
First-principles and experimental analysis of fn-fn-1d1 absorption spectra and multiplet energy
levels of Pr3+, Nd3+, and U3+ in LiYF4

Shinta Watanabe,1,2,* Kazuyoshi Ogasawara,2 Masahito Yoshino,3 and Takanori Nagasaki4
1Venture Business Laboratory, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8603, Japan

2Department of Chemistry, School of Science and Technology, Kwansei Gakuin University, 2-1 Gakuen, Sanda, Hyogo 669-1337, Japan
3Department of Materials, Physics and Energy Engineering, Graduated School of Engineering, Nagoya University, Furo-cho,

Chikusa-ku, Nagoya, Aichi 464-8603, Japan
4EcoTopia Science Institute, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8603, Japan

�Received 28 May 2009; revised manuscript received 12 January 2010; published 29 March 2010�

We performed experimental and theoretical investigation of the fn-fn-1d1 transitions of Pr3+, Nd3+, and U3+

in LiYF4. The 4f2-4f15d1 absorption spectra for Pr3+ in LiYF4 and the 4f3-4f25d1 absorption spectra for Nd3+

in LiYF4 were measured using a synchrotron radiation light source at several different temperatures while the
5f3-5f26d1 absorption spectra for U3+ in LiYF4 referred to report of Hubert et al. The multiplet energy levels
and fn-fn-1d1 absorption spectra were calculated by a first-principles four-component relativistic configuration-
interaction method. For all calculations of Nd3+ and U3+ in LiYF4, we used the Dirac-Coulomb-Breit Hamil-
tonian and the molecular spinors obtained from the relativistic Vosko-Wilk-Nusair potential. The overall
features of the theoretical absorption spectra of both Nd3+ and U3+ in LiYF4 reproduced the experimental
features well. The origins of the experimental absorption spectra were clarified by performing a configuration
analysis based on the many-electron wave functions. The splitting between peaks were affected by both
spin-orbit interaction of f orbitals and crystal-field splitting of d orbitals. We found that the oscillator strengths
of the 4f3-4f25d1 transition for Nd3+ in LiYF4 are slightly larger than those of the 5f3-5f26d1 transition for U3+

in LiYF4. The experimental absorption spectra for Nd3+ in LiYF4 measured at nine different temperatures
indicated that the 4f3-4f25d1 absorption spectra for Nd3+ in LiYF4 have no significant temperature dependence.
For Pr3+ in LiYF4, we performed more detailed investigations. The lattice relaxation effects due to the substi-
tution of Y3+ by Pr3+ were estimated using a first-principles density-functional calculation. Structural optimi-
zation calculations indicated that the local structure of the Pr3+ site was slightly distorted. Overall, the theo-
retical 4f2-4f15d1 absorption spectra reproduced the experimental spectra. The experimental absorption spectra
were investigated by configuration analysis based on the many-electron wave functions. The theoretical cal-
culations indicated that the temperature dependence of the experimental spectra was due to both thermal
excitation and phonon effects. In addition, we also investigated the effects of the exchange-correlation inter-
action and the Breit term by comparing the results from six different Hamiltonians.
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I. INTRODUCTION

Trivalent praseodymium �Pr3+�- and neodymium
�Nd3+�-doped LiYF4 has been widely studied for application
as a luminescent material in devices such as solid-state
visible-light lasers.1–6 The 4fn-4fn �n=2 for Pr3+ and n=3 for
Nd3+� intraconfiguration transitions of Pr3+ and Nd3+ were
mainly utilized for these materials. Because of strong recent
desire for luminescent materials in high-energy regions, the
4fn-4fn-15d1 interconfigurational transitions of Pr3+ and Nd3+

in wide band-gap host crystals have drawn attention for po-
tential application as luminescent materials in devices such
as tunable solid-state lasers or UV and VUV phosphors.
Since LiYF4 is a promising host for solid-state laser crystals,
Pr3+- and Nd3+-doped LiYF4 has been extensively investi-
gated, both experimentally and theoretically.7–24

In the case of trivalent uranium �U3+�, although
U3+-doped CaF2 and SrF2 have been studied for use in solid-
state lasers in the infrared �IR� region,25,26 studies for the
5f3-5f3 and 5f3-5f26d1 transitions remain limited. This is
because uranium is a radioactive element and the trivalent
state is not its most stable valence.27 U3+-doped LiYF4 has
also been investigated as a good candidate for IR lasers.28–34

In much of the previous theoretical research of lan-
thanides �Ln� and actinides �An� in host crystals or glasses,
crystal-field theory �CFT� has been widely used to analyze
energy levels and optical properties.9–13,22,34–37 Although this
approach is quite useful, and can reproduce the experimental
spectra and estimate some meaningful physical parameters, it
cannot be used for nonempirical prediction of the local struc-
ture around doped ions or of optical properties, since it re-
quires several empirical parameters and experimental spectra
to be fit.

For nonempirical analysis of these properties, a first-
principles approach is necessary. The first-principles analysis
of the electronic structure of impurities in crystals based
on density-functional theory �DFT� has recently been im-
proved considerably. This method is quite useful for the es-
timation of structural or optical properties on the basis of
structural features.38–47 In addition, it is a powerful tool for
the analysis of K-edge x-ray absorption near-edge structure
�XANES� or electron-energy-loss near-edge structure
�ELNES� spectra.48–50

However, first-principles analysis of the multiplet struc-
tures and optical properties of Ln impurities in crystals based
on the explicit many-electron wave functions remains lim-
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ited, and has been performed by only a few groups.51–57 Our
group has investigated the optical properties of Ln impurities
in host crystals using a first-principles method.58–66 In these
calculations, the lattice relaxation around doped-Ln ions due
to the substitution of cations by Ln ions were either ne-
glected or were considered only by a simple correction of
bond lengths using Shannon’s ionic radii.67 However, in the
case of Ce3+-doped LiYF4, we reported that consideration of
the explicit local structure around Ce3+ was crucial to an
accurate understanding of the optical properties, which de-
pend on the local structure of the impurity ions.66

In this work, we present the fundamental applications of
the many-electron calculation for the multiplet energy
levels and absorption spectra of Nd3+ and U3+ in LiYF4.
Four-component relativistic first-principles configuration-
interaction �CI� calculations68 were performed. This calcula-
tion method has been successfully applied to the investiga-
tion of 4fn-4fn-15d1 transitions65 of rare-earth ions and
L2,3-edge XANES and ELNES spectra of transition-metal
ions.68–72

In more detailed investigations, we examined Pr3+ in
LiYF4, including the lattice relaxation process in theoretical
study. The Shannon’s ionic radius of Pr3+ is about 110.5%
that of Y3+.67 Therefore, it is important to estimate the lattice
relaxation due to the substitution of Y3+ by Pr3+ in
Pr3+-doped LiYF4 crystal. In this work, pseudopotential
plane wave calculations were performed to estimate the ef-
fects of lattice relaxation. The local structure around Pr3+ in
LiYF4 was optimized using first-principles total-energy mini-
mization by the CASTEP code.73–75 The scalar relativistic ef-
fects were taken into account, that is, the relativistic effects
for core electrons were included in the pseudeopotentials. In
addition, in the present calculations, we used a relaxed clus-
ter model constructed from the optimized structure. For com-
parison, we also used a cluster model with a simple isotropic
relaxation estimated from the Shannon’s ionic radii and an
unrelaxed model. The origin of the peaks in the absorption
spectrum was investigated by comparing the theoretical ab-
sorption spectra with the experimental ones and by configu-
ration analysis of the many-electron wave functions. The ef-
fects of lattice relaxation on the 4f-5d absorption spectra
were also examined by comparing the theoretical spectra of
different structural models.

