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Vacuum-ultraviolet absorption bands of trivalent lanthanides in LaF3T
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The ultraviolet absorption bands of trivalent rare earths in LaF3 are located by the use of absorption and
selective excitation spectra. These absorptions are quite strong arising from the electric dipole transition,
which promotes a 4f electron from the rare-earth 4f' shell to the Sd or some higher-lying orbital. The onsets
of the Sd absorptions range from about 40000 cm ' for cerium to beyond 80000 cm ' for lutetium showing a
general increase from cerium to gadolinium, a sudden drop from gadolinium to terbium, and another increase.
The positions of the bands are compared with estimates by several workers of the S d level position for
trivalent free ions. In general the LaF3 crystal field lowers and broadens the Sd level with respect to its free-
ion counterpart. For the simplest rare earth, cerium, the splitting caused by the LaF3 crystal field is calculated
using a point-charge model. Agreement with experiment is poor, so a two-parameter fit to the splitting is
made which indicates that the point-charge model plus the approximation for the radial integrals involved

overestimate the crystal-field perturbation on the Sd electron by roughly a factor of 3.

I. INTRODUCTION

In this paper we present the results of a compre-
hensive study of the uv properties of lanthanides
doped into LaF, . For the most part the uv ab-
sorption in these materials derives from transi-
tions involving the promotion of an electron from
the 4f shell to the 5d or a higher-lying shell.
These are allowed electric dipole transitions.
Consequently the absorption is quite strong. His-
torically the spectra of rare earths in solids could
be characterized as consisting of many sharp
lines in the visible and infrared which had no
counterparts in the free-ion spectra. These lines
are now known to arise from transitions within
the 4f" manifold occurring via an electric dipole
mechanism. The crystal field mixes states of
opposite parity with the 4f" states permitting
electric dipole transitions. In solids for which
the ion site symmetry is too high (inversion sym-
metry is present) no sharp lines are seen. The
optically active 4f electrons interact only weakly
with the host crystal ions because the 4f electrons
are screened from the crystalline environment
by the 5s and 5P electrons of the rare-earth ion,
these orbits have greater radii than that of the
4f orbit. This characteristic is responsible for
the sharpness of the observed lines. It also causes
the rare earths to behave similarly chemically
making the production of pure samples difficult.

The main thrust of the theoretical treatment of
rare-earth ions has been the analysis of the 4f"
configuration. These problems are quite complex
in that the large number of electrons with large
angular momentum combine to create a vast num-
ber of states. Sophisticated mathematical tech-
niques have been developed which render these

problems manageable. The shielding of the 4f
electrons from the crystal field reduces its ef-
fect to the extent that calculations for free-ion
energy levels agree well with those observed in
solids. Other configurations have not received
as much attention. The calculation of the energy
levels of higher configurations in solids is ex-
tremely difficult. As with the 4f" configuration,
many states are involved but the mathematical
techniques for treating these configurations are
not as fully developed. The promoted electron
lies beyond the shielding 5s and 5P orbitals where
it can interact strongly with the lattice ions. Only
a few cases have been treated, and these are the
simplest ions in crystal fields of high symmetry.
Several empirical analyses of higher configura-
tions do exist and comparison will be made be-
tween these and our data.

Experimental work on the higher configurations
has been hindered by the fact that most of the
transitions occur in the vacuum uv region of the
spectrum. The use of synchrotron radiation from
an electron storage ring allows one to surmount
many of the traditional experimental difficulties
facing the spectroscopist working in this region.
It is also noteworthy that this work encompasses
two types of spectra, absorption and selective
excitation, which complementing one another allow
a much more confident determination of the uv

properties of the rare earths.

II. THEORY

The majority of the theoretical work on lanthan-
ide energy levels has concerned itself with the
4f" configuration. Although the techniques for
calculating these levels has been available in prin-
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ciple for a long time, the extreme complexity of
the systems involved (3432 states for 4f") hin-
dered the emergence of energy-level schemes. '

Many results were forthcoming in the 1960's owing
to the application of the digital computer and
Racah's methods developed two decades earlier. ' 4

Recent developments of schemes for classifying
states promise to ease the calculational difficul-
ties involved still further. '

Energy-level calculations for higher configura-
tions of the free ion are available. Judd' has
worked out the general case for configurations of
the form l" l' on the assumption that spin-orbit
effects are stronger for the single electron than
are electrostatic effects between it and the elec-
trons in the other orbit (j-j coupling). An anal-
ogous model could be developed for ions in crys-
tals since the single electron would couple to the
lattice much more strongly than the remaining
electrons.

