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We analyze Mn absorption in CaF;:Mn by the employment of ab initio quantum-mechanical
cluster calculations and ligand-field methods. The [MnFs}e_ Oy, cluster is chosen to represent the
isolated Mn?* substitutional impurity in an otherwise perfect crystal. The methods of unrestricted
open-shell Hartree-Fock self-consistent field (SCF), Mgller-Plesset perturbation theory to second-
and fourth-order, and singles and doubles configuration interaction are used to calculate the spin
sextet and quartet ground states. With the active space consisting of the Mn 3d molecular orbitals,
the spin quartet excited states are calculated by the method of multiconfiguration SCF. It was
found that the presence of an external field designed to reproduce the Madelung potential difference
within the cluster did not significantly affect the Mn d-to-d transitions. The crystal-field term
splitting diagrams for the eight-coordinated Mn** impurity in O, symmetry are calculated. The
results showed a narrowing of the multiplet terms in energy with respect to the six-coordinated O
result. This increases the crystal-field parameter Dq from the previously published value of 420—570

cm™ .

I. INTRODUCTION

With its introduction as a highly efficient thermolu-
minescent radiation dosimeter by Ginther and Kirk in
1957,! CaF:Mn has been the subject of much study be-
cause of the wide-range linearity of its thermolumines-
cent response to radiation dose and the location of a
major glow peak well above room temperature. While
much of the early work centered around the operational
importance of CaFy:Mn and its use in dosimetry,®”®
it was not until the last two decades that detailed
studies became available as to the role 3d ions play
in altering the optical properties of CaF;. The pur-
pose of these studies has been to examine the pro-
cesses of energy storage in this material following irra-
diation and the subsequent release of this energy in the
form of luminescence. With regard to Mn in particu-
lar, optical absorption,® ® photoluminescence,®1°712 and
thermoluminescence:®1371% (TL) studies have led to a
wealth of experimental data from which different mod-
els and energy level assignments have been put forward.
For instance, CaF3:Mn irradiated at room temperature
is characterized by one main TL glow peak near 550 K. If
irradiated at 80 K, a second more intense peak at 200 K
appears.1® The emission spectra of both peaks indicate a
process which involves the relaxation of an excited *Mn?*
ion to a ground state Mn2* ion producing an emission
peak at 495 nm. A peak at this same wavelength from
photoluminescence measurements has been assigned to
a transition from the 4Ty4(*G) level of the Mn?* jon.!®
X-ray-induced luminescence has also been shown to emit
at the same wavelength.511

Of particular interest is the work of McKeever et al.?
They describe a series of Mn absorption studies in CaF3
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with varying levels of Mn dopant before and after irradi-
ation. Before irradiation they observe optical absorption
spectra characteristic of internal Mn?* transitions. Af-
ter irradiation they observe not only an increase in the
intensity of the absorption by 103 but also the creation
of new structure which is explained in terms of substitu-
tional Mn2?* becoming associated with radiation-induced
defects such as F' centers.® They propose a model for
which the adjacent F center breaks the O symmetry of
the isolated substitutional Mn2* impurity and the addi-
tional F-center electron couples with the 3d® electrons in
Mn?* thereby removing the spin and parity forbiddeness
of optical transitions resulting in a greatly enhanced and
more complex absorption pattern.®

While the available experimental data has gone far in
illuminating the processes involved and has led to the
proposal of a plausible qualitative model of the defects
involved, the present state of research has reached a point
where quantum-mechanical calculations could contribute
greater insight. The employment of quantum-chemical
computational techniques now represent the next logical
step in the understanding of these processes.

Molecular orbital calculations of defect clusters within
the Hartree-Fock formalism and its extensions such as
configuration interaction (CI), Mgller-Plesset many-body
perturbation theory to second (MP2) and fourth or-
der (MP4), and multiconfigurational self-consistent-field
(MCSCF) techniques have been incorporated into the
GAUSSIAN 92 (Ref. 16) general purpose quantum-chemical
program. With the recent incorporation of external
charge distributions and an effective treatment of d elec-
trons, large scale calculations of the electronic structure
of both the ground and excited states of defect clusters
in crystals containing 3d ions can now be accomplished.
This is also facilitated by the recent widespread availabil-
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ity of relatively inexpensive high-speed electronic com-
puters.

The purpose of this paper is to analyze the Mn absorp-
tion spectrum in CaF'; using the results of calculations of
both the ground and excited states of an isolated Mn2+
impurity (that is, before the sample would be irradiated).
The methods employed to determine the spin sextet and
quartet ground states include unrestricted Hartree-Fock
(UHF), restricted open-shell Hartree-Fock (ROHF), CI,
MP2, and MP4. The method of MCSCF is used for the
calculation of the spin quartet excited state energy lev-
els. The resulting multiplet levels are then compared
to the experimental optical absorption spectra. To our
knowledge, this is the first ab initio calculation of the Mn
absorption spectra in CaF,.

In addition to the above calculations, the ligand-field
Tanabe-Sugano'” diagrams of the eightfold-coordinated
Mn2* impurity with O, symmetry will be developed. It
is to be noted that while ligand-field theory has been
applied to this system before,%!° the Tanabe-Sugano di-
agrams used in the analysis were for six-coordinated Oy
3d ions. From group theory it is evident that the same
terms will arise from both the six- and eight-coordinated
systems; however, the spacing of the terms in energy will
be affected by the coordination number and we show that
this leads to a larger Dq crystal-field splitting parameter
than has thus far been reported in the literature.10

II. METHODS EMPLOYED
A. Theoretical background

The literature on the method of Hartree-Fock is exten-
sive with numerous articles published on various aspects
of the theory including several review articles and books
on the subject.'® 22 While a detailed discussion of the
underlying theory of the Hartree-Fock method and its
extensions is outside the scope of this paper, it will be
worthwhile to briefly describe some of the essential fea-
tures.