Experimentally, we measured the 4fn-4fn-15d1 absorption
spectra for Pr3+ and Nd3+ in LiYF4 using a synchrotron ra-
diation �SR� light source at several temperatures. The exci-
tation spectrum for Pr3+ and Nd3+ in LiYF4 was measured
previously.9,11 However, since the spectral shapes of an ex-
citation spectrum depend on the monitored emission wave-
length, the measured spectrum could not be compared di-
rectly with the theoretical absorption spectrum. To enable
comparison with theoretical spectra, the measurement of the
absorption spectra is quite important. In this paper, we
present the comprehensive investigation of the fn-fn-1d1 tran-
sitions of Pr3+, Nd3+, and U3+ in LiYF4, using both first-
principles calculations and experiments with a SR light
source.

II. COMPUTATIONAL PROCEDURE

A. Crystal structure of LiYF4

Figure 1 shows the crystal structure of LiYF4, which is
known as the inverse scheelite structure,76 in which Y3+ is
coordinated by eight F− ions and Li+ is coordinated by four
F− ions. The space group is I41 /a, the crystal system is te-
tragonal, and the lattice constants are a=5.164 Å and c
=10.741 Å. The unit cell contains 24 atoms. Considering the
ionic radius, valency, and charge compensation, Pr3+ is ex-
pected to substitute for the Y3+ site. The point group of the
Y3+ site is S4, and the Y-F bond lengths are 2.244 Å for four
of the bonds and 2.297 Å for the other four.

B. Estimation of lattice relaxation

The effects of lattice relaxation due to the substitution of
Y3+ by Pr3+ were estimated by a first-principles total-energy
calculation using the CASTEP code,73–75 which is based on the
ultrasoft pseudopotential plane-wave method. We adopted
the Vanderbilt form ultrasoft pseudopotentials77 throughout
the present work. The orbitals explicitly treated as the va-
lence state were 1s and 2s for Li; 4d, 5s, and 5p for Y; 2s
and 2p for F; and 4f , 5s, 5p, and 6s for Pr. The exchange-
correlation potential was considered within the generalized
gradient approximation proposed by Perdew, Burke, and
Ernzerhof.78 The cutoff energy of the plane wave was 500
eV, and the Brillouin zone was sampled on the 6�6�3
Monkhorst-Pack grid for pure LiYF4 unit-cell calculations
and the 3�3�3 Monkhorst-Pack grid for Pr3+-doped LiYF4
supercell calculations.79 The numerical error was estimated

Li+

Y3+

F-

FIG. 1. �Color online� The crystal structure of pure LiYF4

crystal.
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to be less than 1 meV/atom by cutoff and k-point conver-
gence tests. To evaluate the accuracy of the structural opti-
mization, the lattice parameters and all atomic positions in
the unit cell of a pure LiYF4 crystal were estimated by this
approach and compared to experimental values. Next, we
optimized the local structure around Pr3+ ions in Pr3+-doped
LiYF4. In this calculation, one Pr3+ ion in the 2�2�1 su-
percell, which contains 96 atoms and corresponds to 6.25%
of the Y3+ ions in LiYF4, was substituted by a Pr3+ ion. All
atomic positions were relaxed with the lattice parameters
fixed at the theoretical values for pure LiYF4 obtained above.
In this model, we assumed that there were no significant
interactions between Pr3+ ions, such as the cooperative Jahn-
Teller effect, because the closest Pr3+-Pr3+ distance was
10.3843 Å, indicating that Pr3+ ions were relatively sepa-
rated. Geometry optimization was performed until the re-
sidual forces and stresses dropped below 0.01 eV /Å and
0.02 GPa, respectively.

C. Multiplet energy levels and absorption spectrum

The 4fn-4fn-15d1 transitions of Pr3+, Nd3+, and U3+ in
LiYF4 were investigated using the relativistic CI method.68

In this first-principles CI calculation, the multiplet energy
levels and absorption spectrum were calculated using MF8

5−

�M =Pr, Nd, and U� model clusters. An effective Madelung
potential was also considered by locating several thousand
point charges at atomic sites outside the cluster. An undesir-
able electronic dipole generated by the point charges was
removed by the Evjen method.80 Lattice relaxation effects
due to the substitution of Y3+ by Pr3+ were also considered
using the optimized structure estimated by the above method.
The relativistic CI method used in the present work was
similar to that used in Ref. 68, except for several improve-
ments to the exchange-correlation potential and the Coulomb
interaction.

First, four-component relativistic molecular orbital �MO�
spinors were obtained using a relativistic DFT calculation, in
which the four-component Dirac equation was solved di-
rectly. These four-component relativistic MO spinors were
expressed as linear combinations of atomic-orbital �AO�
spinors.81 In the present calculation, instead of the Dirac-
Fock-Slater approximation used in Ref. 68, the exchange-
correlation potential VXC�r� within the local-density approxi-
mation �LDA� proposed by Vosko, Wilk, and Nusair �VWN�
�Ref. 82� and its relativistic formalism proposed by Mac-
Donald and Vosko �RVWN� �Ref. 83� were considered. In
this paper, these exchange-correlation potentials are referred
to as VWN and RVWN potentials, respectively.

After these one-electron relativistic DFT calculations,
many-electron calculations were performed using the ob-
tained relativistic MO spinors. Since the CI calculations for
all N electrons in a cluster required a prodigious quantity of
computational time and resources, only MOs mainly com-
posed of Ln 4f and 5d or An 5f and 6d orbitals were explic-
itly considered in the many-electron calculation. The many-
electron Dirac-Coulomb �DC� Hamiltonian HDC can be
expressed as

HDC = �
i

n

hD�ri� + �
i

n

�
j�i

n

Vee�ri,r j� , �1�

where n is the number of electrons in the active space of the
CI calculation and ri is the position of the ith electron. The
first and second terms of HDC represent the one-electron and
two-electron operators, respectively. The one-electron Dirac
operator hD can be expressed as

hD�ri� = c�̃pi + �̃c2 − �
�

Z�

�ri − R��
+ V0�ri� + �

�

Z�
eff

�ri − R��
,

�2�

where c is the velocity of light, pi is the momentum operator,

�̃ and �̃ are the Dirac matrices, Zv and Rv are the charge and
position of the vth nucleus, and Z�

eff and R� are the effective
charge and position of the �th ion outside the model cluster.
V0�ri� in Eq. �2� denotes the Coulomb and exchange-
correlation potential on these explicitly treated electrons
from the other �core and valence� electrons. This potential
V0�ri� was derived by Watanabe and Kamimura using the
Dirac-Fock-Slater approximation,84 which is expressed as

V0�r� =� �0�r��
�r − r��

dr� +
3

4
���r�VXC���r�� − �0�r�VXC��0�r��

�imp�r�

− VXC��imp�r��	 , �3�

where �imp is the charge density of the selected n electrons,
�0 is the charge density of the other N−n electrons, � is the
charge density of all N electrons ��=�0+�imp�, and VXC is the
exchange-correlation potential. In the present work, we re-
wrote the potential V0�ri� as the general LDA approximation,
which is expressed as

V0�r� =� �0�r��
�r − r��

dr� + ���r��XC���r�� − �0�r��XC��0�r��
�imp�r�

− �XC��imp�r��	 , �4�

where �XC is the VWN or RVWN exchange-correlation en-
ergy in the present work. The two-electron operator repre-
sents electron-electron repulsion between electrons occupy-
ing the impurity states,