Another approach to the analysis of the spectra
can be found in the works of Brewer, Martin,
Sugar, and Reader, ' "in which regularities in
the existing data are used to predict as yet un-
measured features. Their work is relatively
successful in providing the values of interest for
most of the ions. Our results have shown that the
locations of bands in crystals are considerably
affected by temperature and concentration, hence
precision of greater than a few thousand wave
numbers is unnecessary. " No analysis of the
empirical type exists for ions in solids, but they
may appear as more experimental data becomes
available.

III. EXPERIMENTAL DETAILS

All spectra were taken using synchrotron radi-
ation from the University of Wisconsin Physical
Sciences Laboratory electron storage ring. The
storage ring operates at 240 MeV at a frequency
of about 32 MHz. Beam currents ranged from
1-20 mA. The radiation is a continuum peaked
at about 500 A and extending well into the visible.
The highly relativistic electron bunch emits the
light in a forward peaked cone and polarized hor-
izontally. Because the light originates in a vacu-
um the uv may impinge directly on the sample
under study with no unwanted absorption from
windows or atmosphere complicating the results.

A. Absorption

Figure 1 is a diagram of the experimental ap-
paratus for absorption. Light from the storage
ring was collected by elliptical mirrors and fo-
cussed on the entrance slit of a —,'-m McPherson
scanning monochromator. The grating was blazed
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at 1200 A and was overcoated with an Al-MgF,
film to increase its ref lectivity. From the mono-
chromator the light passed through a filter of LiF
or suprasil quartz and struck the sample. The
filters limited the light to first order for ranges
of 1040-2000 and 1800-3000 A, respectively.

The samples were provided by W. Hargreaves
of Optovac. The LaF, matrix had a purity of
99.999/p and the dopant had a purity of 99.99~/p.

During the experiment we noted considerable ab-
sorption and fluorescence by impurities other than
that specified. Praseodymium and cerium were
present in practically every sample. This is not
surprising considering the large oscillator
strength of the transitions involved plus the pos-
sibility of 0.001 mol. % contaminant. The samples
were cut and polished into 10& 1-mm disks, with
the c axis in the plane of the disk. They were
mounted on a cold finger tip with GE 7031 varnish.
Sample temperature was monitored with a Au-Cu
thermocouple. The signal was detected by a
photomultiplier tube (EMI 9558@) attached to a
quartz window lined with sodium salicylate. Sodi-
um salicylate absorbs over a wide range in the
uv and fluoresces at 4000 A. The signal from
the photomultiplier tube was amplified by a Keith-
ley model 417 pico-ammeter and stored in the
first half of the memory of a Nuclear Data En-
hancetron. The storage-ring beam current was
sampled during the scan and stored in the second
half of the Enhancetron memory. This permitted
point by point normalization of the transmission
data against the exponentially decaying beam cur-
rent ~ The Enhancetron memory was stored per-
manently on paper tape for subsequent digital
processing. Traces were also taken with no sam-
ple to permit normalization of the data to the
passband of the LiF or suprasil filter.
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Ta pe
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FIG. 1. Diagram of the experimental arrangement for
the absorption studies. For the excitation spectra a
quartz window mounted on the side was used with either
a filter or monochromator for wavelength selection.
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B. Selective excitation

The excitation spectra were taken using the
P ruett-Lien normal incidence monochromator
which was designed and built by the Physical
Sciences Laboratory staff. This monochromator
is a horizontally dispersing, 1-m instrument with
grating blazed at 700 A. The 0.75-mm slits we
employed gave a resolution of 6.25 A. Light from
the monochromator illuminated the samples which
were attached to the same liquid-N, cold finger.
A few of the samples used for selective excitation
were rectangular (7X 7X 10 mm) with the c axis
parallel to one of the edges. These too were ob-
tained from Optovac.

Fluorescence from the samples was observed
at 90 to the exciting beam in a horizontal plane.
The light passed through a sapphire window and
was focussed by a quartz lens onto the entrance
slit of a Jarrel-Ash —,'-m monochromator. In
some cases a Corning 3-72 filter was placed be-
tween the window and the lens to eliminate second-
order radiation. Fluorescence intensity was mon-
itored directly with a photomultiplier tube (EMI
9558Q) cooled with vapor from liquid N, . In a
few cases a narrow-band filter replaced the quartz
lens and monochromator assembly. The rest of
the apparatus was the same as that used for ab-
sorption. Since no LiF or suprasil filter was used
for these experiments higher orders of radiation
from the monochromator were also incident upon
the sample. To insure that these higher orders
were not responsible for the fluorescence scans

C

beginning at 0 A were made for every sample.

