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Spectroscopy and calculations for 4f N\4f NÀ15d transitions of lanthanide ions in LiYF4
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Excitation spectra of transitions between the 4f N and 4f N215d configurations of Ce31, Pr31, and Nd31 in
LiYF4 have been measured using UV and VUV synchrotron radiation. Both zero-phonon lines and vibronic
bands are observed. The energy levels and transitions intensities are reproduced by a theoretical model that
extends established models for the 4f N configuration by including crystal-field and spin-orbit interactions for
the 5d electron and the Coulomb interaction between the 4f and 5d electrons.
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I. INTRODUCTION

Over the past several decades energy levels and trans
intensities for the 4f N configurations of lanthanide ions in
variety of solids have been characterized and understoo
terms of detailed theoretical models.1–3 Since the 4f N tran-
sitions consist of sharp lines, a large number of energy
intensity measurements may be obtained from each s
trum. The transitions between the 4f N configuration and the
4 f N215d configuration have not received as much attenti
This is partly because the transitions generally lie in the
and VUV regions, making them experimentally less acc
sible. In addition, since the 5d orbitals are much more ex
tended than the 4f orbitals, most of the intensity is in broa
vibronic bands, making the spectra more difficult to analy

Recently there has been considerable interest in UV
VUV spectra of lanthanide compounds as part of the effor
design new phosphors for lamps and display4

4 f N↔4 f N215d spectra of lanthanide ions in LiYF4 and
other hosts have been measured at the HIGITI facility at
DESY synchrotron laboratory.5 Both absorption and emis
sion spectra for transitions within 4f N and between 4f N and
4 f N215d have been obtained for most lanthanide ions
several host crystals.

Most modeling of 4f N↔4 f N215d transitions has eithe
been for simple one-electron cases,6–9 or has treated the ex
cited configuration as a 5d electron, which couples strongl
to the lattice, plus a 4f N21 core.10 However, there is signifi-
cant Coulomb interaction between the 4f and 5d electrons,
so this is a rather poor approximation,10 as illustrated by a
recent analysis of excited-state absorption spectra of Pr31 in
LiYF4.11

In this paper we demonstrate that the energy levels
transition intensities of the 4f N→4 f N215d transitions for
Ce31, Pr31, and Nd31 in LiYF4 can be consistently modele
by extensions to the standard calculations for 4f N to include
the 4f N215d states. Literature values of atomic and cryst
field parameters for the 4f N configuration are used and oth
atomic parameters for the 4f N215d configuration are esti-
mated by standard atomic calculations12 and crystal-field pa-
rameters for the 5d electrons are fitted to the Ce31 spectrum.
Calculated energies and intensities of zero-phonon lines
PRB 620163-1829/2000/62~22!/14744~6!/$15.00
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vibronic bands are compared with the experimental data

II. EXPERIMENT

Excitation spectra for LiYF4 crystals doped with Ce31,
Pr31, and Nd31 were measured at liquid helium temperatu
at the HIGITI UV/VUV beamline at the DESY synchrotro
laboratory by monitoring 4f N215d→4 f N emission. The ex-
perimental methods have been described previously.5 The
measurements reported here are from powder samples, s
spectra are unpolarized.

The experimental spectra are the solid lines in Fig. 1. T
energy scales for the three ions are displaced so that for
ion the first zero-phonon lines for the 4f N→4 f N215d tran-
sitions are at the same horizontal position. This makes
common structure of the 4f N215d configurations apparent
In the S4 site symmetry of the Y31 sites that the Ce31 ions
substitute into the 5d1 configuration is split into five doubly
degenerate crystal-field levels and this is what is obser
for Ce31, as will be discussed in detail below. The excitati
monochromator used on the synchrotron beamline is o
mized for the VUV region and the relative intensities of t
lowest two bands in the Ce31 spectrum are not accuratel
measured by this equipment. Measurements with more c
ventional equipment give a much higher intensity for t
lowest-energy band~see, for example, Refs. 7 and 13!. The
band at 46 000 cm21 does not appear in the spectra of Re
7 and 13 and is probably a defect or impurity. For Pr31 and
Nd31 there is additional structure that, as we discuss bel
can be attributed to the presence of 4f electrons in the ex-
cited configuration.

