PHYSICAL REVIEW B

VOLUME 3,

NUMBER 2 15 JANUARY 1971

EPR Studics of Photochromic CaF,

C. H. Anderson and E. S. Sabisky
RCA Laboratories, Princeton, New Jersey 08540
(Received 23 July 1970)

The stable photochromic center CaF, was found to be a trivalent rare-earth ion (either La,
Ce, Gd, Tb, Lu, or Y) with a fluorine-vacancy immediately next to it, plus two electrons mak-
ing a neutral complex. This stable state can be ionized by irradiation with blue light (A <4000 A),
leaving the trivalent rare-earth ion next to a perturbed F center. The electron can be trapped

by a rare-earth ion which occupies a cubic site forming a divalent rare-earth ion.

Electron

paramagnetic resonance (EPR) studies of all three types of centers are discussed.

I. INTRODUCTION

We have made electron paramagnetic-resonance
(EPR) studies of the photochromic centers ob-
served' in CaF, and have found the basic center to
be a rare-earth F-center complex. The interac-
tion between the rare-earth ion and F center pro-
duces a rich and interesting system which has many
features yet to be understood. This is only a pre-
liminary report outlining the basic features as ob-
tained by EPR studies of the ground state. The
work was done in close cooperation with the optical
studies of Staebler and Schnatterley?; the model
which is presented here must be considered a re-
sult of this joint effort.

II. BACKGROUND INFORMATION

CaF, proved to be a very interesting host for
studying the rare-earth ions because it was found
that ionizing radiation could convert those trivalent
rare-earth ions located at essentially cubic sites
into the divalent state.® Later it was found that
nearly all the rare-earth ions in the crystal could
be converted! to the divalent state by heating the
crystals in a calcium atmosphere similar to the
way F centers® are formed in CaF,. However, it
proved difficult to produce the divalent state in
those cases where the ground state of the ion prob-
ably is the 4f"5d configuration® which includes the
group of ions La, Ce, Tb, and Gd. Reduced crys-
tals which contain these ions show a similar set
of absorption bands and reasonably good photochro-
mic properties.

Staebler? has shown that in the stable state (the
state toward which the reduced crystals naturally
decay or are thermally driven to at 100°C) the
optical absorption bands are related to the F-cen-
ter band and that the perturbations depend on which
rare-earth ion is present. He also showed that
the photochromic centers have (111) symmetry,
and they can be polarized by suitable optical pump-
ing. This stable state is ionized by irradiation
with blue light (A £4000 A) forming two new centers.
The primary electron trap is probably trivalent

ions in cubic environments similar to the case when
unreduced crystals are exposed to ionizing radia-
tion. Thus, one of the centers formed after irra-
diation with blue light is the divalent rare-earth
ion. The second center is the ionized residue of
the stable state which has its own absorption bands.
Staebler has shown that this center also has (111)
symmetry.

IIIl. MODEL FOR PHOTOCHROMIC CENTERS

The following model is strongly suggested by the
optical data of Staebler and Schnatterley? and con-
firmed by the EPR results presented in this paper.
The stable state is formed by a trivalent rare-earth
ion with its 4" configuration, a fluorine vacancy
immediately next to it, and two electrons making
the complex neutral. The two electrons probably
occupy perturbed F-center-type orbitals in the
ground state” which we shall designate as ¢%. When
the center is ionized, the electron which is left
behind occupies a perturbed F-center orbital next
to the trivalent rare-earth ion with its 4f" electrons.
The ionized electron is captured by some trap,
which in some cases has been shown to be a triva-
lent ion in an essentially cubic environment.

The reverse photochromic process involves re-
moving the electron from the divalent rare earth
presumably of 4f/"5d configuration, or whatever
trap the electron is in, with longer-wavelength
radiation (usually ~ 5800 A). Our understanding of
the electron trap is incomplete, but we do feel that
the lack of suitable electron traps is probably a
limiting factor in the switching process since 100%
conversion of the stable centers to ionized centers
is not obtained.

To facilitate the discussion, we will refer to the
stable and ionized centers as Re*-F' and Re¥-F,
respectively. That is, the stable state can be con-
sidered as an F' center next to a trivalent rare-
earth ion and the ionized state as an F center next
to a trivalent rare-earth ion. Under the notation
of Gourary and Adrian, ® the stable and ionized cen-
ters would be written as [-[2¢IRE* ] and [~ |eIRE¥],
respectively. Their notation is based on the form:
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TABLE I. Ground electron configurations of photo-
chromic centers in CaF,. Those configurations underlined
with solid lines have been identified by EPR resonance;
those with dashed lines should show EPR resonance, but

they have not been identified at this time. The others

should not show any resonances.