IV. RESULTS

Our results can be viewed from two perspec-
tives: that of examining each ion in turn or that
of examining the whole lanthanide series for
trends. This section consists of a detailed exam-
ination of the spectra for each ion. The free-ion
calculations mentioned are from Sugar and
Reader. " The trends of the whole series will be
described in the following section.

A Cerium ~4f

The ground configuration of the free cerium ion
consists of but two 'F levels separated by 2253
cm '." The infrared spectrum of this ion in LaF3
has been determined by Buchanan, Hast, and
Caspars, "who located all but the highest level of
the 'E», state. The uv spectrum of CaF, :Ce '
has been investigated by Loh" and more recently
by Manthey" and by Szczurek, Drake, and
Schlesinger. ' The 5d configuration has a 'D»,
state at 49747 cm 'and a 'D„, at 52226 cm '
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FIG. 2. The trace which rises at high energy is ab-
sorption for a 0.01-mol.% sample of cerium. The ex-
citation spectrum is a 5% sample. The rise at 295 nm
is scattered light. Note the small bump at 120 nm.

ENERGY (IO cm )
10. 0 5. 0 4. 0

I A
~ "4 Ce

p')

l00. 0 200. 0 500. 0
WAVELENGTH {nm)

FIG. 3. Excitation spectrum taken at 300 nm for a
sample of 1% Tms+. This spectrum is due to trace
cerium in the sample and shows all five energy levels
of the 5d electron. The 120-nm peak here is large but
has been clipped by the enhancetron memory.

above the ground state. Figure 2 gives an ab-
sorption trace for a 0.01-mol. /o sample at 100'R
and a selective excitation trace of a 5-mol. ~%%d

sample taken at 3040 A. The peaks in absorption
between 1600 and 1950 A arise from Pr" im-
purities which were present in most samples. The
3040-A fluorescence is a broad one arising from
the relaxation of the 5d electron back to the ground
state. " Note that the Pr" bands are not seen
here. As previously noted the actual extend of
the bands is quite dependent upon concentration
and temperature but the 5d configuration may
be said to lie between 1800 and 2600 A. The 6s
is between 1400 and 1800 A. Note that the photon
energies giving rise to the band denoted 6s are
capable of inducing a variety of absorption mech-
anisms (e.g. , charge transfer). The name 6s
will be retained for convenience but should not
necessarily be considered the true identity of the
absorption. The lowering of the 5d configuration
(-10000 cm ') arises from the host crystal field
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and the spin-orbit splitting. The free-ion spin-
orbit splitting is about 2500 cm '. We therefore
expect that the crystal field is responsible for
most of the splitting of this configuration. The
site symmetry at the position of the Ce" ion has
been determined to be C, ." Under this symmetry
the 5d band must split into five components. Four
of these may be resolved from the absorption
trace but the excitation spectrum is incapable of
resolving these components. Figure 3 is an ex-
citation spectrum of a l-mol. % sample of Tm"
taken at 2880 A. These peaks are certainly the
5d components of Ce" which appears as a trace
impurity in this sample, and their positions may
be determined to be 1871, 2103, 2206, 2353, and
2500 A.

One other interesting feature may be noted in
the cerium traces. This is a peak at 1190A be-
low the cutoff for LaF, . In Fig. 2 the peak may
just be resolved about 400 A below the 6s peak.
In Fig. 3 and several traces at various concen-
trations not shown it is more evident. In fact the
same peak is comparable in size to the cerium
5d peaks. There are two possibilities for the
identity of this peak. It may be caused by an
impurity which has a 5d absorption here and
fluoresces in the region 2900-3100 A ~ Or it may
involve absorption of the uv by some impurity
with subsequent transfer of the excitation to the
cerium ion. Spectra of the fluorescence from
2700 to 3300 A were taken while exciting the sam-
ple with 1190-A light. An impurity fluorescence
should be much narrower than the Ce'+ fluores-
cence because it arises within the 4f" configura-
tion. Unfortunately the light levels were so low
that an unambiguous determination of the fluores-
cence linewidth could not be made. We were
pleased to note that the selective excitation method
appeared capable of allowing examination of the
ion absorption somewhat below the LaF, cutoff
frequency.

