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Zeeman Effect in the 4f ~ Sd Syectrum of Ce'+ in CaF&
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The Zeeman effect of the Ce + ion with tetragonal charge compensation in CaF2 has been studied at 4.2'K.
An absorption line at 3131.6 A has been split with fields of 60 kG, and although all the components cannot
be resolved, there is good agreement with epr results for the ground state. Axial stress results identify the
upper state as having crystal quantum number p=+~. The occurrence of 4f"~4f" '5d spectra in the
trivalent rare earths is discussed. In an appendix, a result is established concerning the use of the Zeeman
eBect to identify the p =~-,' and p. =~ ~ components of a cubic r8 level split by a tetragonal distortion.

INTRODUCTION

'HE spectra of trivalent rare-earth ions as added
impurities in solids are usually studied with con-

centrations near 1 to 0.1%, and under these conditions
calcium Quoride containing cerium shows a very strong
broad absorption band around 3000 A. However, when
concentrations near 1 part of CeF3 in 10' of CaF2 are
used and the absorption is examined at low tempera-
tures, it is found that there is in this region a series of
absorption lines having the appearance of pure elec-
tronic plus vibrational transitions. These have already'
been assigned as transitions between the 4f ground
state of the Ce'+ ion and excited states belonging to
the 5d configuration. It is interesting to consider
whether these lines really are due to cerium, and if so
why they are more easily observed here than for other
rare-earth ions, and why there should be sharp zero-
phonon lines at all. In this paper, we use the Zeeman
effect to prove that the spectrum is due to trivalent
cerium and we discuss the occurrence of 4f"~ 4f" 'Sd
spectra in the trivalent rare earths.

THE ZEEMAN EFFECT

The crystals studied were grown by Optovac Inc. in
conditions under which the Ce'+ ions in CaF2 occupy
almost exclusively substitutional sites of tetragonal
symmetry C4„with charge compensation by an addi-
tional F—ion in the nearest interstitial site. Because
the symmetry axes of such centers are randomly dis-
tributed among the three possible directions [1007,
[0107, and [0017, the observed Zeeman effect is com-
plicated by the fact that except when the magnetic
field is applied along a [1117 direction, some of the
centers must be at different angles to the field from
others. Paramagnetic resonance studies' have shown
that the ground state of Ce'+, which belongs to the
'Fs~s level in the 4f configuration of the free ion, may
be derived from a I"8„state in OI, symmetry which is
split by a tetragonal perturbation of the crystal field
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to give a lowest Kramer's doublet which is approxi-
mated by

~4f(-', )&-,') = g-,'~4f J= ', M=—&-,')
+V's

I 4f ~=' ~=~-')
where the crystal quantum number p= &-', is used on
the left. The splittings of this level by a magnetic field
parallel or perpendicular to the tetragonal axis are
observed to be 3.038 PB and 1.396 PB, where PB is the
Bohr magneton times the Geld intensity.

In the Sd configuration, we expect to have a F8, state
lowest in the Oy, approximation since in cubal coordina-
tion the Sd(e, ) orbital has less energy than Sd(ts, ), and
the tetragonal field will split this F8, into two Kramer's
doublets which we may denote by ~Sd(e,)+s) and

~

Sd(e,)&—',). As e orbitals are not split by a magnetic
field, we may expect an isotropic spin-only splitting of

2PB for these levels, with possible small anisotropic
corrections due to the admixture of other states.

For special orientations of the crystal in a magnetic
field, selection rules govern the number and polariza-
tion of the lines in the Zeeman effect. Consider a
center whose fourfold symmetry axis lies along the
[0017 direction. When the magnetic field is applied in
the [0017 direction, the ion in this center is in C4
symmetry. The selection rules which can thus be
derived for the absorption of light polarized parallel
(ir) or perpendicular (o.) to 8 are given in Table I(a).
When the field is applied along either the [1007 or
[1107 or equivalent directions, only mirror symmetry
remains, and each Kramer's doublet splits into two

TABLE L Selection rules for a [001$ center.
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FIG. 1. Calculated
and observed varia-
tion of the Zeeman
splitting with angle
in the lane normal
to L110 .

dieted polarized spectra, shown in Fig. 2 for B~~L0017,
are very similar, our present Zeeman results are not
conclusive.

