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We report on the results of ab initio ground- and excited-state multiconfigurational self-consistent-
field (SCF) embedded-cluster calculations for the Mn-perturbed F-center (Mn/P defect in CaF2:Mn.
This defect has long played a central role in the understanding of the absorption and emission charac-
teristics of this material following irradiation. An approximate embedding method is employed whereby
the potential due to the external lattice surrounding the cluster representing the Mn/F defect is de-
scribed by means of lattice-centered gaussian charge distributions, the parameters of which are deter-
mined in conjunction with SCF force calculations so as to stabilize the cluster. The ground and excited
many-electron state energies of spin 2 and 3 of the Mn/F defect were calculated using the method of
complete active space SCF. These calculations show that the ground state of the Mn/F defect is spin 2
thus making the optical transitions spin-allowed, and accounts for the absorption oscillator strength
enhancement following irradiation. The calculated excited-state levels are used to interpret the observed
optical absorption spectrum. Our calculations also show that the important peak at 540 nm does not
arise from transitions within the Mn/F defect considered in this study. This peak is possibly related to
Mn-perturbed M centers.

I. INTRODUCTION

The optical properties of radiation-induced defects in
CaF2.Mn have been of interest since its introduction as a
highly e%cient thermoluminescent radiation dosimeter in
1957 by Ginther and Kirk' and its later adoption as the
standard dosimeter material by the U.S. Navy. While
CaF2.Mn has long played an important role in radiation
dosimetry, only since 1980 have the processes of de-
fect formation, energy storage, and release in the form of
luminescence been studied in detail. Through optical ab-
sorption, ' photoluminescence, ' '" and thermo-
luminescence (TL)"' ' ' measurements, the role
Mn + plays in determining the absorption and emission
characteristics of CaF2.Mn following irradiation has be-
gun to emerge.

Explanation of the optical absorption, TL, and photo-
luminescence spectra, conducted by McKeever et al. "
on samples before and after irradiation and with varying
Mn dopant concentrations, have centered around a pro-
posed defect complex consisting of an F center adjacent
to one or more substitutional Mn + ion impurities. Pho-
toluminescence and TL studies both indicate that the op-
tically active radiation-induced defect is Mn related with
TL peaks at 200 and 550 K producing emission at 495
nm. Photoluminescence' and optical absorption" mea-
surements have assigned this emission to the

T~g( G)~ A& ( S) transition of the Mn + ion. Mn2+
enters the lattice substitutionally and occupies sites of Oh
symmetry. With the ground state as a spin sextet and the
excited states as spin quartet and doublet, the optical
transitions are both spin and parity forbidden. However,
McKeever et al. ,

" using long samples with high Mn

concentrations ( —3% ), were able to obtain Mn + ab-
sorption spectra for nonirradiated CaF2..Mn. These spec-
tra, along with the earlier photoluminescence spectra,
have been successfully analyzed in terms of ligand field
theory" ' ' and more recently by ab initio
multiconfigurational self-consistent-field calculations. '

Following irradiation, the absorption exhibits the
creation of new structure and an increase in oscillator
strength by —10 ." This effect has been understood in
terms of the proposed Mn-perturbed F-center model as
arising from the exchange coupling involving the Mn +

3d electrons and the F-center electron. This enhance-
ment, however, occurs only for samples irradiated at
room temperature, indicating that the absorption
enhancement requires transport perhaps to form the F
centers adjacent to Mn + impurities.

The idea of absorption enhancement arising from the
creation of 3d-ion F-center complexes following irradia-
tion is not new. The main observations regarding the
behavior of the absorption and emission spectra from
Mn-doped CaF2 before and after irradiation roughly
parallel the trends observed to occur in Mn-doped
RbMgF3, ' ' Mg, ' and KMgF . Empirical
m.odels developed for these materials attribute the
enhancement of the 3d-ion absorption to the lifting of the
spin and symmetry selection rules following irradiation.
The transitions become spin allowed as a result of an ex-
change interaction between the F-center electron and the
impurity 3d electrons. These studies also show that the
lifting of the spin selection rule is the dominant mecha-
nism for the enhancement, while changes in the site sym-
metry do not appreciably affect the transitions. '

Given the body of evidence that has emerged over the
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last two decades with regard to the types of radiation-
induced defect complexes responsible for optical absorp-
tion in CaF2.Mn and given the close parallels with mod-
els proposed for Mn-doped MgF2, KMgF3, and RbMgF3,
a defect complex consisting of an F center perturbed by
one or two Mn + substitutional impurities seems a likely
candidate to account for the absorption spectrum follow-
ing irradiation. With the experimental data now well es-
tablished, the state of research has reached the point
where quantum-mechanical calculations are needed to
provide a better understanding and verification of this
model.