We seek to determine the solutions of the electronic
Schrodinger equation within the Born-Oppenheimer ap-
proximation. The electronic Hamiltonian in atomic units
describing the motion of N electrons in the field of M

point charges is?!
N N M, N N
H=-3 oVi-2 3 243>~ O
i=1 i=1 A=1 i4 =1 j>i +J

Within a molecular orbital picture, the Hartree-Fock ap-
proximation assumes an antisymmetric wave function in
the form of a single Slater determinant which is the sim-
plest form of the wave function that satisfies the anti-
symmetry requirement. This Slater determinant intro-
duces so-called exchange effects whereby the motion of
two electrons with parallel spins are correlated; how-
ever, the motion of electrons with opposite spins remain
uncorrelated.?! It is the purpose then of the various ex-
tensions to Hartree-Fock theory such as CI, MP2, MP4,

and MCSCF to build in the missing correlation energy.2°

Hartree-Fock theory results in a set of one-electron
nonlinear Hartree-Fock eigenvalue equations which must
be solved iteratively utilizing the self-consistent-field
(SCF) method. The SCF procedure begins by making
an initial guess of the spin orbitals. One method is to
determine the starting orbitals by diagonalizing a nonin-
teracting Hamiltonian of the form # = Efvzl h(z) where
the operator h(z) describes the kinetic and potential en-
ergy of electron i. Once the initial spin orbitals are de-
termined the Hartree-Fock potential vF (3) is calculated
and the Hartree-Fock eigenvalue equations are solved for
the new set of spin orbitals from which one calculates the
new average potential and then the Hartree-Fock eigen-
value equations are solved again. This procedure is con-
tinued until the spin orbitals used to construct the Fock
operator are the same as its eigenfunctions. At this point
self-consistency is achieved.

This procedure produces a set of orthonormal spin or-
bitals x; and a set of one-electron orbital energies .
The Slater determinant formed from the N spin orbitals
with the lowest orbital energies will be the Hartree-Fock
ground state and is the best variational approximation
to the ground state of the system of a single determinant
form. The remaining unoccupied spin orbitals (known
as virtual orbitals) correspond to the one-electron solu-
tions to the N + 1 problem and are used in the CI and
MCSCF procedures to improve upon the Hartree-Fock
ground state solutions and to calculate excited states of
the system.

While in the abstract, the Hartree-Fock equations have
an infinite number of solutions; for practical molecular
calculations the Hartree-Fock equation is solved by the
introduction of a finite set of spatial basis functions. The
spatial parts of the molecular spin orbitals (i.e., the so-
lutions to the Hartree-Fock equations for molecular sys-
tems) are expanded in terms of the chosen basis set. Over
the last two decades molecular calculations based on the
Gaussian basis set have enjoyed the most success stem-
ming mainly from the ease with which the multicenter in-
tegrals may be evaluated.?®?2! While Gaussian functions
do not have the proper behavior near the center of the nu-
cleus about which they are located as do the Slater-type
orbital basis set, it has been demonstrated that a single
Slater-type orbital may be represented to an adequate
approximation by a linear combination (contraction) of
three or more Gaussians. Even though this represents an
increase in the overall size of the basis set, the ease with
which the multicenter integrals may be evaluated more
than compensates. A common practice is to choose the
Gaussian basis set from the published results of atomic
calculations?® and then augment this basis by more dif-
fuse s, p, and d Gaussian-type functions.

The introduction of the finite basis converts the above
abstract operator equation into a matrix eigenvalue prob-
lem. When the spatial parts of the spin molecular or-
bitals are constrained to be the same for both the up (a)
and down () spins the method is known as restricted
Hartree-Fock (RHF') and the resulting matrix equations
are called Roothaan equations.?%:2! By allowing the spa-
tial parts for a and 3 spins to differ the method is known
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as unrestricted Hartree-Fock (UHF) described by the
Pople-Nesbet matrix equations.?®?! Both methods were
used in calculations presented in this paper and both have
been implemented in the GAUSSIAN 92 (Ref. 16) system
of quantum-chemistry programs.

As already mentioned, in Hartree-Fock theory the mo-
tion of electrons with opposite spins are not correlated.
This is a consequence of the single determinantal form
of the variational wave function and as a result even for
an infinite basis set the ground state Hartree-Fock en-
ergy will always lie above the exact nonrelativistic Born-
Oppenheimer ground state energy by the amount of en-
ergy involved in this missing correlation. One important
method used to obtain this missing correlation energy is
the method of configuration interaction (CI). While CI
is a well-known method and has been described in detail
elsewhere, 292! it will be useful to summarize the essential
features.

For a basis set consisting of K basis functions the
Hartree-Fock procedure will produce 2K molecular spin
orbitals. For IV electrons, the ground state Hartree-Fock
wave function will be a single Slater determinant com-
prised of the NV lowest-energy spin orbitals. Representing
this ground state wave function as,?!

|@o) = |X1,X2" " XaXb" " XN)» (2)

where it is understood that the remaining 2K — N spin
orbitals are unoccupied, it is clear that the determinant
given by Eq. (2) is but one of many N-electron deter-
minants that could be formed from the 2K spin orbitals.
For instance, one could form a singly excited determinant
by promoting an electron from the occupied spin orbital
Xa into the previously unoccupied virtual spin orbital x,
producing the wave function

[O0) = |x1, X2 XrXb " - XN), (3)

where the notation |¥7) designates that the spin orbital
Xa in the ground state Hartree-Fock wave function has
been replaced by the virtual spin orbital x,. A doubly
excited determinant could be produced by exciting elec-
trons from x, and x; to x,» and x, thus

|Wos) = IX1X2 " " XrXa" " XN)- (4)

In fact the total number of determinants that could be
produced in this way is (2K)!/[N!(2K — N)!]. While the
excited determinants do not in themselves represent the
excited states of the system, they do form N-electron
basis functions in which the exact N-electron states may
be expanded. If |®) is the exact wave function of the

system for a given basis, then the CI expansion would
be21

|®) = colTo) + D cLlTL) + D chpl¥rs)
ra a<b
r<s

+ ) R+ (5)

a<b<lc
r<s<t

Diagonalizing the CI matrix (¥;|H|¥;), where {|¥;)} =
{|%o), [TL),|TT2), ...}, gives not only the lowest possi-
ble upper bound to the ground state energy but also

the lowest possible upper bounds to the excited states
of the same spin for the given basis set.2*! While the
CI approach is systematic, the number of determinants
required to represent all excitations becomes extremely
large for even small systems. For most practical calcula-
tions the CI expansion Eq. (5) is commonly truncated to
include only up to at most triple excitations.

For the CI calculations presented in this paper, CI
singles (CIS), consisting of only the single excitations
in Eq. (5), will be used as an aid for determining the
Hartree-Fock ground state. In addition, the method of
CI using both single and double substitutions of the de-
terminant (CISD) will be used to calculate the ground to
first excited state transition energy.