Vee�ri,r j� =
1

rij
. �5�

Electron-electron repulsions were explicitly taken into ac-
count by this two-electron operator. Although this HDC does
not include the relativistic effect in the two-electron operator
Vee�ri ,r j�, it is very useful for calculation of many-electron
systems. On the other hand, consideration of relativistic ef-
fects in the two-electron operator Vee�ri ,r j� requires the in-
troduction of quantum electrodynamics �QED�. Using QED,
the derivation of the Hamiltonian for the interaction can be
obtained from perturbation theory. The electron-electron re-
pulsion term following 1 /rij can be expressed as, in Cou-
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lomb gauge �specified by the relationship � ·A=0, where A
is the vector potential�,

B�ri,r j� = −
1

2rij

�i · � j +

��i · rij��� j · rij�
rij

2 � , �6�

where 	ij are Dirac matrices. The B�ri ,r j� term is known as
the frequency-independent Breit operator.85,86 The Breit op-
erator contains the magnetic interactions originating from or-
bital and spin motions, and the finite transmission speed of
the signal between particles, generally regarded as the retar-
dation effect, is also taken into account. Consequently, the
Dirac-Coulomb-Breit �DCB� Hamiltonian HDCB can be ex-
pressed in atomic units as

HDCB = �
i

n

hD�ri� + �
i

n

�
j�i

n � 1

rij
−

1

2rij

�i · � j

+
��i · rij��� j · rij�

rij
2 �	 . �7�

As a result, HDCB is accurate to the order of �2, whereas HDC
is accurate only to the order of �0.

In the present work, we examined six different types of
Hamiltonian, which differed in exchange-correlation poten-
tial and in whether or not the Breit operator term was con-
sidered. Hereafter, these Hamiltonians are represented by
HDC-X	, HDCB-X	, HDC-VWN, HDCB-VWN, HDC-RVWN, and
HDCB-RVWN. The subscripts denote the type of many-electron
Hamiltonian and the exchange-correlation potential. The
subscripts DC and DCB represent Dirac-Coulomb and Dirac-
Coulomb-Breit many-electron Hamiltonians, respectively.
The subscripts X	, VWN, and RVWN represent X	 poten-
tial, VWN exchange-correlation potential, and VWN
exchange-correlation potential with relativistic effects, re-
spectively, in the one-electron DFT-MO calculations. In ad-
dition, Eq. �3� was adopted as a Dirac-Fock-Slater approxi-
mation of the V0�r� term in the one-electron operator of the
many-electron Hamiltonian, and Eq. �4� was adopted as a
VWN and RVWN approximation of the V0�r� term.

By diagonalizing the many-electron Hamiltonians shown
in Eqs. �1� and �7�, we could obtain the many-electron eigen-
values and corresponding eigenvectors. Many-electron wave
functions are generally expressed as a linear combination of
Slater determinants,


i = �
p=1

M

Cip�p, �8�

where 
i are the ith many-electron wave functions, �p is the
pth Slater determinant, Cip is a coefficient, and M is the
number of Slater determinants. Since Pr3+ has an �Xe
4f2

electronic configuration, the number of possible Slater deter-
minants for the 4f2 and 4f15d1 configurations are 91 and
140, respectively. Therefore, 231 Slater determinants were
used as the basis for the many-electron calculations of Pr3+.
Similarly, since Nd3+ and U3+ have �Xe
4f3 and �Rn
5f3

electronic configurations, the number of possible Slater de-
terminants for the f3 and f2d1 configurations are 364 and
910, respectively. Therefore, 1274 Slater determinants were

used as basis for the many-electron calculations of Nd3+ and
U3+.

To estimate the oscillator strength of the electric dipole
transition for Pr3+, Nd3+, and U3+ in LiYF4, the general equa-
tion for oscillator strength, averaged over all directions, for
the electric dipole transition between the initial state and the
final state was used, and is given by87

Iif =
2

3
�Ef − Ei���
 f��

k=1

n

rk · e�
i��2

, �9�

where 
i and 
 f are the many-electron wave functions for
the initial and final states, and Ei and Ef are their energies.
For easy comparison with experimental spectra, each level
was broadened with a 0.20, 0.16, and 0.14 eV full width at
half maximum �FWHM� Gaussian function for Pr3+, Nd3+,
and U3+, respectively.

III. EXPERIMENTAL PROCEDURE

Pr3+- and Nd3+-doped LiYF4 single crystals were grown
by the Bridgman-Stockbarger method from LiF �4N,
MERCK�, YF3 �4N, KANTO CHEMICAL�, and PrF3 �3N,
KOJUNDO CHEMICAL LABORATORY� or NdF3 �3N, Fu-
ruya Metal� powders. The ratio of LiF to YF3 in the reactant
was 53: 47 mol %, and the concentration of Pr3+ or Nd3+ ion
in the reactant was 0.3 mol %. In addition to these powders,
a tiny amount of PbF2 �4N, ACROS ORGANICS� powder
was added to the reactant as a scavenger. The reactant was
mixed in argon atmosphere and placed in a carbon crucible.
To remove all oxygen, the crystal growth chamber in the
furnace was evacuated to approximately 10−4 Pa. The reac-
tant was heated to 300 °C and held for 1 h, then heated to
above the melting point �approximately 900 °C, the melting
point of the LiF-YF3 binary system is approximately 819 °C
�Ref. 88�
 and held for 24 h. Finally, the sample was lowered
8 cm at a rate of approximately 1 mm/h through an approxi-
mate temperature difference of 200 °C from initial to final
positions. The Ln3+-doped LiYF4 sample was identified as
single phase by x-ray diffraction measurement.

The 4fn-4fn-15d1 absorption spectra of Pr3+ and Nd3+

were measured using a SR light source at beam line 1B �BL-
1B� of UVSOR at the Institute of Molecular Science, Oka-
zaki, Japan. The light transmitted through the sample was
detected using a photomultiplier tube �Hamamatsu R105�.
The absorption spectra in the VUV region were normalized
by the emission of sodium salicylate. Measurements were
performed at 10, 35, 50, 75, 100, 150, 200, 250, and 300 K.
The measurements at low temperatures were performed us-
ing a cold cryostat and liquid helium.

IV. RESULTS AND DISCUSSION

A. Molecular-orbital energy levels of Nd3+ and U3+ in LiYF4

Figure 2 shows the calculated MO energy levels of �a�
Nd3+:LiYF4 and �b� U3+:LiYF4 and the energy difference
between the bottom of the d levels and the top of the f levels
�Ed-bottom−Ef-top�, the splittings of the e and d levels are also
plotted in the right panel. The fluorine 2p bands correspond-
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ing to the valence band and the top of valence bands were set
at 0 eV. Each MO was labeled with the name of the most
dominant AO.

