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Theoretical Treatment of Gd+' Terms Sylit in the Crystal Field of CaFst
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A theoretical treatment is given of the 6I'g and «Ig terms of Gd+3 in CaF~ split by either tetragonal or
trigonal purely electrostatic crystal Gelds. A good Gt with recently obtained experimental data is shown to
exist for the OI'g case. In attempting to Gt the 'Ig terms with experiment we found it necessary to assume
an unreasonably high crystal Geld. Thus, our conclusion that amendment to the 'IJ free-ion energy eigen-
functions as given in the literature is needed.

I. INTRODUCTION
' "I a previous publication, ' the spectral distribution
~ ~ of the thermoluIninescent emission of Gd+' in CaF~
from diferent lattice sites was reported. The CGect of
the thermal history and differences of origin of crystals
on the relative abundance of the rare-earth ion sites
ill thc cxystal Qiatllx was shown.

Subsequently, the results of theoretical calculations
pextaining to the 'I'7/2 —+ 'S7/~ and 'I'5/2~ S7/2 tran"
sitions of the Gd+' ion in a tetragonal crystal Geld of
CaF~ were reported. ~ In those calculations, standard
tensor opcx'atol T1Mthods .wcx'c cIQploycd to dlagonallzc
the crystal-Geld Hamiltonian. The free-ion inter-
Inediate-coupling energy eigenfunctions published by
Runciman4 were used as base vectors.

The present work is an analysis of the Stark-split
spectral lines of Gd+3 in crystals favoring the charge-
compcnsatlng DMchanism producing tctlagonal polDt
synunetry (Merz crystals' ), and in those favoring
trigonal syn&rnetry (heat-treated 'Harshaw' crystals),
of the local crystal Geld. Included are, with respect to
the former, further calculations on the 'I'g —+'57/Q

transitions and the more complicated analysis of the
observed. 'Ig —+'57/~ transitions. %ith respect to the
latter' %'c deal with thc Stark-sphttlng of thc Ig~
857/~ lines that are observed experimcntaHy.

Onc of the objectives of the present work was to test
the applicability of the free-ion cigenfunctions of
Runciman4 and the improved version of these given by
%ybourne. ' Both sets of functions gave good agree-
ment with experiment, when applied to the E-state
spectrum, supporting the identiGcation of the di6erent
point symmetries surrounding the rare-earth ion as a
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result of correspondingly dBFerent charge-coInpensating
mechanisms.

The Runciman wave functions are inadequate to
describe the I-state spectrum. Positive results, how-
ever, were obtained with the %'ybourne set, although
thcI'c ax'c stiB some lncoDslstcllclcs. A ploposcd identi-
6cation of the origin of thc groups of I lines that are
illustrated in Fig. 5 of Ref. 1 (and reproduced here as
Fig. 2) is given. The calculation allows us to comment
on the relative positions of some of the free-ion excited
I-states of Gd'+. Ke Gnd our interpretation to be in
agreement with one investigator7 and in sbght dis-
agreement with another. '

A. 'I'g~ 87/2 Transitions

The tegragonal crystal fteld for the seven f electrons
is given by

l'=Z L&o'(Co'), +&o'(Co"&)+& (eC "4+&C- "4)'&

+So'(Co&o&)+84o(C4t'&+C 4io&),j, (2.1)
where

4x

With Runciman's wave functions, the quadrupole
term is the only one of the 6eld terms that has non-
vanishing matrix elements in the P-state manifold.
This is a consequence of Gd'+ having a half-filled shell
(i.e., seven f electrons). A result of the admixture of
the F-state component in Kybourne's P-state wave
functions is that they do yield, in addition, nonzero
matrix elements for the Coo and (Ce'+C t') terms.
Hence, the involvement of three free parameters rather
than the single one in the Runciman case.

Fi~e 1 compares the experimentally' determined
energy levels with both theoretical Gts.