A variation on this theme is the method of multicon-
figurational SCF (MCSCF). This method is a combina-
tion of CI and SCF. It is in fact SCF with a multideter-
minantal wave function obtained from a full CI expan-
sion within a selected manifold of molecular spin orbitals
known as the active space.2’ When the truncated CI ex-
pansion is constructed out of all possible configurations
within the specified active space, the method is known as
complete active space SCF (CASSCF). With this under-
stood, we will use the term MCSCF synonymously with
CASSCF. Thus the MCSCEF is a truncated CI expansion
in which both the expansion coefficients and the molecu-
lar orbitals for all the electrons are optimized.?%:26 The
added advantage is that the orbitals may be optimized
for each excited root and thereby, with the proper choice
of the active space, one may obtain excited state energies
of the same spin multiplicity. For this reason MCSCF is
a powerful computational tool for the calculation of a
system’s multiplet structure.

B. Cluster geometry and basis set

Mn2t ions enter the CaF, lattice substitutionally and
are surrounded by eight F~ ions arranged in O symme-
try. To model the isolated Mn impurity, we construct a
cluster consisting of a central Mn?* ion and the nearest
neighbor F~ ions as shown in Fig. 1. With the Mn?* ion
at the origin the F~ ions are located at (:t%,:t%, :i:%),
where a is the F-F distance. Recent experimental evi-
dence in the form of x-ray absorption near-edge structure
(XANES) (Ref. 27) indicates a first shell Mn-F distance
of 2.20 A. This represents about a 7% inward relaxation

FIG. 1. Diagram of the [MnFs]®~ cluster used to model
the isolated Mn impurity in CaF,.
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of the nearest neighbor fluorine ions from the perfect
CaF, Ca-F nearest neighbor distance of 2.366 A.28

The choice of the variational basis set is perhaps the
most important consideration when attempting to per-
form accurate SCF calculations for many-electron sys-
tems. Basis set related errors have been reviewed ex-
tensively in the literature.?? One attempts to choose a
basis that, while limited enough in size for practical cal-
culations, is also flexible enough so as not to unduly bias
the results. Particular attention must be paid to the Mn
3d orbitals as they are the ones primarily responsible for
the observed transitions. The Hartree-Fock SCF proce-
dure attempts to find the lowest energy of a given spin
and spatial symmetry. However, the SCF procedure may
not initially converge to the ground state of a given ba-
sis but may get trapped in a local minimum. This is
related to the fact that if the charge density of the ini-
tial guess is substantially removed from the ground state
charge density the finite basis set may not allow for a
smooth transition from the initial guess to the ground
state. As a result it is sometimes necessary to alter the
occupied orbitals in a series of SCF calculations. As will
be discussed in the following section, a CI singles (CIS)
procedure provides a systematic method for doing this.

The standard basis functions used for atomic calcula-
tions of the F~ ion and the Ca and Mn atoms from Huzi-
naga et al.?3 provide a starting point for choosing a basis.
The core orbitals were constructed from this source and
then were augmented by the addition of more diffuse s, p,
and d Gaussian-type functions. In total, 9 atomic basis
functions were used for fluorine, 13 for calcium, and 23
for manganese. The atomic basis functions each consist
of a linear combination (contraction) of Gaussian-type
functions which are a product of a radial Gaussian and
a real spherical harmonic function.

C. External field

It has been pointed out that in many cases the model-
ing of crystal defects by isolated cluster calculations can
lead to inaccurate results.3® While this may certainly be
true for defect complexes where the electron charge den-
sity is delocalized in, for instance, an F' center, or for
materials exhibiting a large degree of covalent bonding,
one expects this problem to be less severe for point impu-
rities in ionic crystals. This is borne out by the success
to which the method of ligand fields has had in its ap-
plication to transition metals in the alkali halides and
alkali earth fluorides. Nevertheless, in every case it must
be demonstrated to what degree the external field affects
the calculated transitions.

To a first approximation, an external arrangement of
point ions must produce the Madelung potentials within
the cluster. For a finite external arrangement, however,
this requires a judicious choice of the external point ion
distribution cutoff radius. The Madelung potentials for
CaF; available in the literature2® are ¢g° = 0.394 hartree
for a F site and ¢, = —0.733 hartree for a Ca site. The
oo superscript is used to indicate the potentials for an
infinite lattice. A finite external arrangement of point
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ions must be chosen such that it produces the cluster-
subtracted Madelung potentials at the Mn and F sites
within the quantum cluster. Accounting for the electro-
static contributions to the Madelung potential due to the
cluster ions the cluster-subtracted Madelung potentials
are ¢f°’ = 1.051 hartree and ¢f;, = 1.056 hartree. The
external lattice size therefore will be chosen such that its
potential reproduces the difference ¢gz, — ¢g°’ = 0.005
hartree.

For these calculations, the external field was produced
by arranging outside the quantum cluster —1 and +2
point charges representing the F~ and Ca?* ions, respec-
tively. These external ions were situated so as to conform
to the structure of a perfect CaF; lattice. Figure 2 shows
the potential difference ¢}y, (R) — ¢x(R) as a function of
the radius of the external arrangement of point ions from
the central Mn ion. This figure shows that as the size of
the external arrangement increases, the potential differ-
ence begins to converge as one would expect. As the size
is further increased, one would expect the potential differ-
ence produced from the finite arrangement to approach
the value for the infinite lattice, namely 0.005 hartree.
The goal of modeling the infinite lattice with a finite ar-
rangement of point ions can be achieved by selecting the
size of this finite arrangement so that the potential differ-
ence produced by it most closely matches the value for
the infinite lattice. Figure 2 shows that this is accom-
plished with an external point ion radius of 20.647 bohrs
consisting of 412 point ions. This arrangement produced
the desired potential difference of 0.005 hartree.