B. Praseodymium (4f }

The free trivalent ion of praseodymium has
been studied in detail by Crosswhite et al, ."and
Sugar. " The 4f 5d configuration occurs between
61170 and 78776 cm '. The 4f 6s lies at about
100000 cm '. Figure 4 gives an absorption spec-
trum and a selective excitation spectrum for a
0.01-mol. ~%%d sample. The sharp rise at about
2000 A is the onset of the 4f'- 4f5d absorption
band. The increase at 1400 A is the 6s band ab-
sorption. The 4f' configuration of Pr" consists
of 13 energy multiplets the highest of which Sp,
is very near the 4f 5d levels. Carnall et alP
have investigated several crystal matrices and
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FIG. 4. Absorption and excitation traces for 0.01-
mol.% sample of praseodymium. In aQ the following
traces that which rises at short wavelengths is ab-
sorption unless otherwise noted.

reports that for all but LaF, the 'S, level lies
within the +5d band. The proximity of this level
to the band (3000 cm ') allows high population of
this level via the 5d and 6s bands. We have re-
ported previously on the many strong uv and vis-
ible fluorescence lines resulting from population
of the 'S, state. Using one of these ('S,- 'I, ) it
was possible to take the excitation spectrum of
Pr" shown in Fig. 4. Although the structure of
the bands cannot be completely resolved, these
two spectra allow us to locate the 4f 5d band in
the range 1950-1450 A (51 300-69000 cm ').
The 4f 6s level begins at about 1330 A (75000
cm ') but its full extent is obscured by the onset
of LaF, absorption. As with cerium the exact
location of these bands varies slightly with tem-
perature and concentration. The depression of
the configurations (-10000 cm ' for +5d; 25000
cm ' for 4f6s) from the free-ion values is caused
by the LaF, crystal field. The exact analysis of
these configurations is made more complex than
for cerium by the presence of the Coulomb re-
pulsion term. Praseodymium was found as an
impurity in almost every other sample that we
had. Its absorptions made interpretation of other
absorption spectra difficult. Likewise the strong
fluorescence lines originating on the 'S, state
necessitated caution in taking the selective ex-
citation spectra.

C. Neodymium (4f 3)

Neodymium is the most abundant and most
thoroughly studied of the lanthanides. The 4f'
configuration for the ion in LaF, was investigated
by Caspers. " The free-ion 5d band begins at
70100 cm ', the 6s band at 108900 cm '. Figure
5 is an absorption trace of 0.0l-mol. % Nd" and
a selective excitation spectrum of l-mol. ~%%d

Nd'+

monitored at 2190 A. %'e have not identified the
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FIG. 5. Absorption and excitation traces for a 0.01-
mol.% and a 1-mol.% sample of neodymium, respective-
ly. Both traces show evidence of praseodymium im-
purity.

D. Promethium (4f4)

transition responsible for this fluorescence. The
excellent correspondence of the structure of the
trace with that of the absorption trace and with
excitation spectra taken monitoring other fluores-
cence lines in Nd lead us to believe that it is in-
deed a Nd" fluorescence arising from a 5d 4f-
transition. Other possibilities are transitions
originating on the 'F,~„'G,~„or 'G,~, levels. "
The smaller structure on the excitation trace is
most probably Pr" which has a fluorescence near
2190 A. With the reminder that this too is sensi-
tive to temperature and concentration we put the
5d band for Nd" in the range 61000 and 76000
cm '. The 6s band apparently lies well beyond
the LaF, cutoff.

WAVELENGTH (nm)

FIG. 6. Absorption and excitation traces for a 0.01-
mol % and a 1-mol.% sample of samarium. Again both
traces show some praseodymium impurity.

the 4G,g, level within the 4f' manifold and is quite
strong. Both traces indicate that the 5d band be-
gins at about 58000 cm ' and extends well beyond
the LaF, cutoff. The presence of Pr" absorption
on the excitation trace is evidence for activation
of the Sm" fluorescence by Pr". In samples
with higher concentration this type of mechanism
is quite probable.

F. Europium (4f 6)

Our europium sample was contaminated by the
divalent ion. Figure 7 is an absorption spectrum
of 0.01-mol. $ europium in LaF3. The strong
absorption is most probably the 4f8-4f'5d transi-
tion for the divalent ion. The free divalent ion
5d level is calculated to begin at 33 900 cm ' and
the 6s level at 44 300 cm '." No excitation spectra
were taken for this ion.