However, by applying an axial stress along the $001j
direction, we find that the upper state involved is
~Sd(e,)+-,'). The stress cannot lift the Kramer's de-
generacy of the levels, but it does affect the centers
oriented along $001) differently from those along L1007
or L010] so that a Kaplyanskii splitting' appears in the
spectrum. Two lines are observed, one of which is 0-

polarized (EJ stress direction), as would be expected
for

~
Sd(e,)+-', ). For

~
Sd(e,)+-', ), two lines are likewise

expected, but they should be completely unpolarized.
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levels which we may label by crystal quantum numbers

(+2) or (—-', ), where parentheses are used to denote
that this is with reference to the mirror normal. The
selection rules for this orientation, again referred to the
field direction, are given in Table I(b). For other
orientations, no valid symmetry remains, and although
it is possible to investigate the intensity of polarized
absorption by more detailed arguments, we shall not
discuss this further.

EXPERIMENTAL RESULTS

The absorption spectra were photographed at liquid
helium temperature using a 2-m Bausch and Lomb
spectrograph in second order, with an inverse dispersion
of 1.9 A/mm. The samples were oriented so that light.
could be propagated along the L110j direction, and
the magnetic Geld was applied at right angles along
the L001), t 112), L111j, or (110$ directions. A strong
pure electronic absorption line was observed at an air
wavelength of 3131.6 A, and at shorter wavelengths
there were several vibronic lines which were too broad
to show a resolvable Zeeman effect. In addition to
broad lines which were almost certainly vibronic, our
samples also showed weaker relatively sharp lines at
3084.7, 3092.5, 3098.3, and 3112.7 A. The line at
3092.5 A showed a Zeeman effect which appeared to
be similar to that of the line at 3131.6 A, but it was
not possible to obtain satisfactory measurements of
this owing to the low intensity of the absorption.

In Fig. 1 we plot the expected splitting factors s given
by v= v&+-,'s(PB/hc), with v measured in cm—', against
the angle 8 between B and the L001] direction. Also
shown are the values observed at 60 kG (PB/bc=2. 80
cm '). It can be seen that there is sufficient general
agreement to identify the Ce'+ ion, but that the line-
width prevents the resolution of the complete patterns.
Thermal depopulation in the ground state also makes
a few of the components very weak. . In principle, the
Zeeman effect can be used to decide whether the upper
state is ~Sd(e, )+-', ) or ~Sd(c,)&-,'), but since the pre-
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FIG. 2. Zeeman split-
tings s with polariza-
tion for B~~L001$ (a)
observed, (b) calcu-
lated for p= &-,' upper
state, (cj calculated
for p = &-', upper state.
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4f" -+4f" 'Sd SPECTRA

For a sharp line to be observed in a transition be-
tween two electronic energy levels of an impurity ion
in a crystal, it is necessary that the lattice states as-
sociated with the upper and lower levels are those in
which no vibrations are excited. If there is very little
overlap between these two unexcited vibrational states,
the transition probability will be much greater when
vibrations are involved, and no sharp spectrum will
be observable. Hence, when we observe sharp 4f"~
4f 'Sd lines in the divalent or trivalent rare earths,
there must be considerable overlap between the ap-
propriate zero-phonon states, which implies that in this
respect there is no great diQerence between the con-
tribution of the 4f or 5d orbitals to the interaction of
the ion with its neighbors.

A simple calculation may be carried out to determine
the variation of the energy separation of the lowest
levels of 4f" and 4f" 'Sd through the rare-earth series. 4 '
The electrostatic interaction between 4f and 5d elec-
trons is not large, so that we may consider uncoupled
states for which the energy may be approximated as

E(4f" 'Sd)=E(4f" ')+E(5d).
Hence, apart from slow variations in E(5d) and the
center of gravity of the 4f" configurations, we have the
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FIG. 3. Calculated
variation of the sepa-
ration of the lowest
levels of 4f" '5d and
4f" in the trivalent
rare earths.
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is determined by the energy of the lowest SI.multiplet
of each 4f", which depends primarily on. the Racah
parameter' E'.