D. Methodology

The cluster under consideration in Fig. 1 has an over-
all charge of —6. Each F~ has closed 2p shells and the
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FIG. 2. The electrostatic potential difference between the
central Mn site and a F site, ¢y, (R) — o5 (R), as a function
of the radius of the external point ion arrangement from the
central Mn ion. As shown in the figure, the arrangement actu-
ally used for the SCF calculations consisted of those external
point ions less than 20.65 bohrs from the central Mn site.
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Mn?* has the 3d°® configuration outside closed shells.
The ground state is the ¢4, (tggeg) term with the term
4T1g(t3,€3) as the first excited state which is the spin

quartet gground state. The methodology used for SCF
calculations presented in this paper involves essentially
four steps: (i) For the given external field, perform a se-
ries of SCF and CIS calculations to obtain the ground
state for a given spin multiplicity, (ii) optimize the basis
set to minimize the ground state energy, (iii) use electron
correlation methods such as MP2, MP4, and CISD to im-
prove upon the ground state energies, and, (iv) use the
method of MCSCF to calculate the excited state energies
within the spin 3/2 manifold of states. Along the way,
an important question one must answer is the degree by
which the external field affects the electronic transition
energies. Also, so as to reduce the computational task,
we performed the CISD calculations under the frozen
core restriction. Under this restriction, the excitations in
the CISD expansion are not taken from the core molecu-
lar orbitals. For the calculations presented in this paper
the molecular orbitals designated as core consisted of the
Mn2?* 1s-, 2s-, and 2p-type molecular orbitals and the
eight F~ 1s-type molecular orbitals.

To obtain the ground state ¢ A14(%S), we started from
an initial guess generated by diagonalizing the core
Hamiltonian. As already stated above, this method of
generating an initial guess generally produces a charge
density that is significantly removed from the converged
Hartree-Fock density for the ground state. Furthermore,
since the basis set is finite, the SCF procedure gener-
ally will not converge to the ground state on the first
attempt. One method of overcoming this problem is to
perform a Hartree-Fock SCF calculation and then do sin-
gles CI. This will produce the CIS energy spectrum and
the leading coefficients for the singles CI expansion. From
the energy spectrum one may determine the approximate
energy of those states with the same spin multiplicity be-
low the SCF-converged result and, from the leading coef-
ficients in the CI expansion, determine which molecular
orbital alterations need to be made to the guess for the
next SCF-CIS calculation. This procedure is continued
until CIS does not produce an energy below the present
SCF-converged result. Of course, the ground states for
some spin multiplicities are multideterminantal [such as
4T14(*@)); in this case CIS will always give a lower energy.
For this case CIS will produce a lower-energy eigenvalue;
however, the CI expansion will contain several determi-
nants with similar expansion coefficients indicating that
the wave function is best described as a linear combina-
tion of determinants. At this point, it is unlikely that
further alterations will lead to a lowering of the SCF
energy and hence the Hartree-Fock ground state single
determinantal wave function is obtained.

With the ground state determined, the next step is
to optimize the basis set. For these calculations, this
is done by repeatedly performing SCF calculations with
the Gaussian exponents varied each time so as to lower
the SCF energy. The GAUSSIAN 92 (Ref. 16) quantum-
chemical programs provide a utility for just this type of
operation. In practice only the basis functions represent-
ing the valence electrons are varied. Once the basis set

A. C. LEWANDOWSKI AND T. M. WILSON 50

is optimized for the ground state, the first excited state
4T14(*G) is obtained by flipping a spin and following the
SCF-CIS procedure outlined above.

The Hartree-Fock wave functions are then improved
upon by utilizing the correlated methods of MP2, MP4,
and CI including single and double substitutions. The
results are given in the following section. In addition, cal-
culations were performed to test the effect of the external
field on the ground state to first excited state transition
energy.

Finally the method of MCSCEF is used to calculate the
excited state energies within the spin 3/2 manifold of
states. The choice of the proper active space for MCSCF
is of utmost importance. For these calculations, the ac-
tive space was chosen so that all orbitals correspond to
the N-electron problem in the following fashion. Cur-
rently MCSCF, as implemented by GAUSSIAN 92,8 is a
spin-restricted procedure. Therefore a restricted open-
shell Hartree-Fock (ROHF) calculation of the 6A4;4(6S5)
ground state is first performed. This state is spin 5/2
with all five 3d electrons spin aligned. Choosing the ac-
tive space to be these five spin-restricted 3d molecular
orbitals (MO’s) and flipping one spin so as to produce
the spin 3/2 first excited state, the active space now con-
sists of five electrons and five MO’s except that now one
MO is doubly occupied and one MO is empty. Since the
empty MO was obtained from the spin 5/2 calculation, it
still corresponds to the N-electron problem and is there-
fore, strictly speaking, not a virtual MO. The complete
active space expansion produces 24 distinguishable de-
terminants with which to represent the spin 3/2 states.
The results of the MCSCF calculations are presented in
the next section.

Finally, as already discussed, ligand-field theory has
been applied to this system before.? However, the
Tanabe-Sugano diagrams used for the analysis were for
Op, six-coordinated Mn. Therefore, one aspect of this
work was to determine the proper diagrams for eight-
coordinated Mn and discuss both the MCSCEF results and
experimental data in terms of the new diagrams. These
results are presented in the next section and a summary
of the theory is presented in Sec. IV B.

III. RESULTS

In Table I we present a summary of the ground state
to first excited state transition energies obtained experi-

TABLE 1. Values of the transition energy from the ground
state [®A14(®S)] to the first excited state [*T1,(*G)] obtained
from the various methods employed. The experimental results

are from McKeever et al. (Ref. 9).
Method 6A4:,(°S) = *T1,(*G) (eV)

Experimental 2.81
UHF (with ext. field) 3.71
UHF 3.76
MP2 3.53
MP4 3.49
CISD 3.46
MCSCF 3.54
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FIG. 3. The percent change in the electronic charge density
in the z-y plane defined in Fig. 1. This figure shows that
within the confines of the quantum cluster the percent change
in the electronic charge density arising from the introduction
of the external point ion field is no more than ~ 1%.

mentally and from the various quantum-chemical meth-
ods. One point to note is that at the UHF level of theory,
the calculated transition energies both with and without
the external field differ by only 0.05 eV. As we will point
out later, this difference is slightly higher than the reso-
lution obtainable in these calculations from the MCSCF
technique for the excited states. We may conclude, there-
fore, that as far as the transition energies are concerned,
the effect of the external field is quite small. This obser-
vation is consistent with studies of Mn centers in other
hosts such as ZnS by Richardson and Janssen,3! by Flérez
et al.3? in RbMnF3, and V2t in ZnSe by Wilson.3? As
further evidence, Fig. 3 shows the percent change in the
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electron density about the quantum cluster arising due
to the effect of the external field. The percent change
is calculated by {[pext(r) — p(r)]/pext(r)} X 100, where
Pext(r) is the electronic charge density in the presence of
the external field. The figure shows the percent change
in the z-y plane as defined in Fig. 1. The location of
the F~ ion is actually the location of its projection onto
the z-y plane. The figure shows that within the confines
of the quantum cluster, the percent change in the elec-
tron charge density arising from the introduction of the
external point ion field is no more than ~ 1%. Since
the excited states are due to d-to-d transitions and since
the d orbitals are rather localized about the Mn ion, one
expects the presence of the external field to have little ef-
fect. Therefore, having introduced an external field and
finding its effects to be negligible for transition energies,
we may now proceed without the external field for further
calculations.