Trivalent Stable Ionized Re?* (trapped
ion center center electron)

La 4f° et e 5d

Ce 4! 4f-¢* 4f-e 4f5d (Ref. 9)

Gd 47 4 "-¢? 4f"-e 4f"5d

Tb 4f°% 4f8-¢? 4f8-e 4854

Lu 4f14 4f“_e2 4 M_e 4,f“ 5d

Y 4d° e e 4d (Ref. 10)

[missing ionsltrapped particlesladded ions]. For
the ground electron configurations, we use the no-
tation 4f"-¢% and 4f"-e for the stable and ionized
states, respectively. 4f" is the number of 4f elec-
trons of the trivalent impurity ion and ¢" is the
number of electrons trapped by the fluorine vacancy.

Table I shows the electron configurations of the
basic photochromic centers this model predicts for
the various rare earths and the yttrium ion. Under-
lined are those centers indentified by EPR reso-
nance whose properties will be the main subject of
the remainder of this paper. Although all the pos-
sible resonances have not been observed or iden-
tified, there is sufficient data for us to feel con-
fident in the correctness of the model, !

IV. EXPERIMENTAL PROCEDURES

Our initial experiments into the nature of these
centers were made by monitoring the circular di-
chroism of the photochromic absorption bands
while simultaneously irradiating the crystal with
X-band (~0.3 cm™®) microwaves. When the ex-
ternal magnetic field tuned one of the Zeeman tran-
sitions in the ground state onto resonance a change
in the circular dichroism was usually observed.
This procedure in the case of CaF,: Ce enabled us
to find weak resonances only associated with the
stable state in the midst of many resonances due to
ordinary Ce®" at a variety of sites. This type of
double-resonance experiment also gave the first
clue about the existence and properties of the ion-
ized state associated with La, which, because of
its very long relaxation time (7,~ 100 sec at 1. 3 °K),
and unusual width (~ 1. 6 kG) had gone unnoticed in
ordinary EPR experiments. After finding which
resonances were associated with the absorption
bands in this way for La and Ce, the detailed data
were then taken using a standard EPR apparatus.
Further identification of the resonances with the
photochromic centers was provided by measuring
the effects of switching and measuring the amount
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of heating of the spins produced by simply optically
pumping into the photochromic absorption bands.
Another very useful identifying feature comes from
the Staebler-Schnatterly? observation that pumping
for 5 h at room temperature along a (111) axis with
blue radiation tended to align the ionized centers
along that axis. This provided a method for in-
creasing the strength of the EPR resonances of one
trigonal site over the other sites; in the case of
La, where the lines overlap one another, this helped
to pull out the details of the angular dependence of
the resonances.

The majority of the crystals were grown at RCA
Laboratories, using a modified gradient-freeze
technique. The crystals were grown in an helium
atomsphere containing approximately 10% HF gas.
The concentration of the dopants varied between
0.003 and 0.3 mole%. All of the data presented in
this paper were taken using crystals which were
reduced by heating in a calcium atomsphere.

V. EXPERIMENTAL RESULTS

A. Lanthanum

Trivalent lanthanum has the closed-shell config-
uration of xenon; so in our model the stable state
has the two-electron configuration ¢, No EPR
resonances are expected, and very few extraneous
resonances due to other impurities are observed
with the crystal in the stable state. After ionizing
this center at room temperature or at 1. 3 °K, the
divalent-lanthanum resonance first observed by
Hayes and Twidell appears. 2 In addition, there
appears a new spectrum shown in Figs. 1-3, also
intimately associated with the La nucleus with its
nuclear spin of 7 since it has eight major hyperfine
components. The data were taken at 18 GHz using
a standard EPR apparatus with superheterodyne
detection and field modulation. The rf power, how-
ever, was set at a mildly saturating level (~1 uW)
and the dc magnetic field was swept at about 1 kG/
min to produce the absorptive type of signal shown
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FIG. 1. EPR spectrum of the ionized center in photo-

chromic CaF,: La, H along the [100] direction.
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FIG. 2. EPR spectrum of the ionized center in photo-

chromic CaF,: La, H along the [111] direction.

rather than the usual derivative curve. This occurs
because the saturating rf eats away at this inhomo-
genously broadened line as the sweep proceeds.

