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We have investigated the Raman, infrared, and EPR spectra of CeF; in a search for the excited
crystal-field levels of the 4f' configuration in this compound. While this can be achieved routinely
for the 2F,,, levels between 2100 and 2900 cm™~!, problems arise for the 2Fs,, levels because of a
strong interaction between the electronic states and the near-resonant optical phonons. Pure elec-
tronic crystal-field states obviously do not exist in this range, but are hybridized with optical pho-
nons and additional, new vibronic states are found in the wave-number regions of the expected
crystal-field levels. A tentative model of a local Jahn-Teller—type 4f-electron—phonon interaction
is studied, but only qualitative agreement with the experimental results can be obtained. Approxi-
mate values for the wave numbers of the uncoupled crystal-field states are given. An extrapolation
of existing values of crystal-field parameters for the trigonal tysonite structure to CeF; gives reason-
able agreement between calculated crystal-field levels and the findings from experiment for these un-

coupled states.

I. INTRODUCTION

The rare-earth trifluorides [RF;, (D%;,P3c1)] in the
tysonite structure have been investigated carefully in the
past in many different species. LaF;, for example, is an
excellent ionic conductor at elevated temperatures' and
the good transmission properties in the ultraviolet of this
host material for rare-earth (R) dopants has permitted
laser activity in the vuv (LaF;:Nd>*,A=1720 A).? Several
attempts have been made to calculate the crystal-field en-
ergies and eigenfunctions of electronic levels of R3* ions
in these hosts, especially in LaF;, and to determine the
crystal-field parameters using models of various degrees
of sophistication.

Whereas parameter fits for Pr’* and the heavier R>*
ions can be performed routinely with good success because
of the detailed knowledge about the many electronic levels
in the crystalline Stark field, there exist several difficulties
which impede such a straightforward analysis for CeF;:

Both Raman and far-infrared (FIR) experiments
demonstrate several effects, due to an unusually strong
4f-electron—optical-phonon interaction®* in the region of
the ?Fs,, state [magnetoelastic (me) and vibronic interac-
tion] resulting in a hybridization of 4f states with nearby
phonon states. Effects of the me interaction are charac-
terized by temperature-dependent energy shifts of pho-
nonlike states or a splitting of degenerate phonon states
Av in a magnetic field B. These effects saturate at high
fields and low temperatures, according to the paramagnet-
ic saturation of the twofold-degenerate electronic ground
state:

Av < tanh(gupB /kpT) , (1

with the observed g factor of the ground state. Such non-
linear magnetic shifts and splittings of phononlike states
are found in the spectra of CeF; for several transitions.>*
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The vibronic interaction manifests itself by 4f-
electron—phonon anticrossing phenomena and gives rise
to additional “vibronic” states and transitions in the spec-
tra.

The energy shifts of the observed electronic states due
to this interaction, i.e., the shifts of the actual hybridized
levels as compared to the hypothetical uncoupled states,
which have to be used in the crystal-field analysis, may
amount to about 30 cm™!, or even more. These shifts,
which cannot be determined precisely, add a new source
of uncertainty to the crystal-field analysis. Moreover, the
usual classification of a spectroscopically observed state as
either a crystal-field excitation or a phonon, almost self-
evident for a 4f spectroscopist, is no longer justified, but
the vibronic states™’ blur the spectra by additional struc-
ture, which may cause some arbitrariness in the identifica-
tion of those vibronic transitions, where the electronic
character prevails. Such additional vibronic states always
arise whenever the electronic ground state is degenerate
and the interaction strength is adequate. It should be real-
ized that the term ‘“‘vibronic state” or ‘“vibronic transi-
tion” is used here not for phonon-sidebands, where a pho-
non and an electronic excitation are excited simultaneous-
ly by one photon,® but for states, whose wave functions
are linear combinations of Born-Oppenheimer products as
in treatments of the static or dynamic Jahn-Teller effect
(e.g., Ref. 7).

When the energies of the uncoupled excited crystal-field
states have been deduced from the spectra, another prob-
lem arises, as only one multiplet 2F exists in the 4f' con-
figuration with the two components J=+ and +. In a
crystal field of a symmetry lower than cubic, the 2Fs,,
component is split into three crystal-field states and the
%F, ;, component is split into four crystal-field states, each
doubly (Kramers) degenerate. For the C,-site symmetry
in the tysonite lattice, theory postulates 14 independent
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crystal-field parameters, whereas only five Stark splittings
are provided by experiment. Thus the usual parametriza-
tion and fit procedure is not applicable here.

In the past, several attempts were made to determine
crystal-field parameters of Ce’* in this lattice. Already
in 1934, van Vleck and Hebb® tried, in a paper, which
marked the very beginning of crystal-field theory, to
derive the crystal-field energies and the eigenfunctions of
the 2F5,, component from Faraday-rotation experiments
in natural tysonite by Becquerel and de Haas.® They as-
sumed rhombic site symmetry with the axis of quantiza-
tion oriented parallel to the principal crystallographic axis
Z.

Baker and Rubins!® observed, by EPR, the axes of the
local g tensors. One Cartesian axis, chosen to be the y
axis, lies in the basal plane parallel to a twofold axis of the
crystal, the other two local axes are oriented in a plane
comprising the optical axis Z; the local z’ axis, the quant-
ization axis, is assumed to make an angle 6 with Z, 6
varies with the type of R ion considered. The wave func-
tions of the ground states have been calculated from these
results.