The remaining results in Table I were calculated with-
out an external field. While the CISD method yields
the best transition energy, it is still 0.65 eV above the
experimental value. An error of this magnitude for d-
to-d transitions in Mn-related defects is quite common.
Richardson and Janssen,3! for instance, report a UHF
error of 1.6 eV for the ground to first excited state tran-
sition for Mn defects in ZnS. For the Mn in CaF,, we
see that the UHF error is 0.95 eV without the external
field. Thus, the CISD method has accounted for approxi-
mately 0.30 eV of the missing correlation energy with the
present basis. Part of the missing correlation effects can
be accounted for at the MP4 and CISD levels of theory
by increasing the size of the basis set. With the present
basis, however, one could obtain somewhat improved re-
sults through either a single reference MCSCF+CI (see,
for instance, Luth and Scheiner3*) or the multireference
CI method which involves performing CI (usually up to
CISD) from selected configurations determined from a
previous MCSCF calculation.3® However, the application

FIG. 4. Optical absorption of an unirra-
diated specimen of CaF2:Mn (3%). The ab-
sorption peaks have been assigned to the mul-
tiplet terms arising from the free ion energy
levels *G, *D, *P, and *F as described in the
text [McKeever et al. (Ref. 9)].
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FIG. 5. Crystal-field splitting diagram for the d° system
in Ofls) symmetry for B = 781 cm™' and C = 3.498 x 10°
cm™!. The energies are presented with respect to the ground
state ®A;,(®S). The dashed line shows the value of Dgq that
gives the best fit to the experimental data of McKeever et al.
(Ref. 9).

of the multireference methods for systems of this size
remains a formidable computational task and therefore
were not included in this study. A final observation from
Table I is that the MCSCF technique is at the same level
as MP2 as far as correlation is concerned.

In Fig. 4 we show the optical absorption data by Mc-
Keever et al.® Their experimental values are presented
in Table II as column 4. The assigned term designations
were made by them based on a ligand-field analysis from
fitting to the 3d® Tanabe-Sugano diagram for an ion in
the presence of a point ion field of Op (six-coordinated)
symmetry. This resulted in a Dq value of 420 cm™?! for
the crystal-field splitting parameter.® We have reworked
the Tanabe-Sugano diagram for a 3d° eight-coordinated
Oy, system in Sec. IV B. We present the results as Fig. 5.
The dashed line shows the Dgq value that gives the best
fit to the new diagram using the experimental data of
column 4 of Table II. This results in a new Dq value of
570 cm ™.
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FIG. 6. Graphical representation of the numerical MCSCF
results presented in Table II after the —0.647 eV rigid shift.

The experimental results are from McKeever et al. (Ref. 9).

Table II shows the results of MCSCF calculations.
The second column gives the transition energies from
the ground state calculated at the ROHF level of the-
ory to the excited states calculated at the MCSCF level
of theory. We note that as one moves up in energy with
successive MCSCF calculations, one observes the cluster-
ing of the excited state levels into the two- and threefold
degeneracies of the various *E,, T4, and *Tp, terms.
Because of the finite basis set and the fact that the Oy
symmetry of the Mn impurity had to be relaxed in the
MCSCEF calculations, the energies of the partners to the
irreducible representations of the Oj group indicated in
column 1 will no longer be exactly degenerate. The er-
rors shown in Table II indicate this spread in energy. The
energy given in column 2 is taken as the average energy
of these partners. Based upon the results of ligand-field
theory and the groupings of the levels calculated by the
MCSCF technique, we were able to make the term as-
signments in column 1 of Table II.

TABLE II. Summary of the transition energies obtained from MCSCF. The energies are with
respect to the ground state °A4,,(°S) ROHF energy. The experimental results are from the work

of McKeever et al. (Ref. 9).

State Energy (eV) After rigid shift of -0.647 eV Experimental (eV)
‘T, (*G) 3.54 &+ 0.02 2.89 + 0.02 2.81
‘T (*G) 3.75 £ 0.01 3.10 £0.01 3.10
‘E,(*G) [*Arg)® 3.78 £ 0.01 3.13 +0.01 3.14
44:,(°G) *E,q)® 3.81 3.16 3.16
1Tye(*D) 4.59 + 0.01 3.94 +0.01 3.70
‘E,(*D) 4.64 £+ 0.03 3.99 +0.03 3.87
‘Tg(*P) 4.72 £0.03 4.07 £ 0.03 4.20
1A2,(*F) 6.25 5.60 5.17
‘T (*F) 6.39 £ 0.03 5.74 £ 0.03 5.17
1T (*F) 6.49 + 0.02 5.84 + 0.02 5.30

*Assignments made by McKeever et al.

(Ref. 9).
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From Fig. 4 we observe that experimentally some en-
ergies are known better than others. Since the peak des-
ignated A;,(*G) is the sharpest and hence provides the
most precise experimental energy, the calculated values
are rigidly shifted by —0.647 eV to match the experimen-
tal #A4,4(*G) level. These results are given in column 3.
Figure 6 shows graphically the calculated values of col-
umn 3 and experimental values of column 4.