Toward this end, we present the results of ab initio
self-consistent-field calculations of the ground and excit-
ed states of the Mn-perturbed F-center (Mn/F) defect.
The computational quantum-mechanical methods em-
ployed include restricted closed-shell Hartree-Fock
(RHF), restricted open-shell Hartree-Fock (ROHF),
spin-projected unrestricted Hartree-Fock (PUHF), spin-
projected unrestricted Mufller-Plesset many-body pertur-
bation theory to second order (PUMP2), and complete
active space self-consistent-field (CASSCF) calculations.
All of these methods have been implemented for d elec-
trons in the GAUSSIAN 92 (Ref. 26) general purpose
quantum-chemical program. These methods will be ap-
plied to clusters in the presence of an embedding external
arrangement of charge. This is aided by capabilities in
GAUSSIAN 92 that permit the inclusion into the Fock
operator terms which reAect the distribution of either
external point ions or external Gaussian charge distribu-
tions.

II. THEORETICAL MODEL

A. The embedded Mn-perturbed E-center cluster

In Fig. 1 is shown the geometry of the Mn-perturbed
F-center cluster, [MnCa3F6Vac]'+, we use to model the
proposed defect created in CaF2.Mn following irradia-
tion. Several reviews of experimental investigations and

theoretical ab initio calculations show that the I' center is
strongly coupled to the host lattice with its transition en-
ergies easily shifted by neighboring defects. This de-
fect involves an electron trapped in a vacancy represented
by diffuse electronic states and so will be sensitive to
changes in the external field due to the surrounding crys-
tal lattice. As a consequence, a major part of this
study involved the development of a semiclassical embed-
ding method whereby the external crystal lattice is
represented by a finite arrangement of charge. The clus-
ter depicted in Fig. 1 shows only that portion of the crys-
tal treated quantum mechanically with the remaining sur-
rounding lattice treated classically in the final calcula-
tions.

The cluster embedding procedure employed in these
calculations is described in detail elsewhere. '

Briefly
stated, the method involves initially embedding (i.e., sta-
bilizing) the nondefective [Ca4F7)'+, S=0 cluster shown
in Fig. 2. This is done by representing the external CaF2
lattice as a collection of lattice-centered Gaussians
characterized by different charges and Gaussian ex-
ponents (q~, aF) and (qc„ac,). Through an iterative
scheme consisting of SCF force calculations and adjust-
ments of the external Gaussian parameters, the net forces
on the cluster ions can be brought to zero. In this
fashion, an effective external Coulombic field is produced
in the quantum cluster region so as to exactly balance the
quantum-mechanical forces on the cluster ions and simul-
taneously account for the fact that the external charge
distribution is finite. The interactions within this distri-
bution contribute to the overall energy of the system and
are treated classically.

With the nondefective cluster stabilized, the F-center
cluster, [Ca4F6Vac]'+, S=

—,', is created by the removal of
the center F ion and the addition of an electron. The
replacement of the central F ion by an I' center leads to
an imbalance of the forces on the outer Ca + and F
ions; hence the locations of these ions must be relaxed to

z &!

7)(

2+
Ca

2+
2+

Ca

FIG. 1. Diagram of the Mn-perturbed F-center cluster,
[MnCa3F6Vac]'+, used to model the defect created in CaF2..Mn
following irradiation. After embedding and following relaxa-
tion, the vacancy-F and vacancy-Mn(Ca) distances are 2.70 and

0
2.29 A, respectively.

FIG. 2. Diagram of the nondefective cluster, [CaqF7]' . The
ions are arranged at the experimental Ca-F distance of 2.366 A
(Ref. 27). SCF calculations based on this cluster are used to
determine the embedding lattice parameters.
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new equilibrium positions. The parameters of the exter-
nal charge distribution are held constant throughout this
relaxation. In the relaxed geometry the vacancy-F dis-

0
~ ~ 0

tance is 2.70 A and the vacancy-Ca distance is 2.29 A.
This represents a 1.2% inward relaxation for the F ions
and a 3.3% inward relaxation for the nearest-neighbor
Ca + ions. The magnitude and direction of these relaxa-
tions appear reasonable in view of recent calculations in-
volving the relaxation of E-center defects in other ionic
crystals by Vail and Woodward using the ICECAP pro-
gram. They describe an embedded E center in NaF for
which they find a 5% inward relaxation of the nearest-
neighbor Na+ ions.

This cluster has been used with some degree of success
in semiempirical and multiple scattering Xa studies of
the electronic structure of the E center in CaF2. ' Since
the energy levels of an F center can be easily shifted by
changes in the site symmetry and due to the size of the
overlap of the E-center wave functions with the first-
nearest-neighbor and second-nearest-neighbor ions, this
particular choice of cluster is based on the need to com-
pletely surround the vacancy by quantum-mechanical
ions. Furthermore, since the external charge is arranged
symmetrically about the origin, locating the vacancy at
the origin reduces the possibility of introducing artificial
distortions in the vacancy electronic charge distribution
that would arise due to the finite extension of the external
classical charge distribution.