The MO energy level structure of the f levels was domi-
nated by the spin-orbit interaction, and was split into f5/2 and
f7/2, while the crystal-field splittings were very small. On the
other hand, The MO energy level structure of the d levels
was dominated by crystal-field splitting. The irreducible rep-
resentations of the exact S4 symmetry are also shown in the
figure. In the S4 symmetry, nonrelativistic MOs can be clas-
sified into irreducible representations denoted as a, b, and e,
while the four-component relativistic MO spinors can be
classified into the irreducible representations of the double
group denoted as �5,6, and �7,8. Here we used both the Mul-
liken notation for the nonrelativistic MOs and the Bethe
symbols for the relativistic MO spinors in order to give a
clear, detailed explanation. The d levels split into 1b, a, e,
and 2b from the lower level in the irreducible representation
of S4 symmetry. In addition, the e state split slightly due to
spin-orbit interactions. As shown in Fig. 2, the splitting of
the e level due to the spin-orbit interaction, and the splitting
of the d levels due to crystal-field splitting was larger in
U3+:LiYF4 than Nd3+:LiYF4, and was 0.17, 2.64 eV for
Nd3+:LiYF4 and 0.10, 3.60 eV for U3+:LiYF4. In addition,
the energy difference between the f and d levels for
U3+:LiYF4 was significantly smaller than for Nd3+:LiYF4.
These values were 3.57 eV for Nd3+:LiYF4 and 0.75 eV for
U3+:LiYF4. As a result, the mixing between f and d states of
U3+:LiYF4 was larger than in Nd3+:LiYF4, while the inter-
actions with ligand F 2p orbitals were nearly the same.

An analysis of the MO compositions was performed to
investigate the chemical bonding effects of Nd3+ and U3+ in
LiYF4. These analyses were performed using Mulliken popu-
lation analysis.89 The compositions of each AO with domi-
nant f or d character in Nd3+:LiYF4 and U3+:LiYF4 are
shown in Table I. For the seven levels in the energy range
7.77–8.32 eV for Nd3+:LiYF4 and 11.16–12.06 eV for
U3+:LiYF4, there was little mixing between f5/2 and f7/2
states, and the results were consistent with this tendency.
However, the magnitude of the mixing between f and d

states was quite different between Nd3+ and U3+. For U3+,
mixing between 5f and 6d states was relatively large at the
top of the 5f level. The mixing between f states and ligand
F 2sp states was quite small, and denote the same tendency.
The calculated results indicate that the Nd 4f states were
strongly localized, and the U 5f states were relatively local-
ized. The five levels, in the energy range 11.89–14.53 eV for
Nd3+:LiYF4 and 12.81–16.41 eV for U3+:LiYF4, corre-
sponded to MOs with dominant Nd d and U d character. The
mixing between the U 6d orbitals and ligand F 2sp orbitals
had the same tendency as the mixing between the Nd 5d
orbitals and ligand F 2sp orbitals This indicates a stronger
interaction with the ligand orbitals for the Nd d and U d
orbitals than for the Nd f and U f orbitals. These results
followed the same tendency as f2 configuration ions, Pr3+

and U4+, in LiYF4.58

B. Multiplet energy levels and absorption spectra of Nd3+ and
U3+ in LiYF4

The calculated multiplet energy levels for �a� Nd3+:LiYF4
and �b� U3+:LiYF4, corresponding to the f3 configurations,
are shown in Fig. 3. The compositions of four configurations,
�f5/2�3, �f5/2�2�f7/2�1, �f5/2�1�f7/2�2, and �f7/2�3, within each en-
ergy level are shown. The lengths of the lines denote the
contribution of each configuration. The red, green, blue, and
purple lines represent the �f5/2�3, �f5/2�2�f7/2�1, �f5/2�1�f7/2�2,
and �f7/2�3 configuration, respectively. In addition, Fig. 4
shows the theoretical multiplet energy levels and their con-
figuration compositions for �a� Nd3+:LiYF4 and �b�
U3+:LiYF4, corresponding to the f3 �red line� and the f2d1

configuration �blue line�. �a�� is an enlargement of the energy
region between 10.5 and 11.0 eV for Nd3+:LiYF4. In both
figures, short lines indicate a partial contribution of each
configuration. For all calculations of Nd3+ and U3+ in LiYF4,
we adopted the HDCB-RVWN Hamiltonian.

For the f3 configuration, the multiplet energies were over-
estimated by about 20%, compared to the experimental re-
sults. However, the overall multiplet structure was repro-
duced. All configurations were distributed over a wide
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FIG. 2. �Color online� The calculated MO energy levels of �a� Nd3+:LiYF4 and �b� U3+:LiYF4 �left panel� and the energy difference
between the bottom of the d levels and the top of the f levels �Ed-bottom−Ef-top�, splittings of the e and d levels �right panel�. The RVWN
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energy range, and there was strong mixing among them. Al-
though the mixing of the four configurations of Nd3+:LiYF4
had the same tendency as in U3+:LiYF4, the distributions of
the multiplet energy levels were quite different. The multi-
plet energy levels of U3+ in LiYF4 were densely distributed
in the energy region between about 1.5 and 6.0 eV while
those of Nd3+ in LiYF4 were relatively discretely distributed
in the energy region up to about 8 eV. In addition, the mixing
ratio of each configuration differed slightly. For example, in
the ground state 4I9/2, the contribution of the �4f5/2�3 configu-
ration of Nd3+ in LiYF4 was about 60.2% while the contri-
bution of the �5f5/2�3 configuration of U3+ in LiYF4 was
about 75.4%. The theoretical energy levels of the ground
state 4I9/2 are shown in Table II, together with the results of
CF calculations and experimental values.31,90 Among the ir-
reducible representations of S4 symmetry, only �5, �6, �7,
and �8 are possible for a three-electron system, while �5 and
�6 or �7 and �8 are degenerate. In comparison with the ex-
perimental values, the Stark splitting was somewhat overes-
timated. However, the order of irreducible representations of
these five levels was consistent with both the experimental
values and those obtained by CFT.

As shown in Fig. 4, the mixing between the 5f3 configu-
ration and the 5f26d1 configuration of U3+:LiYF4 was com-

pletely different from the mixing between the 4f3 configura-
tion and the 4f25d1 configuration of Nd3+:LiYF4. In
Nd3+:LiYF4, the mixing was only observed in the energy
region of 10.5–11.0 eV, which was 2F in the LS term and is
shown in Fig. 3 �a��. For U3+:LiYF4, on the other hand, the
mixing between these configurations was observed from low
energy levels. Consequently, the configuration interaction be-
tween the 5f3 configuration and the 5f26d1 configuration for
U3+:LiYF4 was much stronger than in Nd3+:LiYF4. In addi-
tion, another remarkable point is that the 5f26d1 configura-
tion of U3+:LiYF4 lies at a very low energy �about 2 eV�.
Since the f3-f2d1 transition spectra strongly depend on the
multiplet energy level structure, the f-d absorption spectra
would be drastically different in these materials, even though
they have the same f3 electronic configuration.

Next f3-f2d1 absorption spectra of Nd3+ and U3+ in LiYF4
from the ground state were calculated and compared with the
experimental absorption spectra. Figure 5 shows the experi-
mental and theoretical absorption spectra for �a� Nd3+ and �b�
U3+ in LiYF4. The oscillator strengths for the transitions
from the lowest energy level ��7,8� of the ground state 4I9/2
were calculated, and the theoretical absorption spectra were
obtained by convolution with a Gaussian function having
0.16 eV FWHM for Nd3+ in LiYF4 and 0.14 eV FWHM for

TABLE I. Compositions �%� of the MOs for �a� Nd3+:LiYF4 and �b� U3+:LiYF4.