IV. DISCUSSION

A. MCSCEF results

The ab initio determination of the electronic structure
of the ground and excited states of complicated many-
electron systems such as the [MnFs]®~ cluster require
the employment of quantum-mechanical methods that
go beyond the Hartree-Fock level of theory. Since large
scale CI calculations are impractical for systems of this
size, the only practical alternative is the complete ac-
tive space multiconfigurational SCF method. It is then
the intent of this work to demonstrate that the MCSCF
technique produces reliable transition energies that are
in good agreement with experiment. The active space
chosen to calculate the excited states for the [MnFg| ¢
cluster within the spin 3/2 manifold of states consists of
the Mn d-like molecular orbitals. In all, this produced 24
configurations. The MCSCF technique then starts with
the ROHF orbitals, diagonalizes the CI matrix consist-
ing of the 24 configurations, and produces the CI expan-
sion coefficients and eigenvalues. Then, with the wave
function represented by this truncated CI expansion, the
orbitals are then varied so as to minimize the desired
eigenvalue. With the new orbitals, the CI matrix is di-
agonalized again and the process is repeated until the
desired eigenvalue converges. Since at every step of the
way the CI eigenvalues are rigorous upper bounds to the
excited state energy, by choosing to optimize the orbitals
for one of the excited CI eigenvalues, one obtains the best
possible excited state energy for the given active space.

Table II shows the results of the MCSCF calculations
for all of the Mn S=3/2 states. Figure 6 shows the same
results graphically. With regard to these results there
are two important points. First, it was found that the
MCSCF method does a much better job predicting the
relative spacing of the energy levels within a given spin
manifold than it does in predicting the absolute transi-
tion energies. Column 2 in Table II gives the energies of
the spin 3/2 states with respect to the spin 5/2 ground
state. By comparing these values with the experimen-
tal results in this table, we see that they depart from
the experimental values by on the average of about 1
eV. By performing a rigid shift of —0.647 eV to match
the experimental *A4;,(*G) level the overall agreement
as shown in Fig. 6 is much better. We note that within
the 24-configuration MCSCF approach adopted in this
work for the spin 3/2 states, only the d-d correlation
energy contributions have been explicitly included. It
should further be noted that for this choice of using only
the d-like MO’s to form the configurations, the 54,4(%S)
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level can only be treated at the ROHF level of theory.
Since this level is spin 5/2 with all five spins aligned,
constructing the active space from the Mn d-like molec-
ular orbitals produces only one possible configuration.
This means that if the spin 3/2 and spin 5/2 levels are
to be treated at the same level of theory (as they must
for purposes of comparison) the 64,4(8S5) is represented
by a single determinantal wave function while the quar-
tet levels are represented by a multideterminantal wave
function consisting of 24 determinants. This is roughly
equivalent to doing an SCF ligand-field CI calculation in
Richardson and Janssen’s terminology.3! In their study
of ZnS:Mn, they show there to be additional correlation
energy corrections (CEC’s) to the (S=5/2 — $=3/2)
transition energies of ~ 1 eV. They found the CEC’s for
the 64; — 4T, transition to be 0.79 eV. These correc-
tions arise from atomic differential correlation effects for
the 3d° states of the free Mn?* ion. From Table I we
show the 64,,(6S) — *T1,(*G) transition energies for
the different levels of theory. We observe that the best
calculated value is obtained from a large configuration
interaction calculation involving all noncore single and
double substitutions (CISD). Our MCSCEF results for the
64,4 — 4Ty, transition energy is 0.73 eV greater than is
observed experimentally. The CISD result reduces this
error by 0.08—0.65 eV. Further, significant reductions
would result were it possible to perform full CI calcu-
lations on these two states. Such calculations are not yet
feasible for systems of this size. Thus the introduction of
the —0.647 eV rigid shift into the MCSCF results should
be viewed as a correlation energy correction. An alter-
native approach would be to introduce the CEC’s by the
method employed by Richardson and Janssen.3!

The second point is that as one moves up in energy
the calculated results begin to depart further and fur-
ther from the experimental values. As one tries to cal-
culate excited states with higher and higher energies the
finite size of the active space becomes more and more
relevant. This is because the higher roots, while rigorous
upper bounds, are also orthogonal to the lower roots as
determined using the same basis as that obtained by the
MCSCF procedure for the optimized root. This, there-
fore, introduces an additional error into the result that
increases as higher roots are optimized. Also, it is to be
expected that errors involving the lack of correlation due
to charge transfer contributions should be more impor-
tant for the higher states. The solution that could be
consistently applied to all the states would be to increase
the size of the active space to include some F~ s- and
p-like molecular orbitals and recalculate the states. How-
ever, this increase in the size of the active space would
significantly increase the number of configurations and
computational time.

According to ligand-field theory, we see from Fig. 5
that the *E,(*G) and *A;,(*G) terms remain degenerate
under variations in the crystal-field splitting parameter
Dgq. Experimentally, of course one will observe a small
separation in these terms. From Fig. 4 we observe that
McKeever et al.? assigns *A414(*G) to be the lower energy
of these two terms. From the grouping of the MCSCF
energy levels, however, we find that *E4(“G) is the lower
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in energy of the two terms. Consequently, based on our
MCSCEF calculations we reverse the term assignments of
these two levels relative to the published assignments.®
As one moves beyond ligand-field theory the *4,4(*G)
and *E4(*G) terms will split. For instance, Ng and
Newman®® examine a spin-correlated crystal-field model
designed to include covalency effects. They found that
this model places the *E4(*G) level below the *A44(*G)
level. We also note that a refined ten-parameter treat-
ment for 3d transition metal ions in crystals has been
developed based on the Racah irreducible tensor oper-
ator method.3” This theory also results in the lifting
of the accidental degeneracy of these two levels for the
Mn?* 3d° system.3® In addition, Ferguson, Krausz, and
Guggenheim,3® using magnetic circular dichroism mea-
surements, found that in KMgF3:Mn?*, the ‘E,(*G)
level lies approximately 90 cm ™! below the *4,(*G) level.
Thus MCSCEF predicts the proper ordering of these levels.

B. Ligand-field theory

The electronic excited states of defects involving tran-
sition metal ions in crystals is commonly analyzed using
the ligand-field method. The method of ligand fields is
developed in a series of papers by Tanabe and Sugano*’
and Orgel.#! Later several books and review articles ap-
peared in the literature most notably by Sugano, Tanabe,
and Kamimura,'” and Schlifer and Gliemann.*? These
researchers discussed the splitting in the free ion terms of
3d ions for ligand fields with various symmetries. Essen-
tially the ligand-field approach centers around treating
the d electrons of a central ion through a screened inter-
action with the otherwise closed shells. The d electrons
then interact via perturbation theory with a point ion ex-
ternal field produced by the nearest neighbor ions. This
interaction results in a splitting of the free ion terms into
multiplets identified by the irreducible representations of
the symmetry group of the cluster. This method has
enjoyed considerable success when applied to ionic crys-
tals; however, its limitation is manifest when one begins
to consider more complicated systems, such as an impu-
rity ion adjacent to an F center in CaFs, for instance, if
a Mn?* ion enters substitutionally for Ca?* and is adja-
cent to a vacancy in which an electron is trapped. The
—1 charge of the electron in the vacancy behaves in the
ligand-field point ion approximation exactly as another
F~ ion surrounding the Mn impurity. Therefore, ligand-
field theory would treat this system in the same way as
it would treat the Mn impurity surrounded by the eight
nearest neighbor F~ ions in CaF,.