The embedded Mn-perturbed F-center cluster,
[MnCa3F6Vac]', is formed by replacing one of the Ca2+
ions by a Mn + ion. As indicated in Fig. 1, the Mn + ion
is located adjacent to three quantum-mechanical F ions
and the vacancy containing the F-center electron (which
is treated quantum mechanically by locating basis func-
tions at the origin). The cluster has C3, symmetry. The
other four nearest-neighbor fluorine atoms to the Mn +

are external to the cluster and are represented by lattice-
centered Gaussians. It is therefore necessary to deter-
mine what effect this would have on the d-to-d transi-
tions. Test calculations on the [MnCa3F7]'+ cluster (that
is, Fig. 1 with the central vacancy replaced by a F ion)
show that the ground-state to first excited-state transition
energy does not vary significantly ( (0.1 eV) from the
analogous ( A, ( S )~ T, ( G ) ) transition for Oz
eight-coordinated Mn +.' This must in part be due to
the localized nature of the 3d electrons that give rise to
these excited states and the use of Gaussians for describ-
ing the ions external to the cluster. Alternatively, our at-
tempts to replace a fluorine by an E center in the embed-
ded [MnFs] cluster (used to describe the electronic
structure of the isolated centrally located substitutional
Mn + impurity' ) proved unsuccessful due to the inabili-
ty to confine the E-center electron within the cluster re-
gion. This shows the importance of placing the E center
at the center of the cluster. Finally, we note that, from a
practical standpoint, the size of the quantum cluster is
limited to that for which the CASSCF method can be
used to calculate the excited states. Thus, the Mn-
perturbed E-center cluster in Fig. 1 was chosen to
represent the Mn/E defect as it adequately embeds the E
center, it has the correct symmetry of the defect, and it

The choice of a variational basis set is perhaps the
most important consideration when attempting to per-
form accurate SCF calculations for many-electron sys-
tems. One attempts to choose a basis set that, while lim-
ited enough in size for practical calculations, is also Aexi-
ble enough so as to not unduly bias the results. Basis-
set-related errors have been reviewed in the literature.
The standard Gaussian basis sets for the F ion and Ca
atom tabulated by Huzinaga et al. for use in molecular
calculations provide a good starting point. The basis
functions listed in these tables, while adequate for atomic
calculations, must be augmented by the addition of more
diffuse s, p, and d Gaussian atomic basis functions for
molecular calculations. In total, 9 atomic basis functions
were used for Auorine and 13 for calcium with the con-
traction patterns F(4,3,2/4, 3) and Ca(4, 3,3,2/4, 3,2). The
basis set for the Mn + ion consisted of 23 atomic basis
functions with the (4,3,3,2/4, 3,2/4, 3) contraction pattern
and was taken from a detailed analysis of the [MnFs]
cluster used to calculate the electronic states of the isolat-
ed manganese impurity in CaF2. '

In these calculations, vacancy-centered basis functions
are used to model the electronic charge distribution
within the vacancy. Figure 3 shows the square of the
four s-type and six p-type vacancy-centered uncontracted
Gaussian basis functions that were chosen to physically
occupy most of the vacancy region. The Gaussian ex-
ponents are displayed in the figure.

Once the ground state has been obtained with this ini-
tial basis, and before embedding the cluster, the next step
is to optimize the basis set. The basis set is optimized by
varying the Gaussian exponential scale factors so as to
minimize the ground-state energy. For practical reasons,
this variation is performed at the Hartree-Fock level of
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FIG. 3. Square of the Gaussian basis functions arrayed about
the vacancy site situated at the origin. Consisting of four s-type
and six p-type uncontracted Gaussian functions, this basis is
used to model the electronic charge within the vacancy region.

allows for the treatment of the important exchange in-
teraction between the E center and the manganese impur-
ity.

B. Choice of basis
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theory and only for basis functions representing the
valence electrons. We found that this variation works
best for the cluster in isolation. Attempting to vary the
valence basis functions in the presence of an external
charge distribution tends to produce basis functions so
extended that a significant amount of charge accumulates
in the region of the external lattice-centered Gaussians.
The charge has, in effect, exited the quantum cluster.
This is an example of the spurious tunneling effect ob-
served by Kunz and Vail for other systems.

CASSCF Active Spaces:

T T T' T J. charge transfer

TL T dtod
T T T 4 ground s~a~e

Mn 3d Vac. Vac.
s-like p- bke

T T T T J F—center trans.

C. CASSCF active space T T T T T T charge transfer

The idea of merging configuration interaction (CI) and
SCF (known as multiconfigurational self-consistent field,
or MCSCF) goes back to the early days of quantum
chemistry and has since seen a substantial development
in terms of its theoretical basis and computational im-
plementation. The goal of CASSCF is to provide an
adequate description of the electronic structure with a
relatively compact wave function. This is achieved by
constructing a multiconfigurational wave function from a
selected subset of orbitals and by a simultaneous varia-
tional optimization of the orbitals and the configurational
coefficients. This method is more feasible than a large CI
calculation and more accurate than a truncated CI ex-
pansion where the orbitals are frozen according to some
criterion, e.g. , canonical Hartree-Fock orbitals or natural
orbitals. In the CASSCF method the orbitals can change
shape within the given configurations; thus CASSCF is
more powerful than CI in describing the polarization of
the electronic cloud caused by an external field. In addi-
tion, CASSCF is analogous to CI in that it can calculate
upper bounds to the total energy many-electron excited
states of the same spin and spatial symmetry as the
ground state. ' The difference is that for CASSCF the
orbitals may be optimized for each excited root. For this
reason CASSCF is a powerful computational tool for the
calculation of a system's multiplet structure. It is espe-
cially useful for low symmetry situations for which
ground-state methods, such as Hartree-Fock and many-
body perturbation theories, cannot be applied to the
study of the excited states of a given spatial and spin sym-
metry.