In the most recent work on this subject, Morrison and
Leavitt!! extrapolated their fit results for the R3*
(Pr*t, ..., Tm**t) in LaF; to the case of Ce’* in this
host. No experimental data of Ce’* in LaF; are con-
sidered in this investigation. Their calculations are based
on the assumption of a C,-site symmetry for the R ions
with the quantization axis perpendicular to Z. Calcula-
tions with the approximate site symmetry D;, for the
odd-electron systems are also available, and only four
crystal-field parameters are required in this case.'?

The correct symmetry of the tysonite lattice has been
the subject of controversial discussion over decades (see
Ref. 13 for a review of the early work).. Only recently has
this question been settled in favor of the microtwinned tri-
gonal D%, (P3c1) structure'~'¢ instead of the hexagonal
C3?, (P65cm) or any other structure.'” The site symmetry
of the R ions is C, with the quantization axis oriented
perpendicular to Cj, and there are six formula units per
unit cell.

II. EXPERIMENTAL RESULTS

Three different techniques were used in this work to
study the transitions between the vibronic states in CeF;:
Raman spectroscopy, infrared reflection spectroscopy,
and EPR. In all cases, the samples were cooled by immer-
sion in superfluid helium (7T =2 K). The spectra were
taken in external magnetic fields B up to 8 T using a
split-coil superconducting solenoid or up to 12 T in a Bi-
tter coil. The Raman spectra were excited with an Art
laser (5145 A) and analyzed using standard techniques
with a resolution of 2.5 cm~!. The infrared spectra of
circularly shaped (1-cm diam) and oriented probes were
studied in the wave-number region 30 <¥ < 600 cm ™!, us-
ing the Fourier technique in both the Faraday and Voigt
configurations (B]|2Hk or B| Izlk, respectively; k is the
wave vector of the incident radiation). For the evaluation
of the reflectivity data, we performed a Kramers-Kronig
analysis and, for refinement, a Lorentzian oscillator fit,*
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using the results of the KK analysis as starting values.
The EPR spectra were taken in a superconducting magnet
(B <9 T) using a transmission geometry.!® The frequen-
cies in the W band (about 80 GHz) and harmonics thereof
were generated by an IMPATT diode.

The transitions to the *F, ,2 states were already investi-
gated by infrared transmission by Buchanan et al’® We
verified their results by means of Raman spectroscopy.
The crystals purchased from OPTOVAC Inc. (North
Brookfield, Massachusetts) were oriented using cleavage
planes and x-ray backscattering, and the surfaces were op-
tically polished.

Figure 1 (lower part) interrelates the crystal coordinates
(X, Y,Z) with the local systems (x,y,z) of three RE ions, at
Z=+ or %; the inset gives the orientation of the Carte-
sian axes of the g tensors. All data of the g factors are re-
lated to the system of local coordinates.

The g factors of the electronic ground state, where the
vibronic character can be ignored to a good approxima-
tion, have been determined for LaF;(0.3 at. % Ce**) in
Ref. 10; these values together with our results for CeF;
are compiled in Table I. In Fig. 2, the Raman transitions
to the excited Kramers component of the ground state are
shown for BHi and BLZ. The spectrum BLZ has been
numerically decomposed into three components of identi-
cal strength in accordance with the inclination of the field
direction of 80° against one of the three C, axes in the
basal plane. The angle 6 (Fig. 1) has been determined in
Ref. 10: 6,=14°; we have obtained the same value in con-
centrated CeF;. For the excited states, 8, ; have not been
determined, as the reduced experimental accuracy for
these states does not justify this.

Figures 3 and 4 give the E, reststrahlen spectra of CeF;
at different magnetic fields Bl[i in the Faraday (Fig. 3)
and Voigt configurations (Fig. 4). The spectra at B =0
are identical in both configurations and agree well with

FIG. 1. Coordinate system XYZ of the crystal (2||C;||B)
and local coordinate systems of three R ions in RF3; z'is the lo-
cal axis of quantization. The inset shows the local system and
the axes of the g tensor.



within the Kramers degenerate ground state of CeF;, B=12 T;
spectral slit-width: 1.5 cm~' (B||2), 0.8 cm~' (BLZ). The in-
clination of the B direction against one of the local y axes is in-
dicated; T=2 K.
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TABLE 1. Experimental g factors and energies ¥ of those vibronic states derived from %Fs ), in CeF;
which demonstrate a linear Zeeman effect. Wave numbers in parentheses are experimental values extra-
polated to B =0 T; other values are the calculated results for the uncoupled states.
Baker et al? Raman v EPR and IR v
(La;_,Ce,F3; x=0.003) g (ecm™h g (ecm™)
8x.1 1.304 1.25 1.3b
&1 0.16 0.38 0 0.42° 0
P 0.45 0.47 0.48"
gx1l 0.45 (142.6)¢ 0.5¢ (153)
~ 160
&x,111 0.25¢ (258)
gy,lll z290d (O.S)C ~280
8z,111 (0.5r
*Reference 10.
"EPR.
IR (infrared).
dReference 3.
the spectra taken by Lowndes et al.,’° but characteristic
- differences develop with increasing B.* These differences
and the general B dependence of the spectra will be treat-
i ed in detail elsewhere.?! In this reference, all phonon fre-
X(Z X quencies and frequencies of vibronic states of CeF; taken
_(_ )z from Raman and FIR spectra will be compiled and com-
500 - Bl Z pared with the spectra of isomorphous LaF;. In summar-
izing, we find that almost every band shifts nonlinearly
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FIG. 2. Raman spectra (counts per second, cps) of transitions Viem?)