Energy
�eV� Irre. rep. Nd 4f5/2 Nd 4f7/2 Nd 5d3/2 Nd 5d5/2 F 2sp

7.77 �5,6 98.6 0.4 0.0 0.0 0.8

7.80 �7,8 98.7 0.1 0.0 0.3 0.9

7.84 �5,6 96.0 2.6 0.0 0.3 1.1

8.21 �5,6 0.8 98.3 0.0 0.1 0.7

8.22 �7,8 0.0 99.0 0.0 0.0 0.8

8.23 �7,8 0.1 98.7 0.2 0.1 0.9

8.32 �5,6 1.9 96.0 0.5 0.1 1.4

11.89 �7,8 �1b� 0.0 0.0 45.7 51.3 3.0

12.88 �5,6 �a� 0.1 0.4 54.3 39.8 5.1

13.86 �5,6 �e� 0.1 0.1 39.2 54.1 6.4

13.96 �7,8 �e� 0.1 0.2 24.3 69.0 5.2

14.53 �7,8 �2b� 0.1 0.1 24.5 69.0 6.9

Energy
�eV� Irre. rep. U 5f5/2 U 5f7/2 U 6d3/2 U 6d5/2 F 2sp

11.16 �5,6 97.6 0.9 0.0 0.1 1.0

11.19 �7,8 96.9 0.0 0.0 1.7 1.0

11.28 �5,6 93.1 3.2 0.0 2.3 1.2

11.92 �7,8 0.1 95.9 2.5 0.3 0.9

11.92 �5,6 0.7 96.5 1.0 0.6 1.0

11.96 �7,8 0.1 96.7 1.1 0.5 1.0

12.06 �5,6 2.0 84.3 9.1 2.9 1.4

12.81 �7,8 �1b� 0.0 1.0 49.1 46.9 3.1

14.25 �5,6 �a� 1.8 10.7 57.4 24.1 5.4

15.50 �5,6 �e� 1.5 1.4 26.6 64.2 5.9

15.67 �7,8 �e� 0.5 2.5 26.1 64.6 6.0

16.41 �7,8 �2b� 1.0 0.6 16.0 75.8 6.3
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U3+ in LiYF4. The absorption spectrum for U3+ in LiYF4 was
measured by Simoni et al.32 The absorption spectrum for
Nd3+ in LiYF4 was measured at 10 K using a SR light source
in the preset work.

As shown in Fig. 5, for Nd3+ in LiYF4, the peaks in the
theoretical absorption spectrum are denoted as A–F while
peaks A–H were observed in the experimental spectrum at 10
K. Peak H can be attributed to the LiYF4 host absorption.
Detailed discussion of subpeaks A� and A� will follow. In

the case of U3+ in LiYF4, the peaks in the theoretical absorp-
tion spectrum are denoted as A–J. In both spectra, the shapes
and overall features were reasonably well reproduced. How-
ever, the energy separation between peaks was somewhat
overestimated, although the relative peak positions were re-
produced. The overestimation of the energy separation be-
tween peaks was larger in Nd3+ than U3+. These results are
related to the overestimation of the crystal fields and indicate
that the lattice relaxation effects are probably larger for Nd3+

in LiYF4 than for U3+ in LiYF4. In addition, the results in-
dicate that the oscillator strengths of the 4f3-4f25d1 transi-
tion for Nd3+ in LiYF4 are slightly larger than those of the
5f3-5f26d1 transition for U3+ in LiYF4. It seems that the
increased mixing between the 5f3 configurations and the
5f26d1 configurations of the U3+ resulted in the lower oscil-
lator strength. These trends differed from those of the f2

configuration ions, Pr3+ and U4+, in LiYF4.58

The temperature dependence of the 4f3-4f25d1 absorption
spectrum for Nd3+ in LiYF4 was also measured using the SR
light source at UVSOR. The measurements were performed
at 10, 35, 50, 75, 100, 150, 200, 250, and 300 K. These
absorption spectra are shown in Fig. 6. As shown in the
figure, there was no clear temperature dependence. Not only
the peak position energies but also the intensity ratios of
peaks were nearly the same. This differed from the case of
Pr3+ in LiYF4, which exhibited a strong temperature depen-
dence. For simplicity, the experimental absorption spectrum
measured at 10 K was analyzed because the calculations
were performed at 0 K.

In order to clarify the peak origins, configuration analysis
of the many-electron wave functions was performed. The
multiplet energy levels of Nd3+ in LiYF4 in the range 7.5–
11.5 eV are shown in Fig. 7, together with the oscillator
strengths and the theoretical spectrum for the transitions
from the lowest level. As shown in Fig. 5, the peaks of the
theoretical absorption spectrum are denoted as A–F.

Peaks A and A� mainly originate from transitions to the
�4f5/2�2�5d1b�1 configuration. The �4f5/2�2�5d1b�1 configura-
tion is confined within the range of 8.0–8.5 eV, and has
limited interaction with the other configurations, especially
the �4f5/2�1�4f7/2�1�5d1b�1 configuration. Peak A� originates
primarily from the transition to the �4f5/2�1�4f7/2�1�5d1b�1

configuration. This configuration spreads over a wide energy
range and influences much higher levels. Since the transi-
tions to the �4f5/2�1�4f7/2�1�5d1b�1 configuration, the origins
of peak A�, are mixed by about 30%, it is reasonable that the
intensity of peak A� is weak. In addition, since the origin of
peak A� can be mainly attributed to two-electron excitations,
in transitions to the �4f5/2�1�4f7/2�1�5d1b�1 configuration, the
intensity should be weaker than peaks from one-electron ex-
citations such as transitions to the �4f5/2�2�5d1b�1 configura-
tion. Consequently, subpeaks A� and A� in the experimental
spectrum can be attributed as indicated in Fig. 4. In other
words, from the configuration analysis of the theoretical
spectrum, peak A� is a shoulder of peak A, and peak A� is a
subpeak of peak A. Thus, these results indicate that the split-
ting between peaks A and A�, A and A� originated from
spin-orbit interactions and transitions to the two-electron ex-
citation state, based on a shake-up process. Peaks B, B�, and
B� originated primarily from transitions to the

FIG. 3. �Color online� Theoretical multiplet energy levels and
their configuration compositions for �a� Nd3+:LiYF4 and �b�
U3+:LiYF4 corresponding to the f3 configuration calculated using
the HDCB-RVWN Hamiltonian.

FIG. 4. �Color online� Theoretical multiplet energy levels and
their configuration compositions for �a� Nd3+:LiYF4 and �b�
U3+:LiYF4 corresponding to the f3 �red line� and the f2d1 �blue
line� configurations calculated using the HDCB-RVWN Hamiltonian.
�a�� is an enlarged illustration in the energy region between 10.5
and 11.0 eV for Nd:LiYF4.
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�4f5/2�2�5d1b�1, �4f5/2�1�4f7/2�1�5d1b�1, �4f7/2�2�5d1b�1,
�4f5/2�2�5da�1, and �4f5/2�1�4f7/2�1�5da�1 configurations. In
addition, the other configurations were also slightly mixed.
Therefore, the splitting between A and B peaks originated
not only from crystal-field interactions but also spin-orbit

interactions. For peaks with energies higher than C, it is dif-
ficult to determine the main component of the configuration
since significant configuration interaction occurs. These
peaks originate from transitions to almost every configura-
tion.

TABLE II. Energy levels of the ground state 4I9/2 for �a� Nd3+:LiYF4 and �b� U3+:LiYF4.