The Mn-perturbed F-center defect shown in Fig. 1 has
an overall charge of +1. Each F ion has closed 2p
shells and each Ca + has closed 3p shells. The Mn + has
a 3d configuration outside closed shells and, in addition,
there is a single electron described by the s- and p-like
atomic basis functions in the vacancy. Given this ar-
rangement, we consider the S =2 and S =3 spin
configurations and construct the two active spaces as in-
dicated by the diagrams in Fig. 4. The CASSCF method
as implemented in GAUSSIAN 92 is a spin-restricted pro-
cedure so that the orbitals represented in Fig. 4 have the
same spatial dependencies regardless of spin.

Within the CASSCF scheme the spin-2 or spin-3
ground and excited states are represented by wave func-
tions which are linear combinations of determinants cor-
responding to all possible arrangements of electrons over
the molecular orbitals in the spin-2 or spin-3 active

5=3 T T T T T T F-center trans.

T T T ground state

Mn 3d &ac. Vac.
s-like p-Q e

FIG. 4. Diagrams indicating the CASSCF active spaces used
to calculate the spin-2 and -3 ground and excited states of the
Mn-perturbed F-center cluster.

spaces. For instance, the nth state of spin 2 is represent-
ed by a wave function that is in a linear combination of
all configurations allowed within the spin-2 active space.
CASSCF differs from CI in that both the linear
coefficients and the molecular orbitals are optimized for
the nth state.

The spin-3 configuration consists of the five Mn + 3d
electrons spin aligned with the vacancy electron parallel
to these. The CASSCF active space for this spin is then
formed from the five Mn + 3d-like, the vacancy s-like,
and the three vacancy p-like molecular orbitals. This
choice gives a total of 84 spin-3 configurations. With
reference to Fig. 4 we can identify three classes of spin-3
configurations in increasing energy. The ground state
consists of occupied Mn + 3d-like and vacancy s-like
molecular orbitals. The first excited configurations in-
volve excitations within the vacancy into the vacancy p-
like molecular orbitals. These are denoted in Fig. 4 as
spin-3 F-center transitions. The final set of excited spin-3
configurations represent Mn-to-vacancy charge transfer
transitions. These are expected to be highly energetic
since they require a transfer of an electron off the Mn to
doubly occupy the vacancy. Nevertheless, these are in-
cluded in the formation of the multiconfigurational states
to add variational flexibility. The possibility of including
in the CASSCF active space Ca + or F molecular orbit-
als to describe charge transfer states involving these ions
was rejected on the grounds that they were not found to
play a significant role in the d-to-d transitions of the iso-
lated Mn + impurity, ' and would significantly increase
the number of configurations.

A different active space was used for the spin-2
configurations. For these configurations one electron is
antiparallel to the majority spin so that the possibility of
double d-like molecular orbital occupations greatly in-
creases the number of allowed spin-2 arrangements. To
reduce the number of determinants in the CASSCF ex-
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pansion and the overall size of the spin-2 excited-state
calculations, this active space was restricted to include
only one vacancy p-like molecular orbital as shown in
Fig. 4. We note that while this reduction in the active
space reduces the variational Aexibility, the CASSCF
method varies both the expansion coefficients and the
molecular orbitals. Thus the single p-like molecular or-
bital could still take on suitable p, p, or p, character or
linear combinations thereof as required to best represent
the particular excited state. Nevertheless, this choice still
results in there being a total of 140 spin-2 configurations.

With reference to Fig. 4, the ground state of spin 2
consists of all five Mn + 3d molecular orbitals occupied
and spin aligned. The vacancy electron is antiparallel to
these. This arrangement will produce the spin-2 ground
state since each electron occupies a different spatial orbit-
al and hence the Coulomb repulsion is minimized.
Higher in energy will be a manifold of states consisting of
linear combinations of determinants representing
different occupancies of the five d-like and vacancy
molecular orbitals. These can be conveniently categor-
ized as spin-2 d-to-d, charge transfer, and F-center transi-
tions. The d-to-d transitions consist of the various double
occupancies of the Mn + 3d molecular orbitals with the
spin of the vacancy electron aligned with the majority
spin. The charge transfer transitions signify the transfer
of the electron out of the vacancy and onto the Mn + ion
to form a Mn'+ 3d configuration. The F-center transi-
tions involve excitations from the s-like molecular orbital
into the more excited vacancy p-like molecular orbitals
within the vacancy.

Since the wave functions are multiconfigurational, the
states of a given spin will themselves be represented as
linear combinations of these different categories; howev-
er, very often one of the categories will dominate and the
multiconfigurational wave function can be assigned a
specific character (i.e., a particular excited state could be
categorized as being due mainly to a d-to-d transition or
an F-center transition, etc.) This in turn will allow for a
physical interpretation of the various experimental spec-
trum peaks.