The lowest-lying electronic level in Mn2* is 65 arising
from the configuration 3d®. In the free ion this configu-
ration also gives rise to 4G, 4P, *D, and *F terms which
lie 25000—50000 cm~! above the ground state.?®* In a
crystal the quartet levels are split by the influence of the
surrounding ions, the most important of which are those
immediately adjacent to the central Mn2* ion, the lig-
ands. If the ligands are arranged at the corners of a reg-
ular tetrahedron, octahedron, or cube, then the strength
of the ligand field may be specified by a single parameter,
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usually called Dgq, from which it is possible to calculate
the positions of the energy levels in the crystal arising
from this perturbed Mn?* ion.

Some of the earliest work on Mn2?t surrounded by
F~ ions was carried out by Stout*® in his analysis of
manganous fluoride. Some of the first experimental re-
sults and applications of ligand-field theory to the sub-
stitutional Mn2* impurity in CaF3, however, was per-
formed by Alonso and Alcal4!? in their analysis of photo-
luminescence excitation spectra and Bagai and Warrier*
from ultraviolet optical absorption. However, these re-
sults lead to disagreement as to the value of Dg and
the assignment of energy levels. One reason for this
is that the analysis of excitation spectra is limited in
the sense that these measurements are only able to ob-
serve those absorptions that give rise to luminescence. It
was not until 1986 when optical absorption in the visi-
ble region was measured by McKeever et al.° that the
Mn?* absorption transitions in CaF,:Mn were observed
directly. From the application of ligand-field theory, Mc-
Keever et al.® suggested a value for Dq of 420 cm™!.
This was in agreement with Alonso and Alcala!® but
differed significantly with the value of 810 cm™! sug-
gested by Bagai and Warrier.#* The 420 cm™! value
for Dq obtained by Alonso and Alcald and McKeever
et al. is considered too low for it is only about 60%
of those values for Dq obtained for compounds such as
RbMnF3;, NaMnF3, and MnF,.4°* For instance, an anal-
ysis of MnF, spectra led Stout?® to assign a value for
Dgq of approximately 800 cm™? for this system. Barriuso
and Moreno*® were the first to point out that the ap-
plication of the published Tanabe-Sugano diagrams!? to
the Mn impurity in CaF; may not be valid while it re-
mains valid for the RbMnF3, NaMnF3, and MnF; com-
pounds. The reason for this is that while the symme-
try of Mn?* in these compounds and in CaF; is O,
Mn?* is eight-coordinated in CaF2:Mn instead of six-
coordinated as in the other compounds. Furthermore,
since the published Tanabe-Sugano diagrams were cal-
culated assuming the six-coordinated Oy ligand field,'”
their application to eight-coordinated systems may lead
to a sizable error. Since both systems have O symme-
try, the terms arising from the ligand field will remain the
same. However, since group theory can only identify the
symmetry and hence the number of the resulting terms,
the remaining question as to the ordering of the terms
and the magnitude of the splitting as a function of Dgq
remained unresolved.

In this section we will briefly outline some of the prin-
ciples behind ligand-field theory and describe the calcu-
lation of the term splitting diagram for a 3d® ion in the
presence of an electrostatic field of Op symmetry. The
field will be produced by eight point ions arranged as
on the corners of a cube with the 3d° ion in the cen-
ter. We will denote the symmetry of the six- and eight-
coordinated fields as O;f) and O;ls), respectively. The
energy matrices for the 3d® system will be presented and
diagonalized to provide the Ofls) term splitting diagrams.

As far as the change from O,(IG) to 0;18) is concerned the
only change in the formalism enters into the unperturbed
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Hamiltonian matrix Hq. For the O;ls) system the Ho ma-
trix consists of diagonal elements that depend only on the

configuration, namely, (6m — 4n)Dq for t3 e7’. As dis-

cussed by Schlifer and Gliemann,*? for the 028) system
the matrix elements are given by (4n — 6m)qu. This
leads to an inversion of the configurations in energy and
produces a smaller magnitude in the splitting for a given
value of Dq. This then leads to larger Dq values for the
Mn impurity in CaF, than has hitherto been reported in
the literature. The matrices for the interelectron interac-
tion, H;, remain unchanged in going from O,(Is) to Ogs)
symmetry since they only reflect the Coulomb interaction
between the electrons.

In this discussion we will be interested in the sextet
ground state and the quartet excited states. While the d®
system will lead to many doublet states, experimentally
transitions involving them are very weak due to their
highly forbidden nature. Transitions from the ground
state sextet to excited state quartets are also forbidden;
however, with proper experimental techniques these have
been measured.® For the d° system the free ion terms in
order of increasing energy are ¢S, ‘G, 4P, *D, and “F.
By the application of group theory and spin and vec-
tor coupling methods” we find that these free ion terms
break into multiplet terms that are the irreducible rep-
resentations of the Op group. However, not all the terms
allowed by group theory actually manifest themselves.
Table III shows the free ion terms and the surviving Op
terms. Also shown are the configurations that give rise
to those terms.!” Note that the t3, and tyge? configura-
tions are not present since these will only lead to doublet
terms.

Considering just the sextet and quartet terms, the
Coulomb interaction matrices in terms of the Racah pa-
rameters for the d° system under Oy, symmetry are given
in Table IV. A common factor of A along the diagonal
of each matrix is subtracted out because we will only be
interested in the relative energy separations. The contri-
bution due to the unperturbed Hamiltonian matrix Hyp
is included by adding a factor of (4n — 6m) qu for t3 e’
along the diagonals of the Coulomb matrices in Table IV.
This done, the full energy matrices can be diagonalized
to find the energy eigenvalues as a function of Dq, B, C.