III. THEORY

To calculate the 4f N215d energy levels the establishe
theoretical model for 4f N energy levels must be extende
The energy levels of the 4f N configurations of lanthanide
ions in solids may be parametrized by a Hamiltonian t
describes the atomic interactions within the ion and
14 744 ©2000 The American Physical Society
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crystal-field interaction with the host lattice.1,2 This Hamil-
tonian may be written as

H~ f f !5HA~ f f !1HCF~ f f !, ~1!

whereHA( f f ) denotes an ‘‘atomic’’ Hamiltonian defined t
include all relevant interactionsexceptthose associated with
nonisotropic components of the crystal-field potential, a
HCF( f f ) is the crystal-field interaction defined below. Th
atomic Hamiltonian is expressed explicitly as

FIG. 1. Experimental and simulated spectra for the 4f N

→4 f N215d excitation of ~a! Ce31, ~b! Pr31, and ~c! Nd31 in
LiYF4. In each case the solid curve is the experimental spectr
the vertical lines are predicted positions of zero-phonon lines, w
heights proportional to predicted intensities, and the dashed cur
a simulated spectrum, including zero-phonon lines and vibro
bands.
d

HA~ f f !5(
k

Fk~ f f ! f k~ f f !1z~ f f !Aso~ f f !1a~ f f !L~L11!

1b~ f f !G~G2!1g~ f f !G~R7!1(
i

Ti~ f f !t i~ f f !

1(
k

Pk~ f f !pk~ f f !1(
j

M j~ f f !mj~ f f !, ~2!

wherek52, 4, 6;i 52, 3, 4, 6, 7, 8; andj 50, 2, 4. Both the
notation and meanings of the various operators and par
eters in this expression are defined according to stand
practice.1,2 The Fk( f f ) parametrize the Coulomb interactio
between the 4f electrons. Thea( f f ), b( f f ), andg( f f ) pa-
rameters are associated with two-electron correlation cor
tions to the Coulomb repulsion. TheTi( f f ) parametrize
three-electron correlation. The parameterz( f f ) parametrizes
the spin-orbit interaction, thePk( f f ) electrostatically corre-
lated spin-orbit interaction, and theM j ( f f ) spin-spin and
spin-other orbit interactions. ForN,3 the three-body opera
tors t i( f f ) cannot contribute and forN,2 there is no con-
tribution from the Coulomb interaction, the spin-spin inte
action, or the spin-other orbit interaction, and the on
atomic interaction in this Hamiltonian is the spin-orbit inte
action.

The HCF( f f ) operator is defined to represent theaniso-
tropic components of theone-electroncrystal-field interac-
tions, and may be expressed in the following form:

HCF~ f f !5(
kq

Bq
k~ f f !Cq

(k)~ f f !, ~3!

where theBq
k( f f ) parameters contain the radially depende

parts of the one-electron crystal-field interactions, and
Cq

(k)( f f ) are spherical tensor operators acting within the 4f N

electronic configuration. The allowed values ofk are limited
to 2, 4, and 6. The site symmetry of the Y31 sites in LiYF4,
for which the lanthanide ions substitute, isS4. In this sym-
metry the allowed values ofq are limited to 0, and64. In
many treatments the symmetry is approximated byD2d ,2

since the deviation fromD2d is small. In that case only rea
parameters withq>0 are required. All reported calculation
in this paper use this approximation, which will be discuss
more fully below.

The values for the atomic and crystal-field paramet
have been established in a wide variety of crystals. For
LaF3 host parameters are available for the entire lanthan
series.1 Parameters for most lanthanides in LiYF4 are also
available,2 though these have not been the subject of suc
consistent study as for LaF3.