The complex hyperfine structure due to the neigh-
boring fluorine nuclei makes the angular dependence
of the resonance somewhat obscure. Fortunately,
with the magnetic field along a [111] axis one La
hyperfine line (and its fluorine fine structure) as-
sociated with the sites parallel to that direction
becomes almost completely resolved on the low-
field end of the spectrum (see Fig. 2). Also, after
polarizing the centers by optical pumping at room
temperature, one site could be populated three
times more than the other sites. This made it
possible to identify the symmetry as trigonal and
to obtain reasonably accurate values for the pa-
rameters of the effective spin Hamiltonian

H =g..ﬂH.,S,+g;ﬁH1(S,+ Sy) +An1.t st +A.L(1xsx +Iysy)'
(1

The parameters are given in Table II along with
those for La® and the F center in CaF,.

A preliminary analysis of the detailed fluorine
hyperfine structure was not sufficient to give any
quantitative details about the interaction between
the electron and the neighboring fluorine nuclei.
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FIG. 3. Detail of the high-field end of the spectrum

shown in Fig. 1.

The problem is complex since the photochromic
center has ten nearest-neighbor fluorine ions which
all apparently contribute to the structure. For
some comparison of the interactions of the various
centers with the fluorine nuclei, an approximate
linewidth obtained by averaging over the fluorine
hyperfine structure is given in Table II.

This broad resonance has been shown to be di-
rectly associated with the ionized center in many
ways. As we have mentioned, it appears after
ionizing the stable center; it has (111) symmetry,
and the sites can be preferentially populated. The
center was directly correlated with the photochro-
mic bands by monitoring changes in the circular
dichroism associated with the strong absorption
bands as a function of magnetic field while the crys-
tal was being saturated with microwave radiation.
Finally, we measured an excitation curve (Fig. 4)
for optically pumping the ground-state spins as a
function of wavelength and obtained a pump band
which is in good agreement with the optical data of
Staebler and Schnatterley.

The large hyperfine constants, and the long spin
relaxation time (T, ~100sec at 1.3 °K) argue that
this resonance is associated with an s type of elec-
tron rather than the d electron observed for La¥,
Although the hyperfine interaction with the La nu-

TABLE II. Parameters of spin Hamiltonian for La%*, La®*-F, Lu®*-F, and the F center in CaF,. Av is the approxi-
mate linewidth of a single resonance line due to the neighboring flourines.
Y -Mnd 18 Ay A—4, Avp
Ton e & $gu+gy (1074 em™Y) Ay line-
width
(G)
La® 2.00+0,01 0,048 1.937 +0, 002 37+9 -0.67 30
La*-F 1.99+0,01 0,017 1.97+0,01 237 +20 0.17 120
Lu®-F 2.0%0.05 300+40 280
F center 1.9978 £0, 0005 0 1.9978 e LR 200

(5)
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FIG. 4. Wavelength dependence of the relative spin
heating induced by optically pumping the ionized center
in photochromic CaF,: La.

cleus is over twice as large as that observed for
the d electron, we do not believe it is large enough
for this resonance to be considered as a simple

6s electron in La?*, The Lamr optical spectrum
gives a hyperfine splitting of 1.09 cm™ or a hyper-
fine interaction constant A of 0. 27 cm™ for the
6s%S,,, level'® which is over ten times larger than
that observed.

The g value and its anisotropy have been qualita-
tively explained by Alig.” He found that the major
contribution to the anisotropy comes from ortho-
gonalizing the F-center wave function to the core
states of the neighboring trivalent rare-earth ion,
which has large spin-orbit-coupling parameters.

The photochromic center and the La?* center were
also observed using double resonance. That is,
the change in the circular dichroism signal associ-
ated with the absorption bands is recorded while
microwave power is applied to the crystal. The
double-resonance detection of the La?* center was
particularly strong and is shown in Fig. 5.

B. Lutecium

Since trivalent lutecium has the 4f !* closed shell
for its ground congifuration, the ionized state in
photochromic CaF,: Lu should also show a reso-
nance similar to La. The two situations are also
identical in that Lu'"® is the only stable isotope and
it has the same nuclear spin of 7 as La. Also, the
nuclear moments of La and Lu are similar, + 2. 778 1
and + 2. 23, !° respectively. In Fig. 6 we show the
resonance observed for the ionized state and the
parameters have been given in Table II. Since the
fluorine hyperfine structure is less distinct than it
is for La and the over-all fluorine interaction in-
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FIG. 5. EPR spectrum of the ground state of divalent

lanthanum detected optically.

creased more than the corresponding Lu hyperfine
interaction the parameters were obtained with much
less accuracy. The one line which separates along
the [111] direction in the La case does not quite
become sufficiently resolved for Lu to make mean-
ingful deductions about the anisotropy factors other
than to show they are similar for the two centers.