III. EXCITED-STATE CALCULATIONS

The calculations begin with PUHF results obtained for
the ground states of spin 2 and 3. All the calculations
were performed in the presence of the embedding exter-
nal charge distribution established for this cluster in the
previous sections. At the PUHF level of theory the spin-
3 ground state lies 0.11 eV aboue the spin-2 ground state.
To test this ordering of levels, PUMP2 calculations show
an increase in this separation with the spin-3 ground state
lying 0.17 eV above the spin-2 ground state. This partic-
ular ordering of the ground states will play an important
role in the understanding of the optical spectrum for irra-
diated CaF2.Mn.

Since CASSCF in GAUssIAN 92 is a spin-restricted pro-
cedure, spin-2 and -3 ROHF ground states were obtained
to establish the initia1 orbitals for the active spaces. With
these ROHF starting orbitals, successive CASSCF calcu-
lations were performed within the spin-2 and -3 mani-

TABLE I. Spin-2 CASSCF transition energies for the embed-
ded Mn-perturbed F-center cluster. Each root represents a
separate CASSCF calculation with the orbitals optimized for
that particular root. The transition energies are calculated with
respect to the spin-2 CASSCF ground state.

Root

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

G.S.~E.S.
Trans. Energy

(eV)

3.445
3.604
3.665
3.719
3.760
3.855
3.881
3.885
3.909
4.263
4.302
4.503
4.582
4.620
4.703
4.756
4.788
5.423
5.788
6.018
6.132
6.171
6.425
6.477

After rigid shift
of —0.647 eV

(eV)'

2.798
2.957
3.018
3.072
3.113
3.208
3.234
3.238
3.263
3.616
3.655
3.856
3.935
3.973
4.056
4.109
4.141
4.776
5.141
5.371
5.485
5.524

Wavelength
(nm)

441
417
409
402
396
385
382
381
378
341
338
320
314
310
304
300
298
258
240
230
225
223
192
190

'Applied to all roots except 24 and 25 which correspond to F-
center transitions.

folds. Since the Hylleraas-Undheim theorem ' guaran-
tees that each root will be a rigorous upper bound to the
actual excited-state energy, optimizing the orbitals so as
to minimize the value of a selected root will produce the
lowest possible upper bound of the selected excited-state
energy for the given active space and basis set. By incre-
menting the root for which the orbitals are optimized for
each successive CASSCF calculation, an energy level
spectrum is produced. Table I summarizes the results for
the spin-2 manifold of states. What is listed are the tran-
sition energies from the spin-2 CASSCF ground state into
the spin-2 CASSCF excited states. Transitions involving
a change in spin are not listed, as these would produce
negligible absorption compared to the spin-allowed tran-
sitions. We emphasize that the excited-state energies cal-
culated in this manner are many-electron state energies
and not one-electron energies. The second column of this
table lists the absolute transition energies and the third
column lists these transition energies after a rigid shift of—0.647 eV applied only to the excited states dominated
by configurations representing d-to-d transitions. The
fourth column lists these transition energies converted
into wavelength. Figure 5 displays the results of Table I
graphically. In addition, Fig. 5 displays the spin-3
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FIG. 5. The CASSCF energy levels for the Mn-perturbed I'"-

center cluster relative to the spin-2 ground state. This is essen-
tially a graphical representation of column 3 of Table I. Also
displayed, relative to the spin-2 ground state, are the spin-3
ground and first excited states. The states are categorized ac-
cording to the dominant configurations in the
multiconfiguration expansions.

Wavelength (nm)

FIG. 6. Overlay of the CASSCF transition energies with the
optical absorption data of McKeever et al. (Ref. 11) for
CaF2..Mn (3%). The data was recorded at 77 K following 367
Gy y irradiation at room temperature. Displayed are the calcu-
lated spin-2 ground- to excited-state transitions and the single
spin-3 ground- to excited-state transition.

ground state and first excited state located approximately
0.2 and 6.5 eV above the spin-2 ground state, respective-
ly. Figure 6 displays all the calculated spin-2 and -3 tran-
sitions on an overlay with the experimental optical spec-
trum obtained by McKeever et al. "

The spin-3 ground- to first-excited-state transition en-
ergy was calculated to occur at approximately 193 nm
and corresponds to a spin-3 F-center transition. Note
that since the spin-3 first excited state does not corre-
spond to a d-to-d transition, this state is not subject to
the —0.647 eV rigid shift. Since further spin-3 excited
states will occur at higher energies and would thus place
them outside the spectral range of the experimental opti-
cal data, higher states of this spin were not considered in
this study.