The coefEcient of E' in E(4f") varies rather like
—S(S+1),where S= sr' for m& 7 and S=-', (14—I) for
m&7, so that the general trend of the energy difference
is to increase, with a sharp discontinuity between e= 7
and m=8. This can be seen in Fig. 3, which shows the
results of a calculation including a linearly varying
background and some other minor corrections.

It is apparent that in addition to Ce'+, ions in which
4f"~ 4f" 'Sd transitio—ns might occur at a low enough
energy to be observable are Pr'+ or Tb'+. We have
already observed such lines' in CaFs (Pr'+), near 2200 A,
but there appear to be no Tb'+ lines out to 2100 A.
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CONCLUSION

It has been shown that the sharp absorption line at
3131.6 A (31 923 cm ') in CaFs is due to Ce'+ ions at
a tetragonal site. This line is so intense that we have
used it to identify 1 part of Ce'+ in 10' of CaF2. The
optical Zeeman effect is in agreement with epr studies,
but linewidth prevents complete resolution of the
splitting at 60 kG, and significantly higher 6elds would
be needed to acheive this. Axial stress gives good
evidence that this line is due to an upper state with
p=~ —,', and it is possible that a second weak line at
3092.5 A (32 327 cm ') is due to the remaining p= +-s'

component of the Sd(e,)i's, cubic level.
In other trivalent rare-earth ions, the 4f"~ 4f" 'Sd

transitions should also give sharp lines, but with the
exception of Pr'+ and possibly Tb'+, they are expected
to occur at wavelengths too short to be easily observable.

result established in the Appendix might hold. Thanks
are due to E. L. Bardho for assistance with the experi-
ments and to Steven A. Winter for analysis of the
spectrograms. The calculation of wavelengths and
wave numbers was carried out at the MIT Computation
Center.

APPENDIX

In the course of considering how the
I Sd(e,)+z) and

I
Sd(&,)&z) centers could be distinguished, an interest-

ing general result was noted. When a F8 level in cubic
symmetry is split by a tetragonal distortion, the first-
order Zeeman splitting in each of the two components
must always be the same when B is applied along the

I 1111direction. Note that this is the direction which is
simplest to study, in which the three possible center
orientations are equivalent.

To prove this we apply the Wigner-Eckart theorem
to the calculations of the matrix elements of the
operator L+2S which transforms like a Tr irreducible
representation of whatever cubic point group is ap-
propriate. Since the direct product of F8&(F8 contains
T& twice, we must include two arbitrary (imaginary)
reduced matrix elements iA and iB in the general
expression

(I's IL.+2S.II's~')

=iA( I'.
I
T .I's')+ iB(P's. l Tr I' '),

where tabulated values of the coupling coeKcients for

p, p'= &—,', &sz, and y= x, y, s are available, s and rr, p
are used to distinguish the two independent sets of
coefficients.

A tetragonal distortion along the z axis separates
the two Kramer's doublets

I
I'sp=&sr) and

I
I'sp=+zs).

We now need to calculate and diagonalize the matrices
of

M= (L,+L„+L,)+2(S,+Ss+S.)
for each doublet to obtain the splitting factors for the

I
111j direction. Since each matrix is Hermitian and

has zero trace, the following elements between states
with crystal quantum numbers p, , p' determine the
eigenvalues:

M(+-,', +-,') = —A (1/15)'~' —B(3/5)'~',

M (+ sr )
—rz) = —A (1+i) (4/15)'"+B (1+i) (3/20)'"

M(+z, + z) = Ags+B(1/1—5)'"
3f(+ ', —-') =B(1+i)(5/—12)"'.

In each case the splitting factors are then found to
have the same value,

s= 2LsA'+ (9/10)B'—sABJ".
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