The linewidths due to interactions with the fluo-
rine nuclei might indicate that the La%'-F wave
function is more compact than the isolated F cen-
ters. Alig” has shown that the neighboring fluorine
move in closer for Lu3*-F than for La%-F, which
helps explain the larger fluorine hyperfine inter-
actions in this case. The Lu hyperfine interaction
is larger for other reasons since the atomic spec-
tra!® of doubly ionized lutecium Lu 111 shows the
hyperfine interaction for the 6s%S,,, level is 0.4 cm™
as compared to 0. 27 cm™ for Lai, Note, the
ratio of 0.4/0.27=1. 48, while the ratio of the mea-
sured hyperfine constant for the photochromic cen-
ters is 300/237=1.27. No resonance due to Lu®
was identified.

C. Terbium

The ionized state of photochromic CaF,: Tb has
for its ground configuration 4f%-e. Because of the

Lu.CoF,
PHOTOCHROMIC
[m] .1
19 4 GHz

RELATIVE INTENSITY

L L
5.0 6.0 7.0 8.0 9.0
MAGNETIC FIELD(kG)

FIG. 6. EPR spectrum of the ionized center in photo-

chromic CaF,: Lu.



coupling of the F-center electron with the 418 elec-
trons, the EPR spectrum is completely different
from that of the ionized state for La and Lu. A
set of lines with trigonal symmetry is observed
each of which are split into four hyperfine compo-
nents due to the nuclear spin of § (Fig. 7). The
fluorine hyperfine interactions appear to be small
since no fine structure is observed. The linewidths
of the resonance lines are comparable to the widths
of the Th* resonances found in the crystal. The
fitted parameters to the effective spin Hamiltonian
are given in Table III, along with two Th* reso-
nances which have been observed in these crystals
and reported previously. !’ The main features we
have used to identify this new center with the ion-
ized state of the photochromic center is that it in-
creases after irradiation with blue light and dis-
appears with red irradiation. It could be polarized
so that the intensity of the resonances due to the
centers along one of the (111) axes were an order
of magnitude stronger than for the other sites,
which was a much higher degree of polarization of
the sites than was obtained with La or Lu.

The g and A values of this center can be under-
stood in the coupling scheme used for the 4/"6s
configuration as outlined by Wybourne. !® That is,
the 25,,, state of the outer electron is coupled to
the lowest spin-orbit component ('Fg) of the 4f®
configuration to form states with total angular mo-
mentum values J of 4 and 4. The trigonal field
then splits these states into many levels charac-
terized by crystal-quantum numbers p. Since g,
is much larger than g,, the ground state must be
primarily u=+3 in character. An admixture of
1 =+#% character is then needed to fit the g values
exactly. The details of the calculations for the g
and A values are in the Appendix. The results are
consistent with the ground state arising from the
J =% manifold and not 4. Also, the value of the

TABLE III. Parameters of spin Hamiltonian for three
centers in Th-doped CaF,.

N
Zero-field
A, Ay splitting
Center ' ra (10~*em™Y)  (107*em™) . (GHz)
Tb** - F
Trigonal 9.076 1172
0
symmetry <0.6 +0,008 +7
photochromic
Tb!o
T”gm::‘ 17.28  <0.25 2033 31.67
symmetry +0,01 +3 +0.02
O° compensation
(Ref. 16)
Tb*
Temg‘;“a,l 17.768 <0.25 2087 5.134
symmetry 0. 020 +3 +0. 006
F ~ compensation
(Ref. 16)
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FIG. 7. EPR spectrum of the ionized center in photo-
chromic CaF,:Tb, H along the [100] direction.

hyperfine constant A can be best fitted using a value
for the hyperfine constant of the trapped electron
which is that observed for the Lu®*-F center. The
calculations show that the contribution of the F-
center electron to the reduced matrix elements of
the g and A tensor is multiplied by a factor of {y,
which makes its effects small compared to the con-
tribution from the 4f® electrons. This is also true
for the fluorine hyperfine interactions, which helps
explain the lack of fine structure in the spectra.

The ground state of Th®* charge compensated by
oxygen is characterized by maximum values in the
quantum number u, while the Tb*- F-center com-
plex described above is characterized by minimum
values of u. This suggests that the distortion in
the latter case is due to a net positive charge at
the vacancy.