For the excited 4f N215d configuration theH( f f ) Hamil-
tonian discussed above still contributes~except in the case o
Ce31, where the excited configuration is 5d1). However,
since one of the 4f electrons has been excited to a 5d orbital,
there are several additional contributions to the Hamiltoni
The atomic Hamiltonian is supplemented by the spin-or
interaction for the 5d electron and the Coulomb interactio
between the 5d electron and the 4f electrons~in the cases
whereN.1). We define the additions to the atomic Ham
tonian as

,
h
is

ic



i

5
ld

g
ns

b

s

e
e

io

r
in
,

th

he

o
e

ve
ha
p

er
re

t
om

m
a-
d

ere

le-
si-

is

e
nd

in-
res
the

ns
ntal
non
are
by
by

nal
o-

s

er
to-
ro-

y
e

s
f the
rom
n
on

o-
d by
es

14 746 PRB 62REID, van PIETERSON, WEGH, AND MEIJERINK
HA~ f d!5(
k

Fk~ f d! f k~ f d!1(
j

Gj~ f d!gj~ f d!

1z~dd!Aso~dd!, ~4!

with k52, 4, andj 51, 3, 5. TheFk( f d) and Gj ( f d) are
direct and exchange Slater parameters for the Coulomb
teraction between the 4f and 5d electrons.12 The z(dd) pa-
rameter is associated with the spin-orbit interaction of thed
electron. The 5d electron is also affected by the crystal-fie
interaction

HCF~dd!5(
kq

Bq
k~dd!Cq

(k)~dd!, ~5!

with k52 and 4, and the same restrictions onq as for
HCF( f f ).

The 4f N215d configuration has a higher average ener
than the 4f N configuration. This energy difference contai
contributions from several sources,12 including kinetic en-
ergy, Coulomb, and~isotropic! crystal-field effects. These
effects cannot be distinguished experimentally and can
considered to contribute to a single termDE( f d)dE( f d) in
the Hamiltonian, where the operatordE( f d) is diagonal, with
unit matrix elements for 4f N215d and zero matrix element
for 4f N.

Since the 4f N and 4f N215d configurations have opposit
parity, there is no Coulomb configuration interaction b
tween them. However, the odd-parity crystal-field interact
can couple the 4f N and 4f N215d configurations. This con-
tribution to the Hamiltonian is

HCF~ f d!5(
kq

Bq
k~ f d!Cq

(k)~ f d!, ~6!

with k51, 3, and 5. ForS4 or D2d symmetryq is restricted
to 62. This mixing of configurations is one of the majo
contributions to electric dipole transition intensities with
the 4f N configuration.3 However, as we shall discuss below
it has only a small effect on the spectra considered in
work.

In our calculations we used established 4f N crystal field
parameters2 and 4f N atomic parameters.1 For Ce31 the de-
termination of crystal-field parameters is difficult, due to t
limited number of energy levels in the 4f 1 configuration.
The analysis of Ref. 13 is based on a limited number
optical and EPR measurements. We found that crystal-fi
parameters reported for for Pr31 in LiYF4 gave ground-state
eigenfunctions almost identical to the eigenfunctions deri
in Ref. 13. Since in this work we only consider spectra t
involve transitions from the ground state, we used those
rameters in our final calculations.

For 4f N215d, we used literature values for the paramet
in HA( f f ) for the same ion. These parameters are not
quired to be identical for the 4f N and 4f N215d configura-
tions but there is not enough information in the spectra
definitively test the effect of varying these parameters fr
the 4f N values. ForHA( f d) we used atomic~Coulomb and
spin-orbit! parameters calculated from standard atomic co
puter programs.12 The only fitted parameters in our calcul
tions are theBq

k(dd) crystal-field parameters, which we fitte
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to the Ce31 spectrum. These crystal-field parameters w
then used for the Pr31 and Nd31 calculations.

The transitions from 4f N to 4f N215d are electric-dipole
allowed and it is straightforward to calculate the matrix e
ments of the electric dipole moment operator for the tran
tions. This is in contrast to transitions within the 4f N con-
figuration, for which a much more elaborate calculation
necessary.3 However, because the 5d orbitals are more ex-
tended than the 4f orbitals, there is a displacement of th
equilibrium positions of the ligands in the excited states a
most of the intensity is in the vibronic bands.10,14 In our
modeling we made the standard approximation that the
tensities of the vibronic bands are proportional to the squa
of the electric dipole moment operator evaluated between
initial and final electronic states.

