gd sample,
and it is speculated that it is the 4fv 4f65d transition of Gd3 . This interconfigurational tran-
sition is "red shifted" due to the screening effect of electrons, which have been released from
the ionized PC and trapped in the vicinity of Gds'. .

I. INTRODUCTION

The photochromic centers (PC) in CaF2 have
aroused much interest' in recent years. These cen-
ters are produced either by x irradiation or by
additive coloration of CaF2 crystals doped with cer-
tain rare earths (RE) (La, Ce, Gd, Tb, and Lu) or
yttrium. The PC produced by additive coloration
ean be photoswitched 4 reversibly between two
states, the thermally stable original state and the
ultraviolet (uv)-switched or the ionized state. We
shall restrict our discussion to the PC produced

by addzt&ve coloration only.
The absorption spectra of PC below 50000 cm

have been extensively studied. ' '5 Thxee absorp-
tion bands around 25000 cm ' have been identified
as m, a, and m transitions from the A.

& ground
state. ~'3' ' From the optical~'3 and EPR studies 8

the PC has been described as a complex consisting
of a fluorine vacancy with one of the above-men-
tioned dopants as a nearest neighbor. In the ther-
mally stable state the PC has two electrons and is
electrically neutral. The uv switching light ion-
izes the PC by releasing one electron, which in
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%e speculate that the enhancement of the 44000-
and 52000-cm ' absorption bands from the ionized
state (dash-dotted curves in Figs. 1-5) to the ther-
mally stable state (solid curves in these figures) of
PC in CaF3 is analogous to the enhancement of L-
band absorption in alkali halides by Il F& conver-
sion. The "L-band" absorption in PC presumably
is more allowed in the thermally stable state than in
the ionized state, since the former has two electrons
involved in the perturbation of fluorine vacancy by
trivalent impurity, while the latter has only one
electron.

The present identification is tentative. Further
experiments, e. g. , photoconductivity of PC sam-
ples in this syectral region, are needed to give a
more reliable interpretation.

The second region covers 5V GOO-V6000 cm
The absorytion in this region is, contrary to that
in the first region, insensitive to the yhotoswitch.
A huge band at 62000 cm ' and a shoulder at V4 500
cm appear in the O. 1% La- (Fig. 2), 0. 190 Ce-
(Fig. 3), and 0. 1% Lu- (Fig. 5) doped samples.
This 62000-cm ~ band is about one order of magni-
tude larger than the 44000- and 52000-cm bands
in Figs. 2, 3, and 6. It is also about twice as
strong as the well-known 25000-cm band ' of PC
in CaF2. However, the 62000-cm ' band diminishes
successively in the following samples. It reduces
approximately to the size of the 44000-, and 52000-
cm ' bands in the 0. 1% Gd-doped sample [Figs. 4(a)
and 4(b)] and even further in the 0. 19' Tb-doped
sample [Figs. 5(a) and 5(b)]. Finally it becomes

FIG. 4. (a) and (b) Ultraviolet absorption spectra of
PC in CaF2. 0. 1%ad. (c) Ultraviolet absorption spectra
of PC in CaF2. 0. 05%ad.

ably weaker in the ionized state. These bands are
present in all PC, Figs. 1-5, with the possible ex-
ception of Lu-doped CaF& in Fig. 6, where the low-
energy tail of the huge 62 000-cm ' band may have
distorted them. %e speculate the bands at 44000
and 52000 cm to be the analog of the L bands of
E& centers in alkali halides. Two observations
support this speculation. First, the low-energy,
35 000 cm, absorption bands of aQ PC have been
identifieda'3' as strong transitions of electrons at
the fluorine vacancy adjacent to a trivalent cation.
These low-energy bands of PC in CaF3 are analo
gous '3'5 to the E& bands in a~li haMes. By ex-
tending this analogy to the region of higher energy,
we therefore speculate that the absorption bands be-
tween 35000 and SV000 cm in Figs. 1-5 are the
"L bands" of PC in CaF3, in analogy with the L
bands of I"& center in alkali halides. Second, it
is known~ that the weak I bands of I' centers in al-
kali halides can be enhanced by E E& conversion.
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indiscernible in 0.05% Gd: CaF3 [Fig. 4(c)j and 0. 8%

Y: CaFg (Fig. 1).
We interpret the 62000-cm ~ band as the charge

transfer of an electron from PC to a nearby trivalent
impurity, which is of the same chemical species as
the one involved in the PC. Three observations sup-
port this interpretation: (i) The absorption is strong,
(ii) the peak position of the band is independent of
the impurity cation, and (iii) the strength of the
band depends strongly on the impurity ion and its
concentration. Detailed arguments are as follows.

(a) The 62000-cm absorption in Figs. 2, 3, and
6 is reminiscent of the charge-transfer band~~' of
transition-metal ions (TR) in corundum, whereby
the electron is transferred from the anion 0 to
the 3d orbital of TR. Their bandwidths, e. g. ,
5500 cm in Figs. 2 and 6 for 0. 1% La and Lu, re-
spectively, and V500 cm in Fig. 3 for 0. 1% Ce,
are also comparable to the bandwidthM' ' of charge
transfer of TR in A1303-5600 cm '. The 62000-cm
band is about twice as strong as the well-known
25000-cm ' band. ~'~ If the oscillator strength of
the latter is taken to be 0.3, then that of the for-
mer will be 0. 6. Because of this large oscillator
strength 0.6 we identify the strong 62000-cm band
in Figs. 2, 3, and 6 as a charge-transfer band.