To complete the analysis this diagram must be com-
pared to experimental data so that the crystal-field split-
ting parameter Dq can be determined. Figure 4 shows
the optical absorption spectrum for CaF;:Mn (3%) ob-
tained by McKeever et al.’ The figure shows the spectra
peaks and their term assignments. From the Mn spec-

TABLE III. The surviving O terms arising from the sextet
and quartet free ion terms for the d® system.

Free ion Oy, terms
terms
ss S A14(83,€2)
4G 4T19(tgge:)1 4T29(t§geg)y 4Eg(tgge:)1 4A‘qu(tgge:)
ip Tg(t3,€2)
:D 4 34T§9(tg‘lge3), 44Eg(tgge§)
F Azg(tﬁgeg)v T (t29€9)1 4T2y (tggeg)
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TABLE IV. The Coulomb interaction matrices for the sex-
tet and quartet terms for the d® system under Oy symmetry
from Tanabe and Sugano (Ref. 40). The full energy matrices
to be diagonalized are obtained for Of) symmetry by adding

(4n — 6m) & Dgq for configuration t3,e7* along the diagonal.

*Ty,(*F,*D,*G)

t35€q t3qe t3.€3
—-17B 4+ 6C —V6B —-4B-C
—22B +5C —V6B
—17B + 6C
Ty (*F, 4P,2‘G)
tgyeg tgyeg tggez
—25B 4 6C 3v2B -C
—-16B +7C -3v2B
—25B + 6C
*E4(*G,*D)
tggeza tgyezb
—22B 4 5C —24/3B
—21B + 5C
13,62 *A24(*F) -13B+17C
t3.e2 *A14(*G) —25B + 5C
t3ge2 ®A14(°S) —35B

tra for several hosts it has been found that the sharp
peak at 395 nm is relatively independent of the crystal
lattice.®'® Therefore this peak has been assigned to a
transition from 4,4(%S) to *A4;4(*G).>'° The results of
MCSCEF calculations, as indicated in Table II, reveal a
reversal of the *E,(*G) and *A4,4(*G) term designations
relative to these published assignments. Therefore, we
assign the sharp peak at 395 nm as due to transitions
from the ®4,,(%S) to *E,(*G) levels. From Table IV
we see that the *E,(*G,%D) terms are independent of
Dq and after diagonalizing the *E,(*G,*D) matrix, the
4E4(*G)-5A14(5S) separation becomes 10B + 5C. Then
assuming a C/B ratio of 4.48,° we calculate B = 781
cm™! and C = 3.498 x 102 cm™!. With these values of B
and C, Dq is the only independent parameter. Figure 5
shows the crystal-field splitting diagram for these values
of B and C. The energies are presented with respect to
the ground state 6A4,,(®S). The dashed line shows the

TABLE V. Experimental and calculated energies using
B=1781cm™, C =3498 cm~!, and Dq = 570 cm™>.

Experimental values® Calculated values

Energy = Wavelength  Energy Wavelength

Level (cm™?1) (nm) (cm™1) (nm)
T,(*G) 22675 441 22354 447
T (*G) 24950 400 24570 407
‘E,(*G) 25510 392 25316 395
4A4:,(*G) 25316 395 25316 395
Ty (*D) 29850 335 29766 336
‘E,(*D) 31250 320 30786 325
‘T (*P) 33898 295 32593 307
1A24(*F) 41660 240 41693 240
‘T (*F) 41660 240 42035 238
‘T (*F) 42735 234 43458 230

®McKeever et al. (Ref.9).
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value of Dq that gives the best fit to the experimental
data of McKeever et al.° With the proper crystal-field
splitting diagram for 05‘8) symmetry the fitted Dgq value
is now 570 cm™! instead of the much lower value of 420
cm™1.%1% This brings it more in line with expectations.
The numerical values for the experimental energies to-
gether with the calculated energies at Dg = 570 cm™!
are given in Table V.

V. SUMMARY

The purpose of this paper was to analyze the Mn ab-
sorption spectrum in CaF;:Mn as observed before irradi-
ation by the employment of ab initio quantum-chemical
techniques to a cluster consisting of an isolated substi-
tutional Mn2* impurity surrounded by eight F~ ions ar-
ranged on the corners of a cube. Hence the [MnFg|5~
cluster was chosen to represent the isolated Mn substitu-
tional impurity in an otherwise perfect crystal.

The methods of UHF, MP2, MP4, and CISD were
used to calculate the spin sextet and spin quartet ground
states. With the active space consisting of the Mn 3d
molecular orbitals, the spin quartet excited states were
calculated by the MCSCF method. These values were
then compared with the ROHF results for the spin sex-
tet ground state to obtain the transition energies. Since
the energy levels of O;s) Mn in CaF, are well known
experimentally,® 19 this cluster provided a good test case
for the MCSCF technique as applied to defects in solids.

After embedding the [MnFg|®~ cluster in an external
point ion field designed to reproduce the Madelung po-
tential difference within the quantum cluster, the UHF
results showed that the presence of this external field had
little influence on the rather localized Mn d-to-d transi-
tions. Without the external field, the MCSCF calcula-
tions for the spin quartet excited states did a better job
predicting the relative spacing of the energy levels than it
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does predicting the absolute transition energies. The re-
sults showed that good agreement with experiment could
be obtained only after a rigid shift of the spin quartet lev-
els by —0.647 eV. Some of this shift could be accounted
for by the extension into a more highly correlated level
of theory such as CISD.

In addition to the above calculations, the crystal-field
term splitting diagrams for the eight-coordinated Mn2*
impurity in Op symmetry were calculated. Since pre-
vious ligand-field analyses were performed on the basis

of O;ls) symmetry,?10

rework the ligand-field theory for the proper O,(ls) sym-
metry. The results of this analysis showed a narrowing

of the multiplet terms in energy with respect to the 0516)
result. As a consequence, after fitting the experimental
values to the new diagram, the fitted crystal-field param-
eter Dq increased from 420 cm™! to 570 cm™!.

With the viability of the MCSCF technique for treat-
ing the crystal-field spectra of 3d ions in ionic crystals es-
tablished in this work, future research will center around
the application of this method to more complicated de-
fect clusters that are not so easily treated by ligand-field
theory. One such defect of importance in CaF;:Mn is
the radiation induced Mn F-center defect thought to be
important in explaining the optical absorption spectra in
~-irradiated CaF,:Mn for use in dosimetry applications.®

one aspect of this project was to
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