IV. RESULTS

Experimental spectra and the results of our simulatio
are presented in Fig. 1. The solid curves are experime
spectra. Calculated positions and intensities of zero-pho
lines are indicated by vertical lines. The dotted curves
simulated spectra that approximate the vibronic bands
Gaussian curves, displaced from the zero-phonon lines
400 cm21, with width 1200 cm21 with intensity propor-
tional to the zero-phonon lines. There are many vibratio
modes for LiYF4 crystals15 and the spectra contain superp
sitions of several vibronic progressions,14 giving rather fea-
tureless vibronic bands.

A. Ce3¿

The excitation spectrum of the Ce31 emission in
LiYF4 :Ce31 is shown in Fig. 1~a!. The five strongest band
are assigned to 4f→5d vibronic progressions. Only the
zero-phonon line for the first band is seen. The oth
zero-phonon lines lie in the conduction band, so pho
ionization gives lifetime broadening and no sharp ze
phonon line can be observed. The width@full width at half
maximum ~FWHM!# of all the bands is approximatel
1200 cm21 and the peak of the first band is offset from th
zero-phonon line by 400 cm21. Since the width of the band
is constant, it is a reasonable assumption that the peaks o
four higher-energy bands are offset by this same energy f
the ~unobserved! zero-phonon lines. With this assumptio
we obtain the energies given in Table I for the zero-phon

TABLE I. Observed and calculated energies for the 5d states of
Ce31 in LiYF4, in cm21. The energies given here are for the zer
phonon lines. Apart from the first state, these have been deduce
assuming a 400 cm21 displacement between the zero-phonon lin
and the peak of the vibronic band. Octahedral and D2d irreducible
representations for the states are given.

Experimental Calculated Octahedral D2d

33433 33433 E G7

41101 41090 E G6

48564 48590 T2 G7

50499 51093 T2 G6

52790 52178 T2 G7
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lines. We estimate the uncertainties for these energies t
200 cm21.

The only terms in Hamiltonian that split the 5d1 configu-
ration are the spin-orbit and crystal-field interactions. Thed
crystal-field parameters were fitted to the observed splitt
using standard nonlinear least-squares methods,1 giving the
calculated energies of Table I and the parameters of Tabl
The crystal-field splitting may be interpreted as a distort
of a cubic field with the twoE components lowest and th
threeT2 components highest. The standard deviation for
fit is 850 cm21 and the uncertainties of the 5d crystal-field
parametersB0

2(dd), B0
4(dd), and B4

4(dd) are 1600, 2200,
and 1600 cm21, respectively, i.e., about 10%. The spin-orb
parameterz(dd) was not varied, but fixed at the value ca
culated by standard atomic-physics computer programs.12

The splitting of the two highest-energy states is not w
reproduced by our calculation. This discrepancy has b
extensively discussed previously7,9 and is thought to be a
result of distortions in the excited state. Detailedab initio

TABLE II. Energy parameters for 4f N and 4f N215d configura-
tions of Ce31, Pr31, and Nd31 in LiYF4. Units are cm21. See text
for details.

Ce31 Pr31 Nd31

F2( f f ) 68878 73018
F4( f f ) 50347 52789
F6( f f ) 32901 35757
a( f f ) 16.23 21.34
b( f f ) 2566.6 2593
g( f f ) 1371 1445
T2( f f ) 298
T3( f f ) 35
T4( f f ) 59
T6( f f ) 2285
T7( f f ) 332
T8( f f ) 305
z( f f ) 614.9 751.7 885.3
M0( f f )a 2.08 2.11
P2( f f )b 288.6 192
B0