It should be possible to observe EPR resonances
in the stable state associated with photochromic
terbium. As will be shown for cerium in Sec. VD,
the two electrons (e?) are tightly bound and the 4f"
electrons of the rare-earth ion experience a simple
weak trigonal distortion. The distortion for the
cerium resonance is in the same direction as that
produced by oxygen compensation. The stable state
should therefore have resonances which appear like
ordinary Tb® with a weak trigonal distortion. The
ground state of Tb® in CaF, consists of the u=+6
components of the "Fy spin-orbit manifold. The
ground doublet is split by higher-order terms in
the crystal field potential. We have made EPR
measurements at 19 and 35 GHz and have not ob-
served any resonances which can be attributed to
the stable state. With the photochromic centers in
the stable state, the paramagnetic circular di-
chroism at 6100 A was found to be large. No reso-
nances were observed using optical detection at
6100 A while the crystal was being irradiated with
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microwaves at 19 or 35 GHz. However, the mag-
netic field dependence of the circular dichroism
associated with the absorption bands of the stable
state at 1. 3°K indicates that the zero-field split-
ting is certainly not larger than 2 kT. The mag-
netic field dependence of the circular dichroism is
due to a center which has a large g value (g~9. 4
for the [110] direction). Since the magnitude of the
transition probability varies as (A/1)?, where A is
the zero-field splitting and v the applied frequency,
resonances due to the stable state at frequencies of
19 or 35 GHz would be weak and possibly not ob-
servable if the zero-field splitting was very small.

No resonances associated with Tb?®" were identi-
fied.

D. Cerium

The stable state of the photochromic center as-
sociated with cerium has the electron configuration
4f-e®. The (¢?) electrons are coupled strongly
together so the 4f electron is observed by itself
and the resonances appear like a new Ce® center
in CaF, with trigonal symmetry. However, the
resonances are clearly associated with the photo-
chromic center for the following reasons: (i) The
intensity of the resonances are reduced after ir-
radiation with blue light and are increased after
red. (ii) The lines were first found by monitoring
changes in the circular dichroism of the photochro-
mic absorption bands while saturating the crystal
with rf radiation (Fig. 8). (iii) One of the (111)
sites could be preferentially populated by the pro-
cedure used for the other centers.

The resonance observed for g, is shown in Fig. 9
where, similar to other Ce® resonances, a set of
satellite lines due to the simultaneous flip of neigh-
boring fluorine nuclei are observed.!® The g values
are given in Table IV along with those for Ce®* in
trigonal sites due to oxygen compensation and in-
terstitial fluoride compensation, 2%:2

In Fig. 10, we show the wavelength dependence
of the change in the circular polarization signal as

T T T T
CeCafp
STABLE STATE
DETECT AT 72008
13°K
rf AT 89 GHz
rf POWER ON

NO r f POWER

CIRCULAR DICHROISM (RELATIVE)

[~}

1 1 1 1
2 4 6 8 0

MAGNETIC FIELD (kG)

FIG. 8. Optical deteotion of the EPR spectrum of the

stable state in photochromic CaF,: Ce.
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b——t 10 Gauss

FIG. 9. EPR spectrum of the stable state of photo-
chromic CaF,:Ce.
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obtained by irradiating the crystal with microwave
radiation. The data were obtained by first fixing
the magnetic field at an EPR line. The change in
the absorption of circularly polarized light by the
sample was then detected with a lock-in amplifier
while the crystal was being irradiated with modu-
lated microwave radiation.

The %F;,, spin-orbit manifold of the 4f electron
is split in a cubic potential into two levels G, (r 8)
and E;,,(I';). InCaF,, the quartet stateis lowest. The
quartet state for the J =4 manifold for the z axis
taken as the [111] direction can be characterized by
the wave functions

|+2) and +V§ |+ VE |72) .
The trigonal distortion splits the quartet into two
doublets. The experimental g values of the ground
doublet are g,=1.803 and g, = 1. 76 which are close
to those expected for a mild perburtation of the
(+%,¥3) doublet of the quartet state. A small ad-
mixture of the E;,, level into the ground state by

TABLE IV. g values for different centers in Ce-doped

Can.
Center &n 81 $eu+2g)
Ce¥ - F!
Trigonal 1.803 1.176 1.39
symmetry +0,004 +0,002 :
photochromic
ce®
Trigonal 2.38
Symmetry :to. 03 <0.1 0.79
F~ compensation :
(Ref. 19)
ce®*
Tri
rigonal 3.673
symmetry £0. 002 <0.3 1.23
0% compensation :
(Ref. 20)
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FIG. 10, Wavelength dependence of the paramagnetic
circular dichroism of photochromic CaF,: Ce detected
by modulating the ground-state population with microwave
radiation.

the trigonal field makes the agreement even better.
If there is no admixture of the F,,, spin-orbit com-
ponent, then the trace of the g tensor is 1. 43, which

is in good agreement with the observed value of 1. 39.

The linewidth of the photochromic center, as
measured peak to peak on a derivative curve, for
the singlet resonance line along the [111] direction
was 4.0G at 4.2 °K and 18. 86 GHz. The linewidth
was measured along the [111] direction as a func-
tion of temperature and was found to broaden very
rapidly. The width at 1. 25°K was 47G. The in-
crease in linewidth converted to megacycles can
be fitted by the equation

Av=4.8%10° T MHz.