FIG. 3. Magnetic field (B) dependence of FIR reflectivity R

of CeFs;, EL2, T=1.8 K; B||2||k (k is wave vector of incident
radiation with electric vector E), E, symmetry.



33 CRYSTAL-FIELD STATES OF THE Ce** ION IN CeF;: A DEMONSTRATION . .. 7441

Ce F3 ; E u
7
ST
3T |
1042
R
17
ot
Voigt Configuration
0 1 1 Il 1 1 1 1 1 {
100 200 300 400 500

Vicm™)

FIG. 4. B dependence of FIR reflectivity R of CeF;, EL2,
T=1.8K; B||21k, E, symmetry.

with B by small amounts ( <5 cm™!) following Eq. (1),
i.e., there is a linear shift at small fields which saturates at
about 3 T for T=2 K. In Fig. 5, the A4,, reststrahlen
spectra are depicted under a magnetic field BHQ and
similar shifts are found in these spectra.?!

The Raman spectra of CeF; (Fig. 6) of E type

Ce F35A2u
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FIG. 5. R(B) of CeF3, E||2, T=1.8 K; B||ZLk, A4,, sym-
metry.
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FIG. 6. Raman spectra (cps) of CeF; and isomorphous LaF;,
T=2 K and T=300 K; E; type [E,; in the approximate Dy,
symmetry (Ref. 13)]. The antisymmetry in the spectra of the
Ce** compound (T=2 K) is evident, the transitions marked by
arrows are due to additional vibronic states as discussed in the
text, and the unmarked bands are phonon transitions. The
X(YZ)Y spectra of LaF; are identical with the X (ZX)Y spectra
shown.

[X(YX)Y and X(ZX)Y geometry] have been discussed in
Ref. 3. Both types of Raman spectra are governed by the
strong “phonon” bands and additional vibronic features,
which are responsible for the striking antisymmetric
scattering [( ZX)s4(YZ)] appearing in Fig. 6. If only pho-
nons were excited, both spectra in Fig. 6 should be identi-
cal, as observed in diamagnetic LaF,, where Placzek’s po-
larizability theory applies. Antisymmetric scattering
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occurs whenever the scattering tensor comprises terms,
which transform like a pseudovector,?? beside the usual
symmetric contributions. This situation is, for example,
encountered for scattering processes between levels
transforming according to the irreducible representations
(ir) of the double groups, i.e., between Kramers degenerate
levels of electronic or vibronic origin. Raman transitions
in CeF;, where antisymmetric scattering prevails, are indi-
cated by arrows in Fig. 6. They are found around 150
cm~! and around 300 cm™!. These transitions must be of
vibronic origin, as only two pure electronic transitions
should be expected within *F;,,, Raman spectra of CeF;
taken at higher temperature are approaching symmetry
and are in good agreement with the spectra reported in
Ref. 13. Transitions of essentially electronic character are
not easily detectable, but should be revealed by careful
study of the B dependence of the spectra, searching for
details exhibiting an approximately linear Zeeman effect.
This linear Zeeman effect may, however, be disturbed by
anticrossing effects with nearby vibronic bands, as shown
in Fig. 7. In this figure, a section of the Raman spectrum
of E, symmetry of CeF; is depicted. The feature at 150
cm—!, emerging at high magnetic fields, performs a linear
Zeeman shift [Fig. 8(a)] after numerical decoupling (e.g.,
Ref. 23) from the vibronic transition at 153 cm™!, start-
ing at ¥=142.6 cm™! (B =0). This anticrossing is fur-
ther testified by an exchange of transition intensities be-
tween the two coupled states, due to their hybridization
[Fig. 8(b)]. Taking into account the g factor of the
ground state (Table I), a g factor for the excited level,

300 X{(ZX)Z

200

/L 1 | I 1 1

140 150 160
Vlecm™)

FIG. 7. Anticrossing behavior in the Raman spectra (cps) of
two vibronic states in CeF;, T=2 K, B| |2.
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FIG. 8. (a) Results of a numerical decoupling (Ref. 23) of
the two transitions shown in Fig. 7. Experiment: wave numbers
of the strongly-field-dependent component as taken from Fig. 7;
accuracy: + 1 cm~}, £2 cm™! at low fields; calculation: result
of the numerical decoupling. (b) Normalized transition intensi-
ties I, of the coupled transitions as a function of the energy
differences v of the decoupled states; vibr. denotes vibronic line
at 155.5 cm~!, el denotes quasielectronic line of (a). The solid
and dashed lines are the results of calculations.

gx,1=0.45, is derived. This Raman transition obviously
ends in the upper Kramers component of the first-excited
crystal-field state.

On the other hand, the FIR experiments yield another,
almost linearly shifting band starting at 153.5 cm™!
(B=0) in the 4,, spectrum (Figs. 5 and 9). Here a g fac-
tor g, 1=0.5 is obtained; the transition leads to the lower
Kramers component of the excited state. Buchanan
et al.!® observed two broad electronic “hot absorption
lines” (T =77 K), which were attributed to transitions to
the 2F;,, manifold starting from an excited crystal-field
state at 150 cm™!. Van Vleck and Hebb® calculated this
level at 130 cm~!. Considering our spectroscopic results,
the situation appears quite complicated: The first-excited
crystal-field component is not a single state, but may have
decayed into several separate vibronic states with a com-
plicated magnetic field dependence. A detailed spectro-
scopic analysis of these vibronic states will be presented in
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FIG. 9. Magnetic field dependence of the transverse frequen-
cy of an A, oscillator in CeF3, B||2, T=2 K.