Nd3+:LiYF4

Expt.a Calc. �CFT�a Calc. �Present work�

Irre. rep.
Energy

�eV� Irre. rep.
Energy

�eV� Irre. rep.
Energy

�eV�

4I9/2 �7,8 0.0000 �7,8 0.0014 �7,8 0.0000

�7,8 0.0164 �7,8 0.0192 �7,8 0.0356

�5,6 0.0226 �5,6 0.0242 �5,6 0.0367

�5,6 0.0309 �5,6 0.0312 �5,6 0.0659

�7,8 0.0648 �7,8 0.0689 �7,8 0.124

U3+:LiYF4

Expt.b Calc. �CFT�b Calc. �Present work�

Irre. rep.
Energy

�eV� Irre. rep.
Energy

�eV� Irre. rep.
Energy

�eV�

4I9/2 �7,8 0.0000 �7,8 0.0008 �7,8 0.0000

�7,8 0.0319 �7,8 0.0365 �7,8 0.0434

�5,6 0.0511 �5,6 0.0427 �5,6 0.0581

�5,6 0.0666 �5,6 0.0635 �5,6 0.0957

�7,8 0.138 �7,8 0.135 �7,8 0.187

aReference 90.
bReference 31.
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To clarify the peak origins for U3+ in LiYF4, configuration
analysis of the many-electron wave functions was performed.
The multiplet energy levels of U3+ in LiYF4 in the range
2.0–6.0 eV are shown in Fig. 8, along with the oscillator
strengths and the theoretical spectrum for the transitions
from the lowest level. In Fig. 4, the peaks in both the experi-
mental and theoretical absorption spectra are denoted as A–J.

Peaks A–C mainly originate from transitions to the
�5f5/2�2�6d1b�1 configuration and peak D mainly originates
from transitions to the �5f5/2�1�5f7/2�1�6d1b�1 configuration.
Thus, the splitting between A–C and D can be attributed to
spin-orbit interactions of U 5f orbitals and transitions to
two-electron excitation states based on a shake-up process.
Peaks E–G can be mainly attributed to transitions to
�5f5/2�1�5f7/2�1�6d1b�1, �5f7/2�2�6d1b�1, and �5f5/2�2�6da�1

configurations. In addition, the �5f5/2�1�5f7/2�1�6da�1 configu-
ration is also slightly mixed. Thus, the splitting between
peaks A–C and peaks E–G can be attributed to both the
crystal field of the U 6d orbitals and spin-orbit splitting of
U 5f orbitals. Peaks H and I mainly originate from transi-
tions to the �4f5/2�1�4f7/2�1�5da�1 configuration. In addition,
the �5f5/2�1�5f7/2�1�6d1b�1, �5f7/2�2�6d1b�1, and �5f5/2�2�6da�1

configurations are slightly mixed. Thus, the splitting between

the bands of peaks E–G and the bands of peaks H and I is
mainly attributed to spin-orbit interactions of the U 5f orbit-
als. For peak J, which has the same origin as peaks H and I,
additional crystal-field components are mixed, and a large
configuration interaction occurs.

C. Estimation of lattice relaxation for Pr3+ in LiYF4

First, we discuss the optimized structures of the LiYF4
host crystal and Pr3+-doped LiYF4. A search for the global
minimum on the energy surface was conducted using a first-
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principles total-energy and molecular-dynamics method with
the CASTEP code. To confirm the accuracy of the approach,
the lattice parameters and all atomic positions of the unit cell
of pure LiYF4 were optimized, and compared to the experi-
mental values.76 Theoretical and experimental crystal param-
eters are listed in Table III. In addition, the ratio �100
�calculation /experiment� of these values is listed in paren-
thesis. For the LiYF4 crystal, the anion parameters x, y, and
z have a very important role in determining the crystal struc-
ture, since the F− anions occupy a low-symmetry site, while
the cations �Li+ ,Y3+� occupy a high-symmetry site. Since the

difference between the experimental and theoretical values
of the crystal parameters listed in Table III, except for the
cell volume, was within 1%, the optimized structure of the
LiYF4 host crystal was in good agreement with the experi-
mentally determined structure. Regarding the cell volume,
since the ratio was dependent upon the cube of the lattice
constant, 1.5% overestimation of the cell volume was rea-
sonable.

Next, we optimized the local structure around the Pr3+

ions in Pr3+-doped LiYF4. In this calculation, one Y3+ ion in
the 2�2�1 supercell was substituted by a Pr3+ ion. This
supercell contained 96 atoms, and contained 6.25% of the
Y3+ ions in LiYF4. All atomic positions were relaxed, while
keeping the lattice parameters fixed at their theoretical val-
ues, obtained above for pure LiYF4. The estimated distances
between the central Y3+ or Pr3+ and the nearest-neighboring
eight F− and neighboring cations �Y3+ and Li+� are listed in
Table IV, along with the experimental values. The estimated
bond lengths between Y3+ or Pr3+ and the first nearest neigh-
boring F− are also plotted in Fig. 9. For comparison, the
Pr3+-F− bond lengths estimated by isotropic relaxation using
the Shannon’s ionic radii are also listed. The details of this
estimation by isotropic relaxation were described in Refs. 63
and 66.

There are two types of Y3+-F− bonds in pure LiYF4 host
crystal, because of the S4 symmetry of the Y3+ site, with
bond lengths of 2.244 Å for four of the bonds and 2.297 Å

TABLE III. Experimental and theoretical crystal parameters of
LiYF4 crystal.

Experimenta Calculation

Lattice constants a, b �Å� 5.164 5.192 �100.5%�
Lattice constant c �Å� 10.741 10.785 �100.2%�
Cell volume �Å3� 286.429 290.733 �101.5%�
Bond length 1 �Å� 2.244 2.252 �100.4%�
Bond length 2 �Å� 2.297 2.317 �100.9%�
Anion parameter x 0.2183 0.2187 �100.2%�
Anion parameter y 0.5855 0.5855 �100.0%�
Anion parameter z 0.5427 0.5448 �100.4%�
aReference 76.

TABLE IV. Distances between the central Y3+ or Pr3+ and the nearest-neighboring eight F− or the
neighbor cations, Y3+ and Li+.

LiYF4 host LiYF4 host Pr3+ :LiYF4 Pr3+ :LiYF4

Expt. �Ref. 56�
�Å�

DFT Calc.a

�Å�
Isotropic

�Å�
DFT Calc.

�Å�

Y-F1 2.244 2.252 Pr-F1 2.347 2.315

2.315

2.315

2.315

Y-F2 2.297 2.317 Pr-F2 2.403 2.337

2.338

2.338

2.338

Y-Li1 3.652 3.671 Pr-Li1 3.667

Y-Li2 3.652 3.671 Pr-Li2 3.667

Y-Li3 3.652 3.671 Pr-Li3 3.667

Y-Li4 3.652 3.671 Pr-Li4 3.667

Y-Li5 3.725 3.743 Pr-Li5 3.741

Y-Li6 3.725 3.743 Pr-Li6 3.741

Y-Li7 3.725 3.743 Pr-Li7 3.739

Y-Li8 3.725 3.743 Pr-Li8 3.741

Y-Y1 3.725 3.743 Pr-Y1 3.739

Y-Y2 3.725 3.743 Pr-Y2 3.739

Y-Y3 3.725 3.743 Pr-Y3 3.739

Y-Y4 3.725 3.743 Pr-Y4 3.739

aReference 76.
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for the other four. The optimized Y3+-F− bond lengths in
LiYF4 after structural optimization by first-principles calcu-
lation were 2.252 Å for four of the bonds and 2.317 Å for
the other four. The difference between the theoretical and
experimental values was within 1%. The Pr3+-F− bond
lengths estimated by isotropic relaxation for Pr3+-doped
LiYF4 were 2.347 Å for four of the bonds and 2.403 Å for
the other four, indicating that all bonds were extended by
4.6% from their original lengths. On the other hand, struc-
tural optimization by DFT calculation of a Pr3+-doped super-
cell indicated that the local structure around the Pr3+ site was
slightly distorted, and the point symmetry of the Pr3+ sites
was reduced from the original S4 to C1. However, these
changes were very small and the point symmetry of the local
site nearly equaled the original S4 symmetry. The displace-
ment magnitudes of the Pr3+, eight F−, eight Li+, and four
Y3+ are plotted in Fig. 10, as are the projections of the points
onto each plane. The red, blue, yellow, and green spheres
represent praseodymium, yttrium, lithium, and fluorine, re-

spectively. The gray points are the projection points. The
displacement magnitudes of the first nearest eight F− were
within 0.008 Å for the a and b axes, and within 0.0008 Å
for the c axis. For the first-nearest-neighboring cations, Y3+

and Li+, the displacement magnitudes were much smaller
than that of F−, and the values were within 0.0007 Å for all
axes. Therefore, the lattice relaxation and structural distor-
tion around the Pr3+ site due to the substitution were very
small for Pr3+ impurities in the LiYF4 host crystal.