The application of a —0.647 eV rigid shift for the d-
to-d transitions stems from the fact that for d electrons
CASSCF does a much better job predicting the relative
spacing of the d-to-d energy levels within a given spin
manifold than it does in predicting the absolute transition
energies. From a previous CASSCF analysis of the
[MnFs] cluster, the —0.647 eV rigid shift was intro-
duced so as to bring the calculated spectrum. into align-
ment with the experimentally determined spectrum. '

Since the basis set employed about the Mn + ion for this
study is identical to that of the Mn + ion for the
[MnFs] cluster, this same —0.647 eV rigid shift is
adopted for the d-to-d transitions occurring within the
Mn-perturbed F-center cluster. The optical absorption
spectrum arising from the isolated manganese defect in
unirradiated CaFz..Mn is well defined with the spectrum
peaks established as resulting from specific Mn + 3d d-

to-d transitions. "' As a result, it was possible to deter-
mine an accurate value of the rigid shift for that system
while it is not possible for the present Mn-perturbed F-
center system since the spectrum is not as fully character-
ized. Thus, in order to avoid a completely ad hoc rigid
shifting of the CASSCF levels, the —0.647 eV rigid shift
was applied only to excited states resulting from d-to-d
transitions.

The details as to the origin and justification of this rig-
id shift are discussed in previous work. ' Essentially, this
energy is closely related to the correlation energy correc-
tions employed by Richardson and Janssen in their
analysis of the Mn center in ZnS:Mn and by Florez, Seijo,
and Pueyo in their analysis of the [MnF6] complex in
vacuo and in the RbMnF3 lattice. As discussed by these
authors, the correlation energy corrections arise from
atomic differential correlation effects for the 3d states of
the free Mn + ion.

IV. RESULTS AND DISCUSSION

A. Relevant experimental observations

In this section we shall explain, as far as possible, the
optical absorption spectrum of CaF2.Mn following irradi-
ation at room temperature. We begin with a brief review
of some relevant experimental observations.

Figure 6 shows the optical absorption spectrum of
CaF2.Mn at 77 K following room-temperature irradia-
tion. With reference to this figure, the most important
experimental results to be explained in this paper are the
following:" (l) the spectrum is enhanced by over two or-
ders of magnitude following irradiation at room tempera-
ture, (2) a peak at approximatley 540 nm appears follow-
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ing irradiation, and (3) this peak decays with thermal
treatment along with the shorter wavelength peaks. As
the sample is heated above room temperature the spec-
trum in Fig. 6 is observed to decay. This decay is not
continuous but contains a step at approximately 525 K
which is accompanied by the production of TL with
emission at 49S nm. All the absorption peaks decay to-
gether at 525 K including the S40 nm peak. This implies
that all the peaks are due to the same type of defect. Ac-
cording to the proposed TL models, the thermally
released energy is transferred to a Mn-F-center impurity
complex"' ' resulting in the 495 nrn TL emission. This
495 nm emission is the same wavelength observed in pho-
toluminescence studies before irradiation and has al-
ready been confirmed as being due to the first excited
state to ground state transition in Mn +. Thus, it follows
that the lower-energy 540 nm peak cannot be due to
Mn + absorption. The question then arises as to why the
540 nm peak and the Mn-related absorption peaks decay
simultaneously. In the following two subsections, we
present plausible explanations for the absorption
enhancement, and the appearance and behavior of the
540 nm peak, based upon the results of our calculations.

8. Mn absorption enhancement and structure

It has been proposed by McKeever et al. " that gam-
ma radiation at room temperature creates F centers
which migrate and become trapped adjacent to Mn irn-
purities forming Mn/F defects which are stable at room
temperature. It appears that the presence of Mn is re-
quired to stabilize the F centers since the F-center pro-
duction e%ciency in undoped CaF2 is quite low. ' With
regard to the increase in the absorption spectra following
irradiation, PUHF and PUMP2 calculations show that
the ground state for this system in spin 2. Therefore, the
excited states corresponding to spin-2 d-to-d transitions,
which are spin forbidden in the isolated Mn center, become
spin allowed for the Mn perturbed F-center The lifting .of
this spin selection rule opens up a large number of spin-
allowed d-to-d transitions which our calculations show lie
in the 225 to 441 nm spectral range. The addition of the
vacancy electron also leads to the creation of a larger
number of nondegenerate states with the same spin as the
ground state due to the reduction in symmetry from Oh
to C3, ~ In addition, new states arise relating to transi-
tions within the vacancy such as the spin-2 F-center ex-
cited states shown in Fig. 5, giving rise to transitions at
approximately 191 nm. Generally speaking, these
features taken together are responsible for both the
enhancement of the absorption and the increase in the
complexity of the spectrum.

Figures 5 and 6 display quantitatively the results of our
calculations for the Mn/F defect. In Fig. 5 the ground
state is shown to be spin 2 with five spin-up Mn + d elec-
trons and a spin-down s-like vacancy electron. The next
highest state is spin 3, where the vacancy electron is spin
aligned with the Mn + d electrons. PUMP2 calculations
show that this level lies approximately 0.17 eV above the
ground state. The next set of excited states are spin 2 and
arise from Mn + d-to-d transitions. These states tend to

fall into three groups which we denote 3d(a), 3d(b), and
3d(c). Previous CASSCF calculations obtained for the
[MnFs] Oh cluster also show a three-group structure
for the d-to-d transitions over approximately the same
energy ranges. ' We conclude, therefore, that the pertur-
bation of the Mn + by the adjacent F center does little to
change the energetics of the internal d-to-d transitions.
Instead, the major effect of the interaction with the F-
center electron is to produce a spin-2 ground state that
makes the transitions from the ground state to the three
groups of d levels of the Mn/F defect spin allowed.