2( f f ) 481 481 409
B0

4( f f ) 21150 21150 21135
B4

4( f f ) 21228 21228 21216
B0

6( f f ) 289 289 27
B4

6( f f ) 21213 21213 21083
DE( f d) 43754 51815 57749
F2( f d) 30271 30300
F4( f d) 15094 15038
G1( f d) 12903 12914
G3( f d) 11160 11135
G5( f d) 8691 8659
z(dd) 1082 1148 1216
B0

2(dd) 10519 10519 10519
B0

4(dd) 224549 224549 224549
B4

4(dd) 218966 218966 218966

aM2 and M4 parameters were included with the ratiosM2/M0

50.56 andM4/M050.31.
bP4 and P6 parameters were included with the ratiosP4/P250.5
andP6/P250.1.
be

g,
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n

e
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n

calculations of excited-state distortions of Ce31 systems
have been recently published.8 The splitting could be bette
reproduced by doubling the spin-orbit parameterz(dd).
However, experimental spin-orbit parameters for thed
configuration16 are similar to those quoted in Table II, s
such a large spin-orbit parameter seems unlikely.

Our calculations make two approximations that might
expected to have an influence on the quality of the fit. T
first approximation is that the site symmetry isD2d , whereas
the actual site symmetry isS4. In S4 symmetry there is an
additional parameter since theB4

4(dd) parameter is not re-
stricted to be real. The additional contributions to the Ham
tonian from lowering the symmetry toS4 are imaginary off-
diagonal matrix elements whose influence on the energie
only subtly different from the influence of theD2d Hamil-
tonian and, in fact, a suitable rotation about theZ axis will
eliminate the imaginary part of one of the paramet
B4

4( f f ), B4
6( f f ), or B4

4(dd), so if we consider the 5d1 con-
figuration in isolation, the reduction toS4 symmetry has no
effect on the energy-level calculation. For further discuss
the reader is referred to the literature.17,3 The second ap-
proximation is that the odd-parity crystal-field that coupl
the 4f and 5d states was set to zero. The major effect of t
interconfigurationalB2

3( f d) andB2
5( f d) crystal-field param-

eters is a second-order perturbation correction to theBq
k(dd)

and Bq
k( f f ) parameters. Extensive calculations were carr

out usingS4 symmetry and with nonzero values for the i
terconfigurational crystal-field parametersB2

3( f d) and
B2

5( f d). It was clear from these calculations that the discre
ancies between calculated and experimental energies ca
be resolved by lowering the symmetry toS4 or by including
the odd-parity crystal field.

The fitted 5d crystal-field parameters have the same sig
as the 4f parameters, but are about 20 times larger, which
expected because the 5d orbitals are much more extende
than the 4f orbitals.7,9 Note that the ratios between th
fourth-rank parameters for 4f and 5d are different. A simple
point-charge model of the crystal field would predict the
ratios to be the same, but in realisticab initio calculations9

the 4f and 5d orbitals have very different interactions an
admixtures with the ligand orbitals.

We show only unpolarized results in Fig. 1. However, o
calculated polarization dependence is consistent with the
larized measurements of Ref. 13 and our calculated grou
state (4f ) eigenfunctions are the same as those calculate
that paper. These eigenfunctions give a good reproductio
the ground-state electron paramagnetic resonance~EPR!
measurements reported in that work. As explained above
experimental intensity of the lowest two transitions in o
spectrum is not accurate, probably because the intensit
the excitation beam is very low in this region. Oth
measurements7,13 give a much larger intensity for the lowes
energy transition.