D. Multiplet energy levels and absorption spectra Pr3+ in LiYF4

First, we investigated the effects of the exchange-
correlation interaction, the Breit term, and lattice relaxation
on the multiplet energies. In the present work, as identified
above, six different Hamiltonians were examined. The 1S0
energy level, which is the highest energy level of the 4f2

configuration �1S0�, the lowest energy level of the 4f15d1

configuration �E4f5d1st�, the barycenter of multiplet energy
levels for the 4f15d1 configuration �E5d barycenter�, and the
splitting of multiplet energy levels for the 4f15d1 configura-
tion �
E5d� are listed in Table V. These evaluations were
carried out using three different models: a model without
lattice relaxation �nonrelaxation model�, an isotropic relax-
ation model with adjusted bond lengths according to the Sh-
annon’s ionic radii �isotropic relaxation model�, and an opti-
mized structure model based on DFT calculations �optimized
structure model�. These data are also plotted in Fig. 11.

The 1S0 state was almost insusceptible to lattice relaxation
in all Hamiltonians. This was natural because the 4f2 con-
figurations are relatively uninfluenced by the crystal field.
Comparing the different Hamiltonians, the effect of the Breit
term on the 1S0 state was about 0.02 eV, while the effect of
the exchange-correlation potential on the 1S0 state can be
ignored. In the 4f15d1 configuration, on the other hand, the
lattice relaxation effects can be perceived with the E4f5d1st,
E5d barycenter, and 
E5d Hamiltonians, and these effects were
about 0.15–0.30 eV. Since the Pr3+ 5d orbitals are strongly
affected by the crystal fields, the changes in bond lengths had
obvious effects. Consequently, the effects of the crystal field
on the 4f15d1 configuration were about ten times the effect
on the 4f2 configuration. In addition, for the 4f15d1 configu-
ration, the effects of the exchange-correlation potentials were
not negligible. Since E4f5d1st and E5d barycenter depended sig-
nificantly on the exchange-correlation potentials, while 
E5d
varied little between the different exchange-correlation po-
tentials, the multiplet energy levels for the 4f15d1 configura-
tion calculated using the VWN or RVWN potentials shifted
to a lower energy than those calculated using the X	 poten-
tial. The effects of the Breit term on the multiplet energy
levels were vanishingly small. However, these theoretical
values were overestimated compared to the experimental val-
ues. The experimental 1S0 energy level and E4f5d1st were de-
termined by VUV absorption spectroscopy, and were 5.94
eV �209 nm� and 5.79 eV �214 nm�, respectively. Compari-
sons between the experimental values and theoretical values
will be discussed later.

Next, we discuss the theoretical and experimental
4f2-4f15d1 absorption spectra for Pr3+ in LiYF4. Figure 12

Exp. LiYF4 DFT calc. LiYF4 Pr3+:LiYF4 DFT calc. Pr3+:LiYF4

FIG. 9. �Color online� Bond lengths between Y3+ or Pr3+ and
the first nearest-neighbor F−.
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FIG. 10. �Color online� Displacement magnitudes of Pr3+ and
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nates are plotted, and their projections onto the planes are plotted.
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yttrium, lithium, and fluorine, respectively. The gray points repre-
sent projections.
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shows the Hamiltonian dependence of the theoretical
4f2-4f15d1 absorption spectra �a� and the effect of lattice
relaxation on the theoretical 4f2-4f15d1 absorption spectra
�b�. The Hamiltonian dependence was investigated using the
optimized structure model and the evaluation of lattice relax-
ation was performed using HDCB-RVWN.

Since the peak position energies reflected the multiplet
energy, the effects of different Hamiltonians on the spectra
had the same tendency as the multiplet energy levels. In
addition, the overall features of the spectral shape were com-
pletely Hamiltonian independent. The effects of lattice relax-
ation on the spectra also had the same tendency as the mul-
tiplet energy levels. However, the overall features of the
spectral shape differed. The lower energy peaks �A-C� were
nearly the same while the higher energy peaks �C� and D�
were different. The differences were due to the relatively
small difference in the crystal-field effects of isotropic relax-
ation in the optimized structure models relative to the non-
relaxed model.

The experimental absorption spectrum at 10 K and the
theoretical absorption spectra calculated using three models
with the HDCB-RVWN Hamiltonian are shown in Fig. 13. The

numerical data representing these spectra are also listed in
Table VI. As previously mentioned, since the absolute mul-
tiplet energy levels were overestimated, the absolute transi-
tion energy was shifted by the orbital energy difference be-
tween the single-electron orbitals of the Slater transition
state91 as a reference.68

In the experimental absorption spectrum, five major peaks
�A–D and H� were observed. Among these, peaks A–D were
due to the 4f2-4f15d1 transition of Pr3+. Peak H was due to
LiYF4 host absorption. Absorption peak D seemed to overlap
with the host absorption. Thus, the intensity of peak D was
deceptively high. Peak B was split into two peaks with a 0.16
eV splitting width. The peak energy separation between
peaks A and B was about 0.96 eV, the separation between
peaks B and C was about 0.95 eV, and the separation be-
tween peaks A and C was about 1.91 eV. On the other hand,
subpeaks A�, B�, and C� were only observed at low tempera-
tures. The peak energy separation between peaks A and A�
was about 0.20 eV, the separation between peaks B and B�
was about 0.46 eV, and the separation between peaks C and
C� was about 0.33 eV. Using the nonrelaxation model, the
splitting magnitude between peaks was overestimated com-
pared to the experimental spectrum. This overestimation was
due to the overestimation of the crystal fields, because the
splitting between A and B, A and C, and B and C reflected
the crystal field, which will be explained later. For the iso-
tropic relaxation model, on the other hand, the splitting mag-
nitude between the peaks was underestimated compared to
the experimental splitting. This indicates that the crystal
fields were underestimated in this model. Of these two mod-
els, the optimized structure model reproduced the experi-
mental splitting magnitude quite well. Therefore, the evalu-
ation of the crystal field was reasonably correct when using
the optimized model.