' F. Z. Gilfanov et al. , Opt. i. Spektroskopiya 20, 283 (1964)
LEnglish transi. :Opt. Spectry. (USSR) 20, 152 (1966)j.
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Pro. 1. Comparison of the ex-
perimentally determined energy
levels with the two theoretical 6ts
obtained using the wave functions
of Runciman {Ref. 4) and Wy-
bourne (Ref. 6), for the 'Pg-+
Sz]2 transitions, in a tetragonal

crystal 6eld.
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IJ~ S7/2Transitions

Figure 2 is the observed 'IJ-'S7/2 thermoluminescent
emission in the Merz crystal. Upon inspection, it is
evident that the observed emission lines consist of
three distinct groups. Our 6rst objective was to deter-
mine whether each of these groups correspond to single
'Iz manifolds (assuming that I is approxsmately a good
quantum number). From the position of the center of
gravity of the two lower energy emission line groups,
their relative separations and as well the number of
their components, we conclude that the lowest energy
group corresponds to 'I7/& —+'S7/Q transitions and the
higher of the two to the I&/2 —+ S7/Q transitions. Our
calculations imply, and we elaborate more fully below,
that the remaining group (highest energy group) arises
from states in the sIrr~s-sIrtfs manifold (there is large
admixture of the different J states here), and may
include, perhaps, at the upper energy end some of the
I/3/2 and 'I»/2 states pushed down in energy by the

crystal Geld (of course, one speaks here of the major I
contribution to the given states as there is considerable
mixing amongst the J-manifolds).

These identihcations parallel those of Gilfanov et ul. ,7

suggested by them for their absorption and constant-
temperature luxninescence results.

2700 2750 2800

r' Fro. 2. Reproduction from Ref. 1 LFig. 5(alp of the observed
I~-+ 'Sz/~ emission in the Merz crystals {tetragonal crystal

6eld}.

Figure 3 is a representation of the experimental
results, and two attempted fits to the experimental
data.

Once again the presence of a half-Glled f shell l-imits

the numbers of nonvanishing matrix elements. Runci-
man's wave functions do not include any components
which allow for nonzero matrix elements if we restrict
ourselves to the total 'IJ manifold. They, hence, could
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Fj:G. 3. Comparison of the ex-
perimental results with two di6er-
ent theoretical fits obtained using
the wave functions of Wybourne
for the observed eIg ~ S7js tran-
sitions in a tetragonal crystal Geld.
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not possibly account for the large scale splittings that
are observed.

Wybourne's energy eigenfunctions do contain an
admixture of II component, in some of the 'I states,
which allows for nonzero matrix elements in this
manifold. The results of our calculations make apparent,
however, two shortcomings of these functions.

First, the lack in particular of any 'H admixture in
the 'I7/2 manifold precludes obtaining theoretically
stark-splitting to the extent observed experimentally
for these states; e.g., our calculation indicates that a
potential that gives the right-order-of-magnitude split-

ting for the 9/2 manifold would give for the 7/2 a
theoretical splitting down by a factor of about 5 from
the experimentally observed splitting (see Fig. 3). In
one of our fits (see Fig. 3), a pH admixture (pH co-
efficient= —0.0317) was artificially introduced, to
produce the right order of magnitude splitting for the
I7/2 the criterion for good 6t, however, remained the
minimization of the error for the 'I9/2 states alone.

The second, and perhaps more serious, problem is an
inconsistency between 'I'~ and the 'Ig results. In 6tting
the 'Ig data, a 39&39matrix representing all the states
of the 'I manifold was diagonalized using the J3p Bp

&

Tmx.E I. Field coefBcients used in the present calculations.