According to the Orbach relaxation process, this
temperature-dependent linewidth suggests that the
other doublet state of the quartet lies 90 °K or

63 cm™ above the ground state.

The data for the Ce photochromic stable state are
described by a large cubic field potential with a
small negative trigonal distortion, The Ce¥-0%
compensated center is described by a very large
negative trigonal distortion so that the ground state
is simply the +3 part of the ?F;,, manifold. Thus,
the sign of the trigonal distortion in the stable state
is the opposite of that observed for the ionized state
of the terbium F-center complex.

There is no reason to expect the ionized state to
necessarily show EPR resonances. Following
terbium we would expect the F-center electron to
couple to the 2F5/z spin-orbit component of the 4f
electron to form states of J=2 and 3. In either
case, if the sign of the trigonal distortion is the
same as for the ionized state of terbium, we would
then expect the single u =0 state to be the ground
state.

There should be resonances for Ce?" since the
optical data and theoretical calculations show that
the ground state is a triplet with g=1.25.° It is
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very likely that this line is extremely broadened

by inhomogeneous strains or the Jahn-Teller effect.
It has eluded attempts by us to find it by ordinary
EPR and by double resonance. In the double-reso-
nance experiments the circular dichroism associ-
ated with the divalent-cerium optical-absorption
bands was monitored while the crystal was irra-
diated with microwaves at 9 and 19 GHz.

E. Gadolinium

There is every reason to expect that both the
stable state and ionized state associated with Gd
should show EPR resonances. The stable state
would consist of the 8S,,, component of the 4f7 elec-
trons under the two electrons (e?) and should ap-
pear as a new Gd* resonance with trigonal sym-
metry. The ionized state would be characterized
by the J =3 and 4 states resulting from the coupling
of the F-center electrons with the %S,,, state. In
this case, because of the S character of both states
the effect of the trigonal crystal field will be small
and so, even though the ground state in zero field
will be the u =0 level, the other levels should be
close enough to be readily observable by EPR.

A sample of CaF,: Gd was studied at 1. 3°K and
19 GHz. Many resonance lines were observed be-
tween 0 to 10 kG and a large number of these lines
switched with optical radiation. The large number
of resonance lines and their complexity makes this
case one which requires much more careful study
than the others in order to sort out all the reso-
nances. 1!

F. Yttrium

A few experiments were done on CaF, crystals
grown with 0. 3% and 0. 02% YF, and then colored
as were the other crystals described in this paper.
All the samples contained a number of resonances
near g =2 which made it difficult to clearly identify
the switching centers. Figure 11 shows the EPR

03%Y Cof,
1928 GHz, 1 4°K
[100] oIRECTION

IONIZED STATE

STABLE STATE

RELATIVE INTENSITY

1 L 1
635 655 6,75 6.95 715 7.3'5
MAGNETIC FIELD (kG)

FIG. 11. EPR spectrum of photochromic CaF,:Y in
both the stable and switched states.
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IONIZED STATE
.003 % Ce:CoF,

UNKNOWN CENTER
w.s[cm]; 1.3°K 1640
~[m

RELATIVE INTENSITY

6.40 6,50 6.60 6.70 6.80
MAGNETIC FIELD (kG)

FIG. 12. EPR spectrum of an unidentified trapped
electron in photochromic CaF,: Ce.

spectra observed in the stable and ionized states.
There is an indication in the switched state of a
resonance about 170 G wide with complex fluorine
hyperfine structure somewhat like that observed in
the ionized states for the La and Lu photochromic
centers. This resonance line has a g value of

1.99+0. 01 and a spin-lattice time of a few seconds.

The 100% abundant yttrium isotope Y® has a
nuclear spin of 3, but a very small nuclear moment
(- 0.1368) compared to that of La or Lu. Thus
the hyperfine splitting of the F-center resonance
due to the Y nuclei is expected to be much smaller
than the broadening due to the fluorine hyperfine
interactions. In addition there are the four mag-
netic inequivalent sites which add to the confusinn.
The net effect is to make any useful measurements
of the Y F-center complex very difficult.

G. Electron Traps

The electrons freed upon ionizing the stable cen-
ters are trapped at a moderately deep level in

order for these materials to be good photochromics.