(h) The charge-transfer bands of TR in A130s
have peak positions' ranging from 25000 cm ' for
Ni + to 56000 cm for Cr ' because of varying ion-
ization potential and crystal-field strengths ~ on
the various TR. Our 62000-cm band, however,
has an approximately fixed peak position for both
the lightest rare-earth impurities La in Fig. 2 and
Ce in Fig. 3, and the heaviest, Lu, in Fig, 6. This
constancy of the 62000-cm ' peak suggests that the

electron transfer is from a PC to a nearby impurity,
which is of the same chemical species as the one
involved in the PC. This charge-transfer model
requires the same transition energy for alldopants, '
since impurities of the same chemical species, al-
though at different lattice points, are involved both
before and after the electron transfer.

(c') The strength of the 62000-cm absorption
decreases progressively in the following order:
0. 1%Gd in Figs. 4(a) and 4(b), 0. 1%Th in Figs. 5(a)
and 5(h), 0.05/OGd in Fig. 4(c), and 0. 3%Y in Fig.
1. We speculate that this strong impurity depen-
dence of the 62000-cm ~ absorption is attributable
to the clustering '~3 of the impurity. Our charge-
transfer model requires at least one extra impurity
at the nearest neighbor of the PC. Any factor which
favors the clustering of ions will therefore enhance
the 62000-cm charge transfer. This may explain
why the 62000-cm ' absorption is very strong in the
La- and Ce-doped samples while it weakens steadily
in the Gd-, Tb-, and Y-doped samples. La and

Ce, being the largest ions, tend to cluster around
the fluorine vacancy, while the smaller ions, such
as Gd, Tb, and Y, may disperse more randomly.

However, it is not clear that the Lu-doped 4 sam-
ple exhibits a huge 62000-cm band in Fig. 6 in
spite of having the smallest ionic radius among all
rare-earth ions. One probable reason is that the
Lu-doped sample was grown by Optovac, the others
by RCA Laboratories. Presumably the difference
in the conditions of crystal growth, annealing, and

purity of the materials in the two laboratories will
change the distribution of dopants and defects in the
crystals.

(c") For the concentration effect, we expect to
have more clusters at higher doping levels. This
effect explains our observation that the 62000-cm
band in 0. 1%Gd: CaFS in Figs. 4(a) and 4(h) dimin-
ishes to a faint hump in 0. 05%Gd ':CaFE in Fig.
4(c).

We do not attempt to interpret the absorption
shoulder at 74 000 cm ' in the La-, Ce-, and Lu-
doped samples (Figs. 2, 8, and 6, respectively).

The third region is at the band edge of CaF3.
Here we observe a moderate increase in absorp-
tion in the uv-switched, or ionized, 0.1% Gd-doped
sample at energies &74000 cm in Fig. 4(b). Sam-
ples with other dopants do not exhibit this effect.
We speculate that this extra absorption is due to
4f -4f 5d transitions of Gd ' in a more screened
environment. The 4f -4f 5d transition of Gd '
(4f ) in ordinary CaF3, being above 60000 cm
is now down shifted because of the screening elec-
trons. These electrons have been released by the
uv-switched light and trapped in the vicinity of RE '.
This down shift of the 4f "-4f" ~ 5d transition of
RE~' in the uv-switched state should also be ob-
served in other photochromic samples. These
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would be Ce '- (4f ) or Tb~'- (4f 8) doped CaFz but
not La '- or Lu~'-doped samples, since La~'(4fo)
has no 4f electron and Lu' (4f '4) has a 4f '4- i4'~
5d transition even higher" than that of isolated
Gd~'(4f ), i.e. , far beyond the cutoff of CaF3. We
identify the sharp absorptions at 26400 and 37 800
cm, which occur only in the uv-switched photo-
chromic samples ' of 0. 1%Ce:CaF~ and 0. 1/o
Tb: CaF&, respectively, as the "red-shifted" tran-
sitions. They correspond to the transitions of 4f ~

- 5d at 32400 cm ~ for Ce~' and 4f '-4f 5d at
46600 cm for Tb ', respectively, in ordinary
CaF~. The amount of the down shift is 6000 cm '
for Ce ' (4f ) and 8800 cm for Tb ' (4f ). By in-
terpolation we estimate that the lowest 4f ~ -4f ~ 5d
transition of Gd ' in ordinary CaF& would be at
83000 cm, i.e. , the sum of 4f -74f ~5d energy
of Gd ' in uv-switched CaF&-'74 500 cm —and the

interpolated down shift of 8400 cm ' for Gd.
We have measured the ultraviolet spectra of non-

photochromic CaF& and have confirmed that the
spectra presented in this paper are present only in
the photochromic CaF& crystals.

In conclusion, our ultraviolet spectra of PC in
CaF2 is in general agreement with the present mod-
el ' '~'6 of vacancy-impurity complex.
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The two-photon absorption spectrum of IG is measured experimentally with high resolution
in the exciton region at approximately 6'K. Fine structure is resolved in which the 2P exci-
ton is seen at 6.263 eV and a peak at 6.285 eV is identified as a LO-phonon-assisted transi-
tion. The exciton-phonon interaction is calculated using third-order time-dependent perturba-
tion theory. The two-band model is used, where the two intermediate states are virtual ex-
citons excited by the photons and the final state is composed of an exciton and LO-phonon.
The theoretical prediction of the strength and location of the phonon-assisted peak agrees fa-
vorably with the experiment. Calculations are performed with several values for the hole
mass; the value 3.0 is chosen as representing a good average for the fourfold-degenerate
hole.

I. INTRODUCTION

Interest in the exciton-phonon interaction in

alkali halides has been prevalent for some time.
A considerable amount of work has been produced
by Toyozawa on the general theory of the line shape