Groups 3d(a) and 3d(b) are dominated by linear com-
binations of configurations for which the spin-down elec-
tron occupies a Mn + 3d molecular orbital with the va-
cancy electron spin-up in an s-like molecular orbital. Our
calculations show that group 3d(a) is responsible for tran-
sitions in the 378 to 441 nm spectral range and corre-
sponds closely to an observed absorption peak over this
same interval. The origin of this absorption band, cen-
tered in the 425 nm region, has been unclear for some
time. Alcala et al. and Chakrabart et al. suggest that
the absorption in this region may be due to Mn+ centers;
however, our calculations show that the 425 nm band is
the result of Mn + spin-allowed d-to-d transitions, where
the F-center electron remains localized within the vacan-
cy.

The 3d(b) group of levels extends from the 298 to 341
nm range and corresponds roughly to two peaks at ap-
proximately 300 and 325 nm. This is in agreement with
the conclusions reached by Chakrabarti et al. , who as-
sign absorption in this region to the Mn/F defect based
on the results of thermal annealing and UV phototransfer
studies. A small peak at approximately 360 nm cannot
be unambiguously assigned to levels within the 3d(b)
group and may not be related to the Mn/F defect. We
note that the F band in irradiated undoped CaF2 occurs
at 376 nm. Thus, this peak may be due to F centers not
associated with manganese impurities.

The last group of levels associated with d-to-d transi-
tions is a group we denote 3d(c). Unlike the previous
two groups, this contains a large admixture of vacancy
p-like molecular orbitals and, to a lesser extent,
configurations representing an empty vacancy and a Mn+
3d arrangement. Physically, the states in this group
show a distortion of the vacancy electron charge cloud
toward the Mn + ion. The levels of this group are calcu-
lated to lie in the 22S to 258 nm range and do not appear
to align with any clearly distinguishable peak structure.
This group of states appear to be more sensitive to the
approximations inherent in these calculations than are
the 3d(a) or 3d(b) groups. These approximations include
the size and nature of the CASSCF active space, the im-
position of a single numerical rigid shifting factor, and
the inclusion of the four "outer" manganese 1nn Auorines
in the external lattice. Since configurations representing
the transfer of the electron out of the vacancy and onto
the Mn + ion show up as important contributions for the
3d(c) excited states, a better representation could be ob-
tained by inclusion into the CASSCF active space adja-
cent F p-like molecular orbitals. This would build in, to
a greater extent, interionic correlation effects. The single
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numerical rigid shifting factor of —0.647 eV, that was
applied equally to the 3d(a), 3d(b), and 3d(c) groups,
represents an approximate intraionic correlation energy
correction as discussed in Sec. III. The application of
this rigid shift to the CASSCF results for the [MnFs]
0& cluster representing the isolated Mn + impurity'
brought the calculated transition energies corresponding
to the 3d(a,b) groups shown in Fig. 5 into excellent agree-
ment with those observed experimentally. However, the
application of this correction to the energy levels of the
higher-lying A zs ( F ), T2 ( F ), and T, ( F ) states re-
sults in the calculated transition energies being -0.5 eV
greater than the experimental values. This is largely due
to the explicit neglect of charge-transfer configurations in
the construction of the active space used for the CASSCF
calculations. These states are primarily responsible for
the 3d(c) group of transitions shown in Fig. 5. Thus, it is
to be expected that this factor should be less suitable
for the 3d(c) group where these charge-transfer
configurations appear to be of equal importance. Al-
though the active space here is much larger than that em-
ployed in the isolated Mn + impurity calculations, the in-
clusion into the CASSCF active space adjacent F p-like
molecular orbitals was not made here due to the already
large size of the active space (140 configurations) and the
fact that four of the Mn + nearest-neighbor Auorines are
included in the external lattice.

Given these considerations, it is reasonable to assume
that the levels of the 3d(c) group could be lowered to such
an extent ( -0.5 eV) that they would align with the ob-
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FIG. 7. Some calculated properties of the Mn-perturbed I'-
center cluster indicating the degree of charge transfer associated
with the excited states. The cluster dipole moment (a) and the
effective charges on the Mn and vacancy sites (b) are displayed
as a function of the excitation wavelength. The excited-state en-

ergies and transition wavelengths are listed in Table I.

served structure in the 250 to 290 nm range. Our asser-
tion that the structure in this range is related to a distor-
tion of the electron out of the vacancy and toward the
Mn is further supported by the optically stimulated
luminescence measurements of Allen and McKeever. '

These measurements show that when irradiated CaF2.Mn
is stimulated with light near 290 nm it emits lumines-
cence at 495 nm which has long been established as being
due to the deexcitation of Mn + ions.