a separate paper,* where the frequencies of these vibronic
states and their magnetic field temperature, and concen-
tration (¢ in Ce.La;_.F3) dependences will be compiled.
As an example, Fig. 10 shows the B dependence of the en-
ergy of three vibronic states (2Ez, 14,). These results
can be summarized by saying that at low temperatures in
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0 5 B(T)

B(T)

5 B(T)

FIG. 10. Magnetic field dependence of Raman-active vibron-
ic transitions of different ir’s; the E, transitions plotted here are
the two prominent bands indicated in Fig. 6 [X(ZX)Y].
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a magnetic field, these states follow roughly (1) (see also
Sec. III below), and that the splitting between different
vibronic levels and the intensities of the transitions gen-
erally disappear with decreasing concentration ¢ and with
increasing temperature. This latter tendency is indicated
in Fig. 6. The frequencies of vibronic transitions with 4,
symmetry do not generally coincide with E, transitions.
As a consequence, we expect the uncoupled first-excited
crystal-field level in the region 140<¥ <170 cm~!. A
very recent investigation?> of the magnetization and of the
specific heat of CeF; at 4.2 < T <300 K locates this first-
excited level at 75 cm ™. This finding is not supported by
spectroscopic results.

The second-excited crystal-field level again could not be
traced directly in the Raman spectra up to 1000 cm™".
The only indication of the presence of this second level is
another accumulation of new vibronic states near 300
cm~! (Fig. 6) similar to the vibronic states near 150 cm ™'
and a magnetic-field-dependent change of a phonon band
shape (Fig. 11), which continues to the highest field at-
tainable, contrary to the usual magnetoelastic effects in
the Raman spectra,® which saturate according to (1).

In the FIR spectra both in the Voigt and Faraday con-
figurations, a weak reflection band near 258 cm™! is
found with an approximately linear shift to higher wave
numbers in an external magnetic field (Fig. 12). The g
factor of this state is found to be g, =0.25, after subtract-
ing the effect of the ground state. Thus the missing level
is to be expected in the wave-number region between 250
and 320 cm~!. In Ref. 8, the second electronic level of
F 5,2 was calculated at 750 cm~ ! in Ref. 19, it was as-
sumed to lie close to 500 cm ™.

The situation is much simpler for the transitions to the
’F,,, component, which lie outside the region of lattice
excitations and where no me effects interfere. We have
observed these transitions by means of Raman scattering
and have observed the following Raman transitions to the
four crystal-field components of 2F;,,: 2161, 2239, 2640,
and 2860 cm ™!, which agree, within experimental accura-
cy, with the results obtained by Buchanan et al.'® using
infrared spectroscopy. A Zeeman splitting was observed
only for the lowest state at 2161 cm™!; g, =1.65. The
other transitions are presumably too broad to observe an

X(ZX)Z
500 Bz

200

300 330
Vicm™)

FIG. 11. Field-dependent Raman band shape (cps) of a pho-
nonlike vibronic transition in CeF;, T=2 K, B||Z.
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FIG. 12. Field-dependent transverse E, oscillator in CeF3,
B| ]2, T =2 K, in the Voigt and Faraday configurations.

effect of a magnetic field. Except for fluorescence lines
occuring in the Raman spectra in this region, possibly due
to other R impurities, no ambiguities were encountered in
attributing the transitions and also no line multiplication.
This gives strong evidence that the 4f'-electron—phonon
coupling is, in fact, the main source of the effects
described above.

All the experimental facts mentioned above are certain-
ly not due to magnetic or electric multipolar ordering, but
all occur in the paramagnetic state of CeF;. Recent mea-
surements of the specific heat c, of CeF; (Ref. 26) have
revealed two anomalies of c,(B=0) peaking at 0.4 and
0.12 K, respectively. Thus an ordered state may exist
only in the millikelvin region.

III. DISCUSSION

In this section, we discuss a simple model of vibronic
states in CeFs, which is based on a theory of Thalmeier
and Fulde’ originally developed for similar effects in the
Laves-phase intermetallic compound CeAl,. Our model
interprets the energy levels of a single Ce** ion interact-
ing with the local optical-phonon modes of its surround-
ing ligands.

Without me interaction the states of the system of 41!
electrons and local modes are Born-Oppenheimer states,
products of electronic and vibrational states:

| W)= | W) | piw;)) , (2)

where the electronic component is n-fold degenerate and
the phonon state is p-fold occupied with phonons of ener-
gy fiw;. The coupling is governed by the usual bilinear
Jahn-Teller Hamiltonian:

Hue= 3 Gigi Cigdr - 3)
i,

Here, ¢! is a phonon operator of mode i, and symmetry
type T, Ckl;' is an electronic multipole operator of rank k
(k=2,4,6) and order g (—k <gq <k), transforming ac-
cording to the ir I'', as generally used in crystal-field
theory. G is a coupling constant, the dynamical crystal-
field parameter,?’ which can, in favorable cases, be deter-

mined by fitting of experimental results. In (3), no sum-
mation on the R ions per unit cell is performed as the in-
teraction is completely local in this context. Another ap-
proximation of the Thalmeier-Fulde model is the reduc-
tion of the product space (2) to those states, with energies
close to resonance. We only consider product states of
single phonons with the electronic ground state and prod-
ucts of zero-phonon states with the excited electronic
state. On the contrary, in the usual treatment of the me
interaction, which considers the same type of Hamiltonian
(3), just the off-resonance case is considered,’®*?’ and
many-particle techniques are used corresponding to a
second-order perturbation theory. In the present case,
however, the Hamiltonian is diagonalized in a restricted
basis of states.