We have identified most clearly in the lanthanum
case that the electron combines with La®* ions at
cubic sites to form La%. Optical studies have
shown in the case of Ce that again the free electron
forms a divalent rare-earth ion,? At the present
time, we have not observed any EPR resonances
which could be positively identified with the trapped
electron for Tb, Gd, Lu, and Y. However,

we have generally noted changes in resonances
around g =2 upon switching the crystals which may

be due in part shallow traps which are stableat 1. 3 °K.

In one particular sample which contained 0. 003%
Ce, a distinct resonance was observed which can
be attributed to the trapped electron. In this par-
ticularly clean crystal, one-third of the cerium
was found to be the stable photochromic center,
while the remaining cerium was Ce® in tetragonal
sites. Measurements showed at room temperature
and at 1. 3 °K that about 10% of the stable photo-
chromic centers could be switched. This means
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impurities with concentrations as low as 10'® ions
cm?® could form the electron trap. The resonance
occurs at g=2.0, it is isotropic, and has a relax-
ation time of several seconds at 1. 3°K. The eight
equally spaced hyperfine components show it is
associated with an element which consists 100% of
an isotope with spin . The total width of the reso-
nance however is only 160G as compared to the
1.6 kG for the La% F-center resonance. The pos-
sibilities besides La and Lu are Co, Sc, Ta, Nb,
or Cs. We favor the model that this trap isa F
center next to Cs.

VI. SUMMARY

These EPR studies provide the most convincing
data for the correctness of the model of the photo-
chromic centers in rare-earth—-doped calcium flu-
oride. The stable state has only been positively
identified in the cerium-doped samples, but it
should be possible to identify this center for gado-
linium- and terbium-doped samples using EPR tech-
niques. The ground state of the stable center with
its 4f"-e? configuration should be properly viewed
according to Alig’s calculation’ as a trivalent rare-
earth ion next to a F' type of center (two electrons
centered in the vacancy) rather than a divalent
rare-earth ion next to an F center. It could result
when an M center?® (two F centers) combined with
a trivalent rare-earth ion charge compensated by
an interstitial fluroide ion.

Ionizing the stable photochromic center with
short-wavelength light (A < 4000 A) leaves a per-

‘turbed F center next to the trivalent rare-earth

ion (4f"-¢), which has been clearly identified for
La-, Lu-, and Tb-doped samples. Because of ex-
perimental difficulties it was not identified for Y
and Gd samples. The electron, which is freed,
can be trapped on trivalent rare-earth ions at cubic
sites forming the divalent rare-earth ion, which
probably has the ground configuration 4/"5d for
these rare-earth ions.

With our present understanding of these centers
the 5d electron does not play an important role in
stabilizing the ground-state energy. So probably
the other rare-earth ions also form similar cen-
tersand our observationsinay-irradiated BaF,: Tm?
crystal might be an example.?® We observed
that short-wavelength excitation (A <4000 A) could
convert a substantial part of the cubic EPR spec-
trum of divalent thulium into a trigonal spectrum,
and long-waveleagth excitation could convert it
back. This behavior could be explained if the di-
valent thulium at cubic sites could be ionized with
the blue light leaving nonparamagnetic trivalent
thulium at the cubic sites. The electron could then
be trapped at sites where the divalent thulium ions
are next to an F center. The resulting center would
be a paramagentic center (4f*-¢?) with an EPR
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spectrum of divalent thulium with a trigonal dis-
tortion. The sign of the distortion would be that
due to a negative charge next to the divalent thuli-
um, which is that observed.

If this explanation is correct, then those divalent
rare-earth ions with the ground configuration of
41" in the crystal keep the same configuration when
an F center is moved next to them. This is in con-
trast to those divalent rare-earth ions with the
4f"5d configuration where the 5d electron moves
onto the vacancy with the F center. Using this as
a guide, there should be a number of other centers
yet to be observed.
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APPENDIX: CALCULATIONS OF g¢ AND 4
FOR Tb* -F CENTER

The ionized state of this center can be considered
as a trivalent rare-earth ion with its 4f® core cou-
pled to an s-like electron. Following Wybourne,
the energy levels that result from the addition of
an s electron to the low-lying states of the /" con-
figurations exhibit close J;j coupled states. The
2s, ,2 level of the electron of the F center is coupled
to the "Fg manifold of the 478 core of the terbium
to form states of total angular momentum J =4
and 4. A state for this coupling scheme is written
as ((S,L,) Jy; (s]) j;J1. The trigonal crystal field
potential due to the fluorine vacancy and the trapped
electron splits these levels into states which are
characterized by the magnetic quantum number pn.