Promethium is highly radioactive, artificial,
and expensive. We had no LaF, :Pm ' samples.
The 4f~ configuration in LaC1~ has been investi-
gated recently. '~ The free-ion calculation puts
the 5d band at 73 300 cm ' and the 4s band at
111000cm
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E. Samarium (4f')

The ground configuration of trivalent samarium
in LaF, has been investigated by Hast, Fry, and
Caspars. " The 4f' configuration consists of 73
multiplets. Under the perturbations of spin-orbit,
crystal field, and magnetic fields those multiplets
can split into 2002 states. Consequently even for
the ground configuration the spectra are exceed-
ingly complex. Figure 6 gives an absorption
trace of a 0.01-mol. jp sample of Sm" and an ex-
citation spectrum monitored at 5600 A. This
fluorescence arises from the transitions from
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FIG. 7. Absorption trace of a 0.01-mol.% sample of
europium. The low-energy absorption is caused by the
divalent ion 4f —5d transition. Praseodymium is also
evident as an impurity.
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G. Gadolinium (4f' )

The ground configuration of trivalent gadolinium
in LaF, has been investigated by Carnall, Fields,
and Sarup. " The lowest excited state of Gd",
the 'P, /, level, lies 32176 cm ' above the ground

S7/2 state. Crosswhite and Kielkopf' have studied
the free-ion spectrum and have identified several
lines from the 4f'5d configuration occurring be-
tween 104 000 and 122 000 cm '." We were unable
to observe any absorption in LaF, :Gd" directly,
presumably because the LaF, and impurity ab-
sorption masked that of the gadolinium. Figure 8
is an excitation spectrum of a 1-mol. /p sample of
Gd monitored at 3140 A. Here we can see the
onset of the 5d absorption at about V7000 cm '.
The small bump around 60000 cm ' is most prob-
ably the cerium 6s absorption since cerium also
fluoresces at 3140 A. The gadolinium absorption
is probably responsible for the unexplained fea-
ture in the cerium excitation spectra.

H. Terbium (4f )

The terbium ground configuration has a very
complicated spectrum which has not been com-
pletely analyzed above 26000 cm '. Dieke in-
dicates that the 4f'Sd configuration is split and
of great extent for the free ion." Figure 9 gives
an absorption and excitation spectrum for a 0.1-
mol. ~/0 sample of LaF, : Tb". The fluorescence
monitored for the excitation spectrum arises
from transitions from the 'D3 level. Agreement
between the traces is good except that the gap
so evident in the excitation spectrum is less
prominent for the absorption. It may be masked
by impurity absorption. We believe the gap is
genuine and corresponds to the split predicted
by Dieke.
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FIG. 9. Absorption trace and excitation trace for a
0.1-mol.% sample of terbium. (The connected dots are
absorption. ) The discrepancy near 150.0 nm is probably
caused by impurity absorption.

I. Dysprosium (4f')

J. Holmium (4f-'~)

The spectrum of trivalent holmium is sufficient-
ly simple that virtually complete energy-level

The ground configuration of trivalent dysprosium
in LaF, has been investigated by Fry, Caspars,
Rast and Miller. " The spectrum here is very
complex and an accurate assignment of states
has not been made above 24000 cm '. The free-
ion calculation gives a value of 66 300 cm ' for
the onset of the 5d band and 99 100 cm ' for the
6s level. Figure 10 shows absorption and exci-
tation spectra for a 0.5-mol. go sample. The
5730-A fluorescence monitored for the excitation
spectrum arises from a 'E,/2 Hys/2 transition
within the 4f' configuration. Both the traces
show an absorption beginning at about 60000 cm '
and extending beyond the LaF3 cutoff.
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FIG. 8. Selective excitation trace of a 1-mol. k sample
gadolinium. Because it fluoresces in the same region as
cerium, gadolinium is a possible source of the spurious
120-nm band in the cerium traces.
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FIG. 10. Absorption trace and an excitation trace for
a 0.5-mol. % sample of dysprosium. The absorption
trace shows considerable impurity absorption.
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FIG. 11. Absorption trace and an excitation trace
for a 0.01- and a 1-mol.% sample of holmium, respec-
tively. The absorption trace shows impurities.

diagrams for the ground configuration have been
obtained for a variety of crystalling hosts. Fry,
Caspers, and Rast have examined LaF3 Ho'+

and report complete level assignments up to
26000 cm ' through absorption and fluorescence
spectra. " The free-ion calculation puts the 5d
band beginning at 74200 cm ' and the 6s at 104000
em '. Figure 11 is an absorption spectrum for
a 0.01-mol. ~/g sample and an excitation spectrum
for a 1-mol. ~/~ sample. The 5360-A line monitored
for the excitation spectrum arises from a 'S, -'I,
transition within the 4f'0 manifold. Both traces
show an absorption beginning about 64500 cm '
and extending beyond the LaF, cutoff.