The ir of the vibronic and the electronic states are those
of the double group® of C,(I';,T,) because

@0 4=T34 D[®T;4=T4;3.

As I')@I'y=T"y and I'; 4,®I'; 4=T,, all polarizations are
allowed for transitions between the degenerate vibronic
states.’? As a consequence of this, vibronically coupled E
phonons will produce additional transitions in the 4 spec-
tra and vibronic transitions will simultaneously occur
both in the infrared and Raman spectra, because the in-
version center of Ds; is ineffective in this local model
with site symmetry C,.

For the sake of simplicity, we restrict the calculations
to electronic operators of rank k =2 (quadrupoles). Re-
cent studies®’ for the compound LiTbF, have shown that
this is a crude approximation as at least the operators for
k =4 contribute as strongly as the quadrupoles to vibronic
and magnetoelastic effects, but will provide no qualita-
tively new results. The quadrupole operators can be writ-
ten in tensorial form:

0= [ Gxyx;—r28;)pas(x)d’x ,
Lj=1,2,3, r’= 3 x}.
i

The matrix elements are evaluated as usual using
Stevens’s operator equivalence:

QuxJy; +J.Jx =0, (I),

T(Q1—02) < Iy —J,J, =0, (T},

Oy« +J,J,=0; (I'y), (4)

Qi xJxJy+J,J,=04 (I')),

Q3 x3J2—J*=05 (') .

The interaction Hamiltonian (3) is now reformulated:
ij

We consider for the model calculation one E phonon in
D, with energy w, with its components P,,P, transform-
ing locally according to I'y and T',, coupled with an excit-
ed electronic Kramers degenerate level E;; of wave num-
ber v; (ground state Vy). We obtain the already block-
diagonalized matrix:
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|E;i 4,0) |Eo_,P;) |Eo4,Py) |Eo_,P\) |Eo:,Py) |E;_,0)
<O)Ei+ I T’i MB MA 0 0
(Pz,Eo_ I M; (0] 0 0 0
. (6)
(Py,Eq | M, 0 ® 0 0
<P1,E0_ I 0 O O w 0 MA
<P2,E0+ ! 0 0 0 0 [0 MB
(0,E;_| 0 0 0 M} M3 v

The matrix elements are defined as

M =(0,E;x| 3 G;i0i¢p |Eos,P1),
j=2.4,5

Mp=(0,E;x| 3 G;,0;¢p, | Eoz,P;) .
213

j=1
From (16) eigenvalues A, A,, . . ., A¢ are derived:
}\'1,2:0) ’

A3 4
Asye

(8)

=1 {4+ 0)t[(¥—w)?

+40IM 4 |24 [ Mp | D]V
In Fig. 13 we have plotted these vibronic energies for a
170
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FIG. 13. Model calculation of vibronic splitting of an E pho-
non in a system with twofold-degenerate electronic states; the
energy dependence on the coupling strength between 4f elec-
trons and optical phonons is shown here.

specific example (=150 cm ™!, %;=140 cm~}) as a func-
tion of the interaction strength M, (= Mp, assumed). We
see that the fourfold degeneracy is raised and a new vib-
ronic state (A3 4) is split off, which has mainly phonon
character. Another vibronic state (A5 ¢) of electronic des-
cent is repelled symmetrically to lower energies. A pure
phonon state (A, ,) remains unshifted. All states are two-
fold degenerate. The phonon-electron hybridization of
states A3 4 and As ¢ increases with the size of the matrix
elements M ,,Mp: The amplitude c; of the electron-
component in the eigenfunctions A; 4 or of the phonon
component in As g, amounts to

cy=[1+(|M,|*+ Mz | /(AEP]™',

where AE is the separation between the phonon com-
ponent A; , and the split-off vibronic state A3 4. If the in-
teraction is  strong (0—V; << |M,4 |, |Mp|),
¢3—(2)7172, the eigenvalues approach the asymptotic
values shown as dashed lines in Fig. 13.

Apparently, the spectrum becomes quite complicated in
a system like CeF3, with several E phonons close to an ex-
cited crystal-field level. Each E phonon provides one ad-
ditional vibronic state and consequently shifts the energy
of the interacting electronic level, while a nondegenerate
phonon only causes an energy renormalization of the cou-
pled states. Even worse, not only single-phonon states,
but also many-phonon states (especially two-phonon
states) close to resonance with an electronic state will in-
teract and may gain enough intensity by hybridization to
appear in the spectrum.

The remaining degeneracies will be raised, in general,
by a magnetic field B along the trigonal axis because of
the Zeeman-effect of the vibronic states and due to the
magnetoelastic interaction>?”?® of the optical E phonons
with the electronic levels. A (many-particle) theory,
which simultaneously includes the me and vibronic in-
teraction in a satisfying manner, does not exist at present,
according to our knowledge. In order to gain some in-
sight into the effects of a magnetic field, we formally in-
cluded the me interaction into our model calculation by
considering the Zeeman shift of the electronic energies
V;(B) in the matrix (6) and by using the phonon states
corrected in second-order perturbation theory with the
Hamiltonian (3) as perturbation for the calculation of the
matrix elements.?® The restriction of the product space
(5) to states which are close to resonance is thus slightly
released, i.e., the “polarization” of the phonon states due
to electronic states not included in (6) is considered, but it
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is assumed that effects of the me interaction are small as
compared to the vibronic interaction. Thus supplementa-
ry elements have to be introduced into (6): the Zeeman
terms additional to ¥; and the me phonon self-energies
due to (3). The largest elements of the latter type and the
only ones considered here are found between the com-
ponents (1,2) of a degenerate E phonon: they are of the
following form:*"28