To better visualize the charge distortions involved in
the transitions and especially the 3d(c) transitions, we cal-
culated for each state the cluster dipole moment and the
eA'ective charges at the Mn and vacancy sites using the
Mulliken population analysis. The results are displayed
in Fig. 7 as a function of excitation wavelength. Since the
cluster is not symmetric about the vacancy one expects a
nonzero cluster dipole moment for all the states. As Fig.
7(a) shows, the dipole moment is significantly greater in
the 240 to 290 nm range, that is, for the 3d(c) states. Fig-
ure 7(b) shows that this is the result of a shifting of
charge onto the Mn site at the expense of charge in the
vacancy. This observation lends support to those of Al-
len and McKeever' and Chakrabarti et al. , who argue
that optical bleaching at these wavelengths releases excit-
ed F centers from Mn-perturbed F-center complexes.

C. E-center transitions and the 540 nm peak

The final set of states arise primarily from excitations
within the vacancy. These spin-2 and -3 F-center transi-
tions both occur over the narrow range of 190 to 193 nm
and correspond closely to peak structure over this same
interval. Based on this evidence, we assign the peak cen-
tered at approximately 195 nm as resulting from spin-2
and -3 F-center transitions occurring within Mn/F de-
fects. These results are somewhat surprising considering
the fact that the F band in undoped CaF2 occurs at 376
nm. The exchange interaction with the neighboring
Mn + 3d electrons thus represents a very significant per-
turbation to the F-center excited states.

Finally, we return to the issue of the 540 nm peak.
From the CASSCF results obtained in this investigation,
the 540 nm peak cannot be associated with transitions
arising from the Mn/F defect. This peak, therefore, must
be the result of transitions occurring within other defect
complexes which may be created in CaF2..Mn as a result
of exposure to radiation. These defects must be thermal-
ly or optically removed in the same fashion as the Mn-
perturbed F-center defect. This observation would indi-
cate that an F-center-type defect i.s involved. Numerous
possibilities exist such as clusters of F centers or clusters
of Mn-perturbed F-centers. Optical absorption data for
CaF2.Mn for various doping levels ranging from undoped
to 3% show a distinct shifting of the 540 nrn peak toward
shorter wavelengths as the Mn concentration is in-
creased. " For undoped samples, this peak appears cen-
tered at 600 nm and shifts to 540 nm at 3% Mn concen-
tration. Earlier absorption measurements for undoped
samples correlate the existence of a peak at approximate-
ly 600 nm with the presence of defects consisting of two
adjacent F centers (M centers). It is important to note
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that the samples used for the experimental data con-
sidered in this study were doped with Mn at levels ap-
proaching 3 k. Although we do not present the results of
calculations on the Mn-perturbed M center, it is conceiv-
able that the absorption peak at 600 nm occurring in un-
doped samples for the M center could be shifted to 540
nm by a Mn perturbation. We therefore propose that the
540 nm absorption peak in Fig. 6 is due to ground- to
excited-state transitions of Mn-perturbed M centers.

If this model is true, the reason the 540 nm peak an-
neals over the same temperature range as the Mn-
perturbed F-center peaks is that the same processes that
would lead to the breakup of the Mn/F defects, such as
the release and diffusion of excited F centers (proposed by
McKeever and Allen' and by Chakrabarti et al. to ex-
plain TL, phototransferred TL, and optically stimulated
luminescence), would also produce the breakup of M
centers or Mn-perturbed M centers.

V. SUMMARY

The purpose of this paper was to analyze the complex
changes in the absorption spectra of the Mn impurity in
CaFz..Mn following irradiation. In this study we have fo-
cused on the Mn/F defect that consists of an F center ad-
jacent to a substitutional Mn + ion impurity. The elec-
tronic structure of this defect has been determined
through CASSCF calculations on the embedded
[MnCa3F6Vac]'+ cluster. This cluster was chosen pri-
marily by the need to surround the F center by ions that
are treated quantum mechanically. Since four of the
Mn + nearest-neighbor Auorines lie in the external lattice
of this cluster, a study was made to determine the eft'ects
on the transition energies of the Mn + when no F center
is present. The results show the erat'ects to be minor
( (0.1 eV), and demonstrate the adequacy of the approxi-

mations inherent in this choice of cluster and embedding
potential.

Ultimately, the theoretical justification for any choice
of cluster and/or computational method rests in its abili-
ty to predict the experimentally observed transitions from
the calculated results. Our results show that not only do
the embedded CASSCF calculations using this cluster
produce transition energies that are in reasonably good
agreement with the observed absorption spectrum, but
the calculated Mn d-to-d transitions are in good agree-
ment with those obtained from similar CASSCF calcula-
tions of the Mn d-to-d transitions for the Oz symmetry
eightfold coordinated isolated Mn cluster recently inves-
tigated by the authors. ' With slight perturbations, the
same three bands of d-to-d transitions occur in both
cases. The ground state of this defect was found to be
spin 2. Thus the main efFect of the adjacent F center is to
make the d-to-d transitions spin allowed and to introduce
additional states relating to transitions occurring within
the vacancy. Our calculations further show that the im-
portant peak at 540 nm is not associated with this defect.
We have proposed that it may be associated with Mn-
perturbed M centers. While theoretical calculations for
this defect were not carried out in this study, future em-
bedded cluster CASSCF calculations could be used to
verify this hypothesis.
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