B. Pr3¿

Experimental and calculated 4f 2→4 f 5d spectra for Pr31

are presented in Fig. 1~b!. Only for the lowest 4f 2→4 f 5d
transition is the zero-phonon line observed, but the cal
lated shapes of the vibronic bands match the observed s
trum quite well. The spectrum consists of the 5d crystal-field
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levels plus fine structure arising from the presence of thef
electron. It is tempting to try to analyze this fine structure
terms of the splitting of the 4f states by the spin-orbit an
crystal-field interactions.10 However, this is not a very good
approximation. The Coulomb interaction between the 4f and
5d electrons has a significant effect. To visualize this effe
in Fig. 2 we show the splitting of 4f 5d states correspondin
to the lowest 5d crystal-field level as the 4f 5d atomic
Hamiltonian parameters@Fk( f d),Gj ( f d),z(dd)# are in-
creased from zero to the values used in our simulations@Fig.
1~b!#. The parameterA used as the horizontal axis of th
graph multiplies the operatorHA( f d) defined in Eq.~4!.
WhenA50, which corresponds to setting all the paramet
in HA( f d) equal to zero, the multiplet structure of 4f 1 is
clearly discernible. AsA is increased from 0 to 1 the energ
levels take on the structure used in the simulation@Fig. 1~b!#.
The Coulomb interaction between the 4f and 5d electrons is
responsible for most of the additional splitting. The atom
parameters that we have used are similar to those obta
from free-ion spectra16 and those used to fit 4f 5d states de-
termined from excited-state absorption measurements,11 the
main difference being that ourF2( f d) parameter is larger
The alternative parameter values11,16 gave very similar re-
sults. We would expect these parameters to be somew
reduced in the crystal from their free-ion values, as is
case for the 4f N configuration.1 However, we found that if
the parameters were reduced by more than about 30%
calculated splittings become too small to reproduce the
perimental spectrum.

C. Nd3¿

Experimental and calculated spectra for Nd31 are shown
in Fig. 1~c!. As in the case of Pr31 there is fine structure buil
on top of the 5d crystal-field splitting. Again, this fine struc
ture cannot be explained in terms of the multiplet structure
the 4f N21 configuration with the Coulomb interaction be
tween the 4f and 5d electrons having a significant effect o
the calculated energy levels of the 4f 25d configuration.

We can identify several sharp zero-phonon lines in
spectrum. In the 56 000–58 000 cm21 region our calcula-
tions reproduce the positions and intensities of these feat

FIG. 2. Splitting of the lowest 5d crystal field component of the
4 f 5d configuration of Pr31 in LiYF4. The parameterA represents
the the 4f 5d Coulomb and 5d spin-orbit interactions, as explaine
in the text. On the left (A50) the parameters for these interactio
are set to zero and on the right (A51) they take on their full
calculated values, as used in the simulation of Fig. 1~b!.
t,
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quite well. The higher-energy zero-phonon lines and
bronic bands are not reproduced so well. The calculated
ergies are affected by a large number of parameters~see
Table II!. In addition, the spectra are unpolarized, since th
are obtained from powders, so conclusive identification
the symmetry properties of the states for which zero-pho
lines are observed is not possible. It would therefore be p
mature to try to fit the parameters to the data. However,
note that better agreement between calculation and exp
ment can be achieved by small reductions of the 4f 5d
atomic parameters and the 5d crystal-field parameters.

V. CONCLUSIONS

We have demonstrated that it is possible to give a con
tent account of the the energy levels and transition intens
for the entire 4f N→4 f N215d excitation spectra for Ce31,
Pr31, and Nd31 in LiYF4 by extending the standard calcu
lations for 4f N to include the 4f N215d states. Both the zero
phonon lines and the vibronic bands have been conside
In our calculations we have used 4f N parameters from the
literature and calculated the atomic 4f 5d parameters. We
have only adjusted the 5d crystal-field parameters and th
same 5d crystal-field parameters have been used for all th
ions. In contrast with the case for the 4f N configuration,
where the atomic interactions are responsible for the gr
features of the spectra, with the crystal-field interactions
ing a small perturbation, the gross features of the 4f N215d
spectra arise from the 5d crystal-field interactions, with the
other terms in the Hamiltonian being responsible for the fi
structure.

The success of the calculations presented here give
confidence that the 4f N→4 f N215d spectra for all ions in the
lanthanide series will be amenable to similar treatment. D
tailed comparisons between theory and experiment for
entire lanthanide series in a variety of host crystals sho
allow the fitting of some of the atomic parameters for t
4 f N215d configuration, the determination of trends fo
atomic and crystal-field parameters, and more detailed c
parisons of the calculations for energy levels and transit
intensities with experiment.
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