M,,z(w)=

X(N|CE' IMM|CEZINY, ()

where |N),|M) are pure electronic states including
| Eo+ ), | E;+) with wave numbers ¥y, vy, and thermal oc-
cupation numbers ny,ny. At low temperatures, only
no=n(|Ey4)) is different from zero. a,1 or a,2 charac-
terizes the ir of one of the two components P,,P, of the
phonon in question. ny,ny have been introduced here
ad hoc to reproduce the results of the theory of me ef-
fects,”® where thermal averages have to be formed. The
diagonal elements

M =My=(P ;... [(C)*|...;P1,)

give only a temperature-dependent energy renormaliza-
tion® which is not considered here, because no qualitative-
ly new results are provided by these terms. The off-
diagonal terms, however,

M ,=—M3 =(P;;... |(C)}]...;Py),

which are purely imaginary,’® are included and fill the

hitherto open spaces in the 3X3 block matrices (6), thus
lowering the symmetry of the problem. Because of
ny —ny in (9), these matrix elements are magnetic field
and temperature dependent according to

M, ,(B)=M, ,(B—> oo )tanh(g;upB /kyT) . (10)

In Fig. 14, we have plotted the results depending on B
of a model calculation as in Fig. 13 for transitions starting
from the lower Zeeman component of the ground state,
where matrix elements of the magnetoelastic interaction
M , have been introduced. Numerical values of T=2 K,
M,=Mg=5 cm~!, of |M,,(B—>)|*=25 cm~? and
of 2Re(M, ,M Mp)= |40M, ,(B)|, have been assumed
arbitrarily in addition to those values already used to cal-
culate the plots in Fig. 13. The values g,;=1.30 and
8x,n=0.45 have been taken from Table .

All residual degeneracies have been raised by the mag-
netic field. The phonon components show the typical me
saturation behavior according to (1) and (10), although a
small magnetic field dependence is detectable even at high
fields, because of the Zeeman contribution. The splitting
of the “electronic” component near 136 cm ™! is nonlinear
and the observed g factor is different from the value
entering the calculation because of the superimposed pho-
non splitting. At low fields O<B <1 T) g.g=1.14 is ob-
tained, this number decreases to g.;=0.33 at (6<B <7
T), where the splitting due to the phonon contribution has
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FIG. 14. Calculated magnetic field dependence of vibronic
states (Fig. 13), M, =M, =5 cm~'. The magnetoelastic and vib-
ronic interactions are treated simultaneously.

saturated. The two central components of the phononlike
modes demonstrate an anticrossing and an interchange of
eigenvectors close to B=1 T, v=152 cm~!. This has the
consequence that the intensities of transitions to both
components of each mode may be quite different, assum-
ing that the phonon contribution produces higher intensi-
ties in the spectrum than the electronic contribution.
Thus only one component of each split mode may appear
in the spectra. Line shifts nonlinear in B and saturating
at high fields and intensity anomalies of the kind just
described are in fact observed both in the Raman and in-
frared spectra of CeF; (Fig. 10). The complicated
behavior of frequencies and intensities of phononlike vib-
ronic state at low fields (B <2 T) indicated in Fig. 14 may
be difficult to detect experimentally due to the large
widths of the transitions involved (Fig. 6), covering finer
details. With increasing magnetic field, however, these
excessive widths are reduced’! and the transitions are gen-
erally better resolved (Figs. 2, 3, and 4).

We have performed a calculation based on this model
appropriate to CeF; which was restricted to the wave-
number regions of strong vibronic effects where the two
uncoupled crystal-field states are to be expected: 170+50
and 280+50 cm™!. All phonons within these regions
were considered and coupled with the nearest electronic
state. The unknown coupling constants G were treated as
fit parameters. The numbers thus obtained for G are of
the same size as those derived in Ref. 3 for the magnetoe-
lastic effects. The following general results have been ob-
tained:
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(1) Some, but not all, of the additional vibronic transi-
tions in the E spectra can be reproduced (e.g., at 300, 258,
and 180 cm ™!, but not at 108 cm™!), as well as the com-
ponents with a prevailing electronic character (142 cm ™).

(2) The additional transitions in the A spectra cannot be
reproduced correctly. The calculations predict a coin-
cidence of the wave numbers of 4 and E components,
wherleas significant differences are observed (AvV>5
cm™ ).

(3) All vibronic transitions should appear with the same
wave numbers in the infrared and Raman spectra as
predicted by this local model. This does not agree with
the observations except for one, perhaps fortuitous, exam-
ple.

From these facts, the conclusion has to be drawn that the
local model of vibronic interaction is not fully adequate to
satisfyingly interpret the experimental findings in CeF;.
It predicts correctly the existence of additional vibronic
states usually not encountered in other R compounds with
weak or negligible interaction, but fails to reproduce the
the correct number of vibronic states and to take into ac-
count all the wave-number differences between the various
types of symmetry. This failure is mostly cured by a non-
local model of the electronic states assuming an interionic
interaction within the unit cell, resulting in excitonic
states with a factor-group (Davydov) splitting. There is
much evidence that the dominating mechanism of this in-
terionic interaction is again the 4f-electron—phonon in-
teraction (virtual-phonon exchange). A model where 4f
excitonic states at zero wave vector are vibronically cou-
pled to optical phonons in context with the magnetic field
dependence of the infrared spectra of CeF; is treated else-
where.?! The effects of such an interionic interaction
have been studied in detail, both experimentally and
theoretically in PrF;.3