Transitions

epz ~ sSp~

eI ~ sS

Eigenvector set

Runciman'

Wybourneb

Wybourneb
(original}

Wyb ourn'
(altered)
eIvgs= —0.9644 TeI &—0.1884 s4H21 &—0.1579 pPHpp& —0.0317[PE&

Tetragonal
field coeflicients

(cm ')

Bp'= —772

Bp2= -657
Bp4= 389
B4'= 466

Bo~= -657
Bp4= 389
B44= 466
Bo'= —18 162
B4'= —10 49S

Bp'= -657
Bp4= 389
844= 466
Bpo= —18 231
B4e= —11442

Trigonal
Geld coeKcients

(cm &}

Bp'= —1630
Bp' —— 275

Bps =—1423
Bp' ———1798
Bs4= 0000

Reference 4. b Reference 6. o Present work.
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and 84' parameters as determined by the 'P& data. The
additional terms of the potential which are operative
for the 'I states are so large to get the right magnitude
of splitting (in both attempts) that, despite the fact
that 3000 cm—' separates the 'Ig and 'Pg manifolds,
large mixing between them would theoretically occur.
We do not think that this is the case in actuality, since
a good 6t was obtained in the 'Pg transitions based on
a diagonalization of the energy matrix within the 'Pz
manifold alone.

Perhaps diGerent polarization effects could account
for some difference of potential surrounding the ion in
an I or P state, respectively, but there is no simple
way of estimating this eGect. A reasonably small in-
crease in the 'H admixture would undoubtedly lead
to a Gt with much smaller 80' and 846 coeKcients;
however, we did not feel justiGed in arbitrarily in-
creasing the 'H admixture without a detailed calcu-
lation of the free-ion energy eigenfunctions.

It is interesting that we noted in the diagonalization
of the I-state energy matrix that, in order to obtain a
reasonable interpretation of the data, the free-ion
relative energies of the I7/2++IQ/Q and Ig/g~Ii7/2
(mainly the latter) needed to be closer to those
reported by Gilfanov et al.' than to those of Hellwege
et al. In Table I, a summary is presented of the Geld
parameters.

III. TRIGONAL CRYSTAL FIELD

As observed' experimentally, GaF2. 6d+' crystals
that have been heat-treated in the open air favor the
charge-compensating mechanisms of a substitutional
0 ' ion in nearest-neighbor lattice site. This results in
a crystal Geld which is usually considered trigonal
(Ca,). In these crystals, no emission due to transitions
from the 'I levels is observed.

In a Grst attempt, we employed Runciman's eigen-
functions in diagonalizing the energy matrix, but the
results did not Gt the experimental data. Because of
the nature of this particular charge-compensating
mechanism, the effect of the 6nite size of the ligand
charges might be at least partially responsible for this
lack of agreement. This effect might result in an addi-
tional small contribution to the local Geld in the form of
an orthorhombic component. In keeping with this, a
term 822(C22+C P) was added to the crystal 6eld
resulting in a reasonable 6t (Fig. 4).

An alternative explanation is allowed by the addi-
tional terms ('F) of Wybourne's P-state wave functions
which involve nonzero matrix elements of higher
multiple terms in the potential. This permits one to
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preserve an interpretation involving a pure trigonal
crystal Geld (see Fig. 4 and Table I).

IV. SUMMARY

An adequate description of the observed spectral
lines corresponding to the 'P-+'S transitions was
obtained in terms of a purely electrostatic model for
both the tetragonal and trigonal point symmetries. In
the latter case, however, the possibility of other sym-
metry potential terms being present was not ruled out.

In the case of the 'I —+ 'S transitions in tetragonal
symmetries a reasonable Gt to the observed spectra
was obtained, requiring, however, unreasonably large
Gelds which would produce considerable mixing with
the 'P states. But due to the good results obtained for
the 'P transitions based on a diagonalization of the
energy matrix within the 'Pg manifold alone, we feel
that in reality the mixing between the 'I and 'P mani-
folds is small; and that the most probable answer to
the 'I problem of too-large Gelds is in improving the
free-ion energy eigenfunctions.
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FIG. 4. Comparison of the experimental results with two theo-
retical Gts obtained using the wave functions of Runciman (Ref.
4} and Wybourne (Ref. 6} (a small orthorhombic contribution
was taken into account in the Grst} for the 6Pg —+ SST/g tran-
sitions in a trigonal Geld.