K. Erbium (4f'~)
The energy levels of the ground configuration of

Ers' are mell known up to 25 000 cm ' from ex-
tensive studies of the ion in LaCls." '3 Krupke
and Gruber have examined the ion in LaF, .~ The
free-ion calcuation of Sugar and Reader locates
the onset of the 5d absorption at 75 400 cm ' and
that of the 6s band at 103600 cm '. Figure 12
presents an absorption and an excitation spectrum
for a 0.0l-mol. % sample. The fluorescence for
the excitation spectrum arises from the transition
of the 4f'" configuration. The absorption trace
shows two shoulders. The first appears to be the
familiar Pr" absorption. The second at 58000
cm ' appears to be the erbium 5d absorption on-
set. The excitation trace also shows an absorption
beginning at 58000 cm ' as well as some Pr"
absorption observed by the fluorescence of Pr"
which also occurs mithin the passband. The
larger peak at 80000 cm ' is not identified yet;
it may be praseodymium 6s absorption.

L. Thulium (4f" j

The ground configuration of Tm" in LaF, has
been investigated by Carnall et aE."who suc-
ceeded in locating every excited state of the con-

WAVELENGTH (nrn)

FIG. 12. Absorption trace and an excitation trace
for a 0.01-mo1.% sample of erbium. The origin of the
large peak at 125.0 nm is not yet known.

M. Ytterbium (4f '3)

Ytterbium has no fluorescence in the near uv

or visible which could be monitored for an ex-
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FIG. 13. Absorption trace and an excitation trace for
a 0.01- and a 1-mol.% sample of thulium, respectively.
It is believed that the structure on the absorption trace
is caused by other impurities.

figuration except 'S, which lies far in the vacuum
uv. The free-ion estimate puts the 5d onset at
74300 em ' and the 6s at 101300 cm '. Figure
13 gives an absorption trace of a 0.01-mol. "/~

sample and an excitation spectrum of a 1-mol. /|;

sample. The fluoreseenee for the excitation
spectrum probably arises from a 5d band transi-
tion to the ground configuration. The absence of
structure on the excitation trace is rather puzzling
and the gradual rise of the absorption makes
exact location of the onset difficult. If one as-
sumes that the structure on the absorption trace
is caused by unwanted impurities then 70000 em '

appears to be a good value from the excitation
spectrum but does not seem to fit in well with the
levels observed for other ions.
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citation spectrum. Absorption traces failed to
locate any feature ascribable to Yb". We pre-
sume that the entire absorption band for Ybs+

was masked by impurity absorption. The esti-
mates for the free ion are 80200 and 107500 cm '
for the Sd and 6s onsets, respectively.

N. Lutetium

Likewise no data could be gathered for lutetium.
The free-ion 5d onset has been measured to be
90433 cm ' and the 6, onset is 116798cm '.

V. ANALYSIS

The exact theoretical treatment of the energy-
level problem for the 5d configuration of each
ion in LaF, does not appear to be a worthwhile
problem. This can readily be seen. The site
symmetry of a rare-earth ion in LaF, is very low
(C, ) so the crystal field for a d electron requires
eight parameters for its characterization. " In
order to evaluate these from the data one must re-
solve and identify at least nine lines within the con-
figuration. The number of lines in the configuration
increases rapidly towards the center of the series
(5 for Ce", 140 for Pr" ); but broadening pro-
cesses in the crystal eliminate the possibility
of resolving and identifying specific lines within
this configuration in most instances. As a conse-
quence attempts to evaluate the crystal-field
parameters by fitting an experiment are destined
for failure. However if one knows the radial wave
functions for the ion in question, then the crystal-
field perturbation can be calculated directly and
the energy levels can be compared with experi-
mental values. As an example of this procedure
this calculation has been carried out for the
simplest ion —Ce".