IV. THE 4f GROUND STATE
AND CRYSTAL-FIELD PARAMETERS IN CEF;

In contrast to the g factors of the excited crystal-field
states of *Fs,, the g factors of the ground state are only
slightly modified by effects of vibronic interaction.
Therefore, we determined the eigenvector of the electronic
ground state in a manner analogous to Ref. 10, but took
into consideration a horizontal axis of quantization and
approximated the site symmetry by C,, (orthorhombic).
Thus the ground-state wave function |g) can be written

lg)=u|F3)+v|£T)+w|£3), (11

with real constants u,u,w of the free-ion states
[ (J =-§—; my ) and neglecting admixtures from the J =%

level. The following relations for the g factors are ob-
tained:'°

g=v(—3ul+ 1024+ 3w?h),
28, = ~(2V/5uw + 302+ 4V 2uw) , (12)
28, =202V 5uw 430 — 4V 2u) .

Inserting the experimental g values of Table I, three
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TABLE II. Three possible sets of coefficients in (12) of the
electronic ground state of 41! in CeF.

J Uj vj wj uf+vf+wf
1 0.252 0.721 0.398 0.7411
2 0.597 0.304 0.648 0.8684
3 0.207 0.875 —0.311 0.9050

sets of solutions u j» Uj, and w; are obtained and given in
Table II. The set j=3 is preferred because it comes
closest to the normalization condition and it is used for all
calculations of matrix elements of the magnetoelastic and
vibronic interaction after multiplying u3, v3, and w3 with
a common factor to meet the normalization condition.
Using these normalized coefficients, the following g
values have been calculated: g,=1.57 (1.3), g,=0.51
(0.42), g,=0.53 (0.48). The experimental values from
Table I are given in parentheses for comparison.

As the crystal-field splitting is approximately a factor 3
larger in CeF; than in CeCls,» it is also to be expected
that the amplitudes of the contribution of *F;,, states to
crystal-field states derived from *F; ,, will increase by the
same amount, from 0.1 or smaller>> in CeCl; to approxi-
mately 0.3. This J mixing by the crystal field might ac-
count essentially for the deficiency in the normalization
condition encountered with set 3 in Table II.

For the reasons mentioned in the Introduction, no
direct fitting of crystal-field parameters can be performed
for CeF;. We have, however, used parameter sets given in
the literature for the heavier R ions in the tysonite struc-
ture to calculate the crystal-field splitting of Ce**. Mor-
rison and Leavitt!! have extrapolated their results to Ce*+
in LaFs; their parameters are given in column (a) of Table
III. In column (b) we have compiled values taken from
Dahl and Schaack!® for Pr’* in PrF;, which have been
modified to take into account the different (r*) values
(k=2,4,6) of 4f2 and 4f! and the different screening fac-
tors by using the ion-dependent factors p,, ps, and pg tabu-
lated in Ref. 11. In Table IV we have compiled calculated
values of the crystal-field-split levels of 4f! for both pa-
rameter sets using different values of the spin-orbit-
coupling constant §. Obviously both parameter sets pro-
vide equally acceptable results with a best value of §=629
cm~! as compared to £ =627 cm ™! in CeCl;.*

TABLE III. Crystal-field parameters (cm~!) used to calcu-
late the levels in Table IV. Column (a) contains parameters for
LaF;: Ce’** from Morrison et al. (Ref. 11); column (b) contains
parameters fitted to PrF; (Ref. 16) and adjusted to CeF; (Ref.
11).

By, () (b)

B —205 —285

By, —84 —121

Bao 936 755

Bao 4634 155i 379+230i
Ba 557+ 508i 537+410i
B 725 634

Be — 1394 —45i —1316—70i
Bes —121—732i —26—609i
Bes —669—919i —596—827i
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TABLE IV. Crystal-field levels (cm~!) of the ’F multiplet in CeF;, calculated with the parameter
sets (a) and (b) of Table III for various values of the spin-orbit-coupling constant &.

Parameter I J=3 J=1 rms
set (cm™) I 111 I II 111 v deviation
(a) 623 186 306 2122 2225 2632 2894 29.3
628.5 187 307 2142 2244 2651 2913 30.9
643 188 308 2191 2294 2699 2960 61.6
(b) 628.5 134 306 2136 2244 2573 2842 36.9
631 133 306 2145 2254 2582 2852 32.6
643 134 307 2185 2293 2621 2890 35.1
Experimental ~160 =280 2161 2239 2640 2860
values

V. CONCLUSION

CeF; is an example of a R solid where the usual single-
ion approximation in a static crystalline field, which has
been so successful for the interpretation of a wealth of
spectroscopic data over the years, fails completely, at least
for the lowest electronic excitations in the range of the lat-
tice excitations. The dynamic part of the crystalline field,
i.e., the interaction between 4f electrons and optical pho-
nons via the nonspherical charge distributions of the 4f
shell in its ground state and lowest excited states, plays an
important role in this material and determines the details
of the energies and multiplicities of the levels both of elec-
tronic or vibrational origin. The Jahn-Teller—type in-
teraction Hamiltonian (3), bilinear in the electronic and
phonon operators, interprets the observed effects in a
satisfying manner. Higher-order effects, due to products
of phonon operators occurring in (3), i.e., nonlinear in the
phonon displacements, have not yet been traced unambi-
guously in experiment (see, however, Ref. 34). It is diffi-
cult to test the theory on a quantitative basis, as in crys-
tals of low symmetry or of complicated structure many
coupling constants G are permitted by symmetry, which
usually cannot be determined by fits to the few experi-
mental data available. In a recent study of the dynamic
crystal field in LiTbF, (Ref. 27) the coupling constants,
i.e., the modulation of the crystalline field by optical pho-
nons, have been calculated explicitly starting from (3) in a
point-charge model, and an overall agreement of about
30% between theory and spectroscopic results has been
obtained. In the view of the many approximations neces-
sary during the course of the calculations, this result ap-
pears to be quite acceptable.