Because g, > g,, the ground state inust be pri-
marily of u=+3 character. The perpendicular
splitting factor g, is defined by

g‘,;(J-;-%)g(JJJ), (A1
where
J=dJ,t%,
g i) =g(S,Lyd ) + 8D =S L) (a9)
27, +1 ’

g(S,L,J,) and g (slj) are the LS-coupling Lande

g factors for the "Fg manifold of terbium and the
trapped electron, respectively. g(S,J,J,)=1.50
and g(slj) =2.00. For the u=+3 states, g,=8.76
for the J =4 state and g, = 10. 75 for the J =4 state.
The value of g, = 8. 76 for the J =4 state is decep-
tively close to the measured value of 9.076. Ad-
mixtures of other components within the same J

manifold allowed by the trigonal field can only re-
duce the value from 8.76. To increase the value
to fit the experimental value of 9. 076 a substantial
admixture of the p = +3 states within the J=4%
manifold is required. To fit the experimental re-
sult g,<0. 6, a further increase in the number of
admixed states is required. Therefore, we have
rejected the possibility of the J =4 manifold since
the J =3 manifold by itself is sufficient to fit all
the data.

To fit g values, we take the wave function,

1/2]
(1—17> [g-; eb s ol ;g>]. (a3)
+

Fitting g, = 9. 076 requires that a®=0. 185 which
gives g,=0.097. This calculated value for g, is
within the experimental result of ¢,<0.6. The
ground state also has admixtures of the states
p=x%, ¥4 and +4, but from the limited exper-
imental data the above simple description is ad-
equate.

To understand the hyperfine splitting, we may
express the reduced matrix element of the magnetic
hyperfine interaction in J;j coupling for the f Vs
configuration as

ag (s1j) = Ap (SiL,d))
2J,+1 g
(A9)

Ay jJ) = Ag ($L1Jy) +

where
as =% 188y (/)| ¥ (0)]3,
Ag(S,LyJy) =288y (1, /1) <r ), |N] |dy) .

a, is the hyperfine interaction of the outer electron
and Ag(S,L,J,) is the reduced hyperfine interaction
for the "Fg level of trivalent terbium. If the ground
state belongs primarily to one J manifold, the val-
ues for A, can be obtained from the experimental
values of ¢ and A using

Ag(N = (onD /gexp)g ), (A5)

where g(J) is given by Eq. (A2). A value of
X(8;L,J;) =177x10™* cm™ canbe obtained from the
experimental data on Tbh® in tetragonal and tri-
gonal sites. From the experimental data on the
photochormic center given in Table III, A (/) - 198
and 189%x10™ cm™ for the J =4 and 4 states, re-
spectively. Using Eq. (A4) to obtain a value for
a,, we find that a,=450 and 21x10™ cm™ for the
J =14 and 4} states, respectively.

We can obtain an estimate of a, for terbium by
scaling the values from data on the La and Lu cen-

ters. Thus, we obtain
1
a,(Tb) = £ Zx g (x), (A6)
By Iy

where u and I are the respective nuclear magnetic



536 C. H. ANDERSON AND E. S. SABISKY 3

moments and nuclear spins, while a,(x) is the
hype‘rfine constant for either La or Lu. Using the
accepted values of p and I and the data in Table II
for a,(x), we find that the derived value for a,(Tb)
is 303 and 476 X10™ cm™ obtained using the data
for La and Lu, respectively. These values are in

good agreement with the value of 450x10™ cm™!
obtained from the data on the Tb center provided
the J =4 manifold is taken as the ground state.
Therefore, we conclude from both the g and A val-
ues that the ground state of the ionized center in
Tb doped CaF, arises from the J =4 manifold.
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Theory of Photochromic Centers in CaF,

R. Casanova Alig
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On the basis of recent optical and EPR work, it has been suggested that the ionized and
thermally stable photochromic centers in CaF, consist of one and two electrons bound at an
anion vacancy adjacent to a trivalent impurity cation. For the ionized center, we have shown
that the energy levels and wave functions of the isolated F center are not strongly perturbed
by the introduction of the impurity ion. Since the divalent ions of the impurities which are
found to form these centers, i.e., Y, La, Ce, Gd, Tb, and Lu, have low-lying s and d va-
lence orbitals which overlap the F-center wave functions, we have investigated the defect-
impurity orbitals which may be formed from a linear combination of F electron orbitals and
these impurity orbitals. The predictions based on this defect-impurity orbital description
are found to be consistent with the optical and EPR data for the stable and ionized photo-
chromic centers.

I. INTRODUCTION the earliest of these studies was that of Scouler and
Smakula® in which the optical absorption of CaF,
doped with YFg and NaF was measured after colora-
tion by electron irradiation at selected tempera-

tures; in a number of cases new absorption bands

During the past few years there have been a num-
ber of studies of the optical properties of colored
CaF, crystals containing impurity cations. One of