The location of ions in LaF, is given in Ref. 18.
There are three distinct sites for the fluorine ion
in the crystal. The lanthanum ions are all in sites
of equivalent symmetry but the axes of the sym-
metry are 120' apart in the hexagonal plane. The
unit cell contains 6 lanthanum ions and 18 fluorine
ions. We begin by expressing the crystal poten-
tial as a series in spherical harmonics. We are
free to choose our coordinate system so we pick
one in which the origin lies on a lanthanum site.
The z direction corresponds to the axis of sym-
metry of the ion and the x direction corresponds
to the c axis of the crystal. The expression for
A„, the expansion coefficient for the spherical
harmonics, is

where the sum is over all the ions in the crystal.

TABLE I. LaF3 crystal-field coefficients in the point-
charge model. ~

Parameter

A

A04

4

A'4
4

A6

6

A'4
6

A 6

'See ref. 37.

Real part

-2060

-1816

-155.6
60.80

-47.81

-3.559

-8.845

3.83

6.446

Imaginary part

0.0

~2347

0.0

+83,65

+32.39

0.0

+2.188

+1.918

+2.422

In order to evaluate these constants a computer
program was written to add up the contributiens to
A„ from each ion in the unit cell. The program
then displaces the unit cell by one lattice constant
and calculates the contribution from the displaced
unit cell. It was found that for unit cells more
than seven lattice constants away from the origin
the contribution to A„was negligible. The results
of this calculation, which includes the contribution
from every ion within a parallelopiped fourteen
lattice constants on a side centered at the origin,
are given in Table I. It must be remarked that
these constants have been calculated in the point-
charge model which treats each ion in the lattice
as if it were a point charge. This model neglects
several effects which have been shown to be im-
portant in crystal-field calculations. First of all
it neglects the effect of induced multipoles on
each ion. That is to say, the crystal field acting
on the iona in the lattice induce higher moments
in the charge distribution of the ion. Second, if
one is dealing with 4f or 5f electrons, this model
neglects the effect of screening by the electrons
in orbitals of greater radius than the Sf or 4f'
electron. (The 5s and Sp electrons in the csas of
the LanthanLdes. ) Lpinally, the model neglects the
effects of covalency, which is to say that the
overlap of the electrons wave function Of the cen-
tral ion and those of its nearest neighbors affect
the charge distribution considerably —particularly
for those ions which contribute most to A„."

Nevertheless we are ready now to calculate the
matrix elements for the crystal-field perturba-
tion matrix. The wave functions that we need for
cerium are relatively simple single-electron
wave functions. %'e use the prescription for
constructing trial wave functions given in Griffith
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TABLE II. Crystal-field perturbation matrix for a
single Gd electron using the values from Table I.

-2072

159.9
+i313.2

-3030
+i2053

322.5

-10820
-i13776

159.9
-1313.2

-5777

159.9
+ i313.2

-10820
+i13 776

322.5

-3030
-i2053

159.9
-i313.2

—2072

and attributable to Slater." These have the form

p =r" 'exp[- (z —o)r/n*a] F,",

where n+ = 1, 2, 3, 3.7, 4, 4.2 for n = 1, 2, 3, 4, 5, 6,
respectively. z is the atomic number of the ion,
o is a sum of values for each electron in the ion,
and a is the Bohr radius.

The angular parts of the integrals are readily
performed being simply products of three spher-
ical harmonics. Many elements vanish including
all the A, terms. The radial part of the matrix
may be evaluated either analytically or numer-
ically. Once this is done we obtain the matrix
presented in Table II. The eigenvalue problem
is then solved for this matrix with the results
presented in Table III. The poor agreement be-
tween the theoretical and experimental values
could come about from a variety of causes. The
neglect of co-valency and the roughness of the
radial wave functions are probably the most
severe causes of the discrepency with neglect of
the spin-orbit interaction of secondary impor-
tance.

Since the calculation from first principles of
the energy levels was not particularly effective
it was thought that perhaps the alternative of
treating the crystal-field coefficients as param-
eters and fitting these to the data might offer some
insight into the physical situation. We are still

TABLE IV. Comparison of the fitted crystal-field pa-
rameters of cerium with those calculated in the point-
charge model. The fitted energy levels are compared
with experiment (cm ~).

Parameters
Best fit Point charge

faced with the problem of too many parameters
for the number of observations. We do know that
the A, matrix elements vanish leaving only eight
parameters. In order to reduce this number fur-
ther we make the approximation that the true
values of A„have the same ratios as those cal-
culated in the point-charge model. By scaling
the coefficients A, to A,' and A," to A,'we may re-
duce the parameters to two. Comparing the best-
fit energy levels with the experimental values
should enable us to assess the quality of our cal-
culated A„'s. The results of such a fitting pro-
cedure are given in Table IV. Unfortunately they
are not of sufficient quality for one to draw strong
conclusions.