In summary, the effects of 4f-electron—optical-phonon
interaction in concentrated R compounds as treated in
this paper can be classified in three categories:

If the interaction is weak, i.e., the G’s are small, and
phonons and crystal-field states are essentially off reso-
nance, effects due the self-energies of phonons and elec-
trons can be detected. This has been in fact achieved in
many cases and for many R ions, most easily for the pho-
non system in an isomorphous series of R compounds by
studying magnetoelastic effects, i.e., the magnetic phonon
splitting of E mode and the zero-field temperature shift
after subtracting the contribution of the anharmonic lat-

tice: RCly,*% RF3,>373% and R(OH);.*° Self-energy ef-
fects are also present in the electronic system: The result-
ing small wave-number shifts cannot be separated reliably
from the effects of the static crystalline field and are usu-
ally not considered, even in very sophisticated model re-
finements during a parametrization procedure of the crys-
tal field. g factors are a very sensitive probe and
discrepancies between results obtained in careful crystal-
field analyses and experimental observations have been at-
tributed to this source.*

If the interaction increases or excitations close to reso-
nance are studied, anticrossing effects with level repelling
are found, i.e., an electron-phonon hybridization becomes
important. This level repelling has important conse-
quences on the electronic states: As in R compounds, the
symmetry of a R site is usually lower than the point sym-
metry of the unit cell, and as this cell contains more than
one R ion, an ir of the site group I'; induces several ir’s of
the unit-cell factor group. Thus new electronic states
(“exciton states”) can be constructed, originating from a
level with specific site symmetry I'; and transforming ac-
cording to the ir’s of the factor group correlated with
[,.44232 In the absence of any interionic interaction,
these states are all degenerate and there is no advantage in
using the exciton model. If, however, a phonon labeled
according to a specific ir of the factor group is nearby and
interacts with one of these electronic substates with the
correct symmetry, this and only this specific state will be
repelled by the phonon, and thus the electronic degeneracy
will be raised and a splitting into levels, each transforming
as one of the ir of the factor group (“Davydov splitting”),
will result. This Davydov splitting exists at the center of
the Brillouin zone and dispersion with increasing wave
vector is to be expected. Under favorable circumstances,
this Davydov splitting, well known in the case of molecu-
lar crystals but due to different interaction mechanisms,
can be followed experimentally to wave numbers greatly
off resonance. For this case, this type of interaction has
been termed ‘‘virtual-phonon exchange” and has been
studied®® in dilute systems for a long time as an interac-
tion mechanism which becomes effective in EPR spectra
of R ion pairs. Examples for Davydov splitting of
crystal-field levels in the energy range of optical phonons
have also been detected in PrF;.>2% Other examples are
currently under study.



With further increasing coupling strength the distinc-
tion between phonon and pure crystal-field states will fi-
nally lose any meaning and all states encountered have to
be labeled as vibronic states, possibly with a predominant
electronic or vibrational character. New states will arise
in the case of Kramers degeneracy. As the selection rules
for transitions between these vibronic states are different
from those of pure phonon transitions, new effects will be
encountered, especially in the Raman spectra (antisym-
metric scattering).?*?? CeF; is the only substance known
to us in which all three categories apply, depending on the
size of the specific coupling constants G; related to a pho-
non mode i. Weak antisymmetric scattering has also been
observed in PrF; and NdF;,’ but no additional vibronic
transitions appeared in these substances. The magneto-
elastic effects in CeF; have been reported earlier;>° the
Davydov splitting is treated in Ref. 21. The vibronic
states are one of the main topics of the present work and
will be considered again in Ref. 24.

It is finally of some interest to compare CeF; with the
other important cerium halide compound CeCl;. The
4f'-phonon coupling is stronger in CeF; than in CeCls.
In the latter material, only magnetoelastic effects due to a
weak coupling have been observed;*®> no vibronic bands
appeared. The largest magnetic phonon splitting found in
CeCl; amounts to 18 cm™!; in CeF; to 28 cm~!. These
differences together with the different sizes of the overall
crystal-field splittings may be traced back to larger in-
terionic distances in CeCl; than in CeF; due to the dif-
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ferent ionic radii of F~ (1.33 A) and CI~ (1.81 A) and due
to the higher symmetry of CeCl;; thus the energy differ-
ences between electronic and interacting phonon states of
the correct symmetry are generally larger in CeCl; than in
CeF;. It is also instructive to compare the volume per
Ce’* ion in CeCl;, 103.7 A’ and in CeF;, 53.0 A}
Another important difference is the stronger electronega-
tivity of the F~ as compared to the Cl™ ion. It thus ap-
pears that the extremities of each 4f' wave function in
CeF; probe a larger relative volume of the crystal than in
CeCls.

At the present time, most of the new phenomena
described above can only be interpreted in a qualitative
manner. It is hoped that continuing efforts, both experi-
mentally with other suitable compounds and theoretically,
will contribute new insight into the different aspects of
electron-phonon interaction in R solids.
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