In addition to calculations of the type just com-
pleted there are other useful methods of regarding
the higher configuration spectra. An early attempt
to deduce the extent of the 5d configuration for
each of the rare earths may be found in Dieke's
book. The detailed origin of these estimates is
not given but they were made using a limited a-
mount of experimental data and some observed
regularities in the lanthanide spectra. Figure 14
gives a comparison of our measurements to
Dieke's values for the free ion." One would ex-
pect that an effect of the crystal field would be
to lower the onset of the configuration for each
ion. In general this is true though it may not be
the case for terbium. More recent efforts of this
type have been made by Brewer, "Martin, "and
Sugar and Reader. " Their methods are based on

the following facts: The energy difference 4 between
two configurations %Bering by a single electron
level (e.g., 4f" and 4f " '5d) is not a smooth func-
tion of atomic number. However the difference
between the 4's for configurations possessing the

TABLE III. Experimental energy levels of the 5d con-
figuration of Ce~+ in LaF& and those calculated from the
point-charge model (cm ~).

A4'

-322.9
-40.99

Energy levels

-2060

-155.6

Theory Experiment Theory Experiment

15339
4009
3821

-3476
—19696

7624
1774
-446

—3226
—5776

7947
5010

-2143
—4100
-7715

7614
1774
-446

-3226
-5776
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FIG. 14. Comparison of our measurements (white) for
the extent of the 5d configuration in LaF3 with the free-
ion values (black} projected by Dieke. (See Ref. 28).
The 6& levels are included for cerium and praseodymium.

same 4f core but possessing additional electrons
[e.g., n(4f" 4f"-'5d) -—r (4f"6s 4f"-'5d6-s)] is a
fairly constant value for all the lanthanides. This
allows the combination of data from free-ion
spectra at different stages of ionization. Brewer
used this to estimate the energy of the lowest
state of many rare-earth configurations beginning
with measured energies for neutral rare earths.
Martin estimated the 4f" —4f" '5d energy dif-
ference (measured between the lowest levels of
the configuration) for neutral, monovalent, and
divalent ions from a few measured values. Sugar
and Reader applied the principle to estimate tri-
valent ion energy differences using Martin's re-
sults. Table V presents a comparison of our
measured value for the 5d absorption onset in
LaF, to Loh's" measurement in CaF, and Sugar
and Reader's free-ion band beginning. As ex-
pected one sees in general a lowering of the onset
caused by the crystal field.

One other empirical point should be mentioned.
Loh reports some success in fitting his data with
states generated by superimposing the energy
levels of the 4f" ' core on the two states formed
by the crystal field acting on the Sd electron. '
The site symmetry of LaF, is such that it splits
the 5d state into more than just two energy levels
making our spectra too complicated for Loh's
analysis. However, the case of terbium may be
an exception. The 4f" ' core for terbium is
analogous to the gadolinium 4f" configuration
which consists of a ground state more than 30000

TABLE V. Comparison of the band bottom for the free
ions with the 4f —5d absorption onset for ions in LaF3
and CaF&. The free values are from Ref. 10; the CaF&
from Loh, Ref. 39,

Ion Free La F~ CaF)

Ce
Pr
Nd

Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

49 737
61 171
70 100
73 300
73 700
81 800
91 200
54 900
66 300
74 200
75 400
74 300
80 200
90 433

37 800
51 300
60 600

57 700

77 000
50 000
60 300
63 300
57 500
64 500

32 500
45 600
55 900

59 500
68 500

&78 000
46 500
58900
64 100
64 200
64 000
70 700

&80 000

cm ' below the next higher state. This means
that the structure of the terbium spectrum should
arise entirely from the 5d electron split by the
field. The clearly resolved structure observed
in the terbium trace does imply a small number
of lines arising from the crystal field operating
on the 'D and 'D levels formed from the 5d elec-
tron and the 'S core.

VI. CONCLUSION

We have presented a rather exhaustive study
of the vacuum uv absorptions of trivalent lanthan-
ide ions in LaF, . Although it appears that the
choice of LaF3 as a host material makes theo-
retical calculation for comparison with experi-
ment unrewarding: the data may prove amenable
to empirical analysis. It is our hope that the re-
search may lead to new solid-state lasers oper-
ating in the uv. Several possibilities of this sort
suggest themselves. Plans for future work in
this area include investigation of different host
materials, a study of actinide series ions, and
some time-resolved studies. 4'
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