Figure 14 shows the experimental 4f2-4f15d1 absorption
spectra for Pr3+ in LiYF4 measured at 10, 35, 50, 75, 100,
150, 200, 250, and 300 K. The inset represents a magnified
view around the A and A� peaks �5.5 eV–6.5 eV� measured
at 10 K. Five major peaks �A–D and H� were observed in all
spectra. In addition, the 1S0 state, which is the highest state
of the 4f2 configuration, was observed at 5.94 eV �209 nm�
at low temperature. This value is consistent with other stud-
ies. The 1S0 level was reported to be around 5.95 eV �Ref.
92� from experiment, and 5.85 �Ref. 93� or 6.05 eV �Ref. 94�
from semiempirical calculations. The temperature depen-
dences of the absorption spectra were also observed experi-
mentally. As shown in Fig. 14, peak B in the experimental
spectra strongly depended upon temperature. In addition,
subpeaks A�, B�, and C� were only observed at low tempera-
tures.

To clarify the origins of these peaks, we performed a con-
figuration analysis of the many-electron wave functions. The
results are shown in Fig. 15. The oscillator strengths of the
absorption spectrum for transitions from the lowest state and
the configuration compositions for each level are shown in
the figure. The Pr 5d level split into 1b, a, e, and 2b from the
lower level according to the irreducible representations of S4
symmetry. Also, the e state split slightly, due to spin-orbit
interactions. In the present calculation, since lattice relax-
ation was considered, the local symmetry of the Pr3+ site was

TABLE V. The 1S0 energy level �1S0�, the lowest energy level
of the 4fn-1-5d1 configuration �E4f5d1st�, the barycenter of multiplet
energy levels for the 4fn-1-5d1 configuration �E5d barycenter�, and the
splitting of multiplet energy levels for the 4fn-1-5d1 configuration
�
E5d� calculated by three different models and six different
Hamiltonians.

Nonrelaxation model

1S0

�eV�
E4f5d1st

�eV�
E5d barycenter

�eV�

E5d

�eV�

HDC-X	 7.65 8.16 10.55 5.25

HDCB-X	 7.64 8.16 10.55 5.25

HDC-VWN 7.64 7.49 9.88 5.26

HDCB-VWN 7.63 7.49 9.87 5.26

HDC-RVWN 7.64 7.46 9.84 5.27

HDCB-RVWN 7.63 7.45 9.84 5.27

Isotropic relaxation model

1S0

�eV�
E4f5d1st

�eV�
E5d barycenter

�eV�

E5d

�eV�
HDC-X	 7.65 8.31 10.36 4.71

HDCB-X	 7.63 8.31 10.36 4.70

HDC-VWN 7.64 7.65 9.69 4.70

HDCB-VWN 7.62 7.64 9.69 4.70

HDC-RVWN 7.64 7.62 9.66 4.70

HDCB-RVWN 7.62 7.61 9.66 4.70

Optimized structure model

1S0

�eV�
E4f5d1st

�eV�
E5d barycenter

�eV�

E5d

�eV�
HDC-X	 7.65 8.25 10.43 4.96

HDCB-X	 7.63 8.25 10.43 4.96

HDC-VWN 7.64 7.58 9.76 4.96

HDCB-VWN 7.62 7.58 9.76 4.96

HDC-RVWN 7.64 7.55 9.73 4.97

HDCB-RVWN 7.62 7.55 9.72 4.97
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C1. However, since these distortions were very small, the
irreducible representation of S4 symmetry was used in a
straightforward manner. In addition, the theoretical absorp-
tion spectrum and the configuration compositions for each
level were calculated using the optimized structure model
with the HDCB-RVWN Hamiltonian.

Peak A corresponds to transitions to the levels at 5.26 and
5.28 eV, and the configuration analysis indicated that the
composition of the �4f5/2�1�5d1b�1 configuration was greater
than 90%. On the other hand, peak A� corresponds to tran-
sitions to the three levels at 5.60, 5.69, and 5.74 eV. The
main component in this peak was �4f7/2�1�5d1b�1, with a

FIG. 11. �Color online� �a� The 1S0 energy level �1S0�, �b� the lowest energy level of the 4fn-1-5d1 configuration �E4f5d1st�, �c� the
barycenter of multiplet energy levels for the 4fn-1-5d1 configuration �E5d barycenter�, and �d� the splitting of multiplet energy levels for the
4fn-1-5d1 configuration �
E5d� calculated using three different models and six different Hamiltonians. The light green and yellow points
represent projection points on different planes.

TABLE VI. Numerical data from the experimental absorption spectrum at 10 K and the theoretical
absorption spectra calculated using three models with HDCB-RVWN.

A
�eV�

A�
�eV�

B
�eV�

B�
�eV�

C
�eV�

C�
�eV�

D
�eV�

Nonrelaxation 5.17 5.53 6.30 6.90 7.36 7.70 8.14

Isotropic 5.29 5.66 6.21 6.76 7.13 7.41 7.80

Optimized 5.29 5.66 6.29 6.86 7.23 7.55 7.98

Experiment 5.79 5.99 6.76 7.22 7.70 8.04 �8.32

6.91
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slight contribution from �4f5/2�1�5da�1. This indicates that the
splitting between peaks A and A� originated from spin-orbit
splitting of the Pr 4f levels. Similarly, peak B corresponds to
transitions to the �4f5/2�1�5da�1 configuration while peak B�
corresponds to transitions to the �4f7/2�1�5da�1 configuration.
These results indicate that the splitting between peaks B and
B� originated from spin-orbit splitting of Pr 4f levels. Com-
pared to peaks A and B, the compositions of peaks C and D
were complicated. Peak C corresponds to transitions to the
mixed states of the �4f5/2�1�5de�1 and �4f7/2�1�5de�1 configu-
rations, which corresponds to transitions from 4f states to
Pr 5de states in the one-electron picture. Since the main con-
tributions to peak D were the �4f7/2�1�5d1e�1, �4f5/2�1�5d2e�1,
�4f7/2�1�5d2e�1, �4f5/2�1�5d2b�1, and �4f7/2�1�5d2b�1 configura-
tions, peak D can be represented as transitions from Pr 4f
states to Pr 5de and 5d2b states. For the entire spectra, con-
figuration analysis clearly indicated that the separations
among peaks A, B, and C were due to crystal-field splitting
of the Pr 5d levels. The subpeaks can be attributed to transi-
tions to two-electron excitation states, which are based on
the shake-up process.

The calculated oscillator strengths were on the order of
10−3−10−2. Thus, the calculated absorption cross sections of
Pr3+ in LiYF4 were on the order of 10−20−10−19 cm2. These
values are in reasonable agreement with experimental values
for Pr3+ in LiLuF4 �on the order of 10−19 cm2�.95 Although
the host crystal was LiLuF4, is the results are comparable to
the theoretical spectrum for LiYF4, since the crystal structure
of LiLuF4 is the same as that of LiYF4, but with slightly
different lattice parameters.96 However, since the ionic radii
of Y3+ and Lu3+ are slightly different, the lattice relaxation
effects are different in the two host crystals. Consequently,
the absorption cross sections may vary slightly between the
two host crystals.

Finally, we discuss the temperature dependence of the ex-
perimental spectra. Figure 16 shows the calculated absorp-

tion spectra from two different initial states �bottom panel�
and experimental spectra at 10, 100, and 300 K �upper
panel�. The absorption spectrum from the lowest level of the
ground state 3H4 �at 0 eV� and from the second-lowest 3H4
level �at 0.0261 eV� were calculated using the optimized
model with the HDCB-RVWN Hamiltonian.

Peak B and subpeaks A� and B� were temperature depen-
dent in the experimental spectra. Peak B2 was dominant in
the experimental absorption spectra at low temperature while
peak B1 became dominant with rising temperature. Peak B in
the theoretical absorption spectrum from the second-lowest
3H4 level shifted to a slightly lower energy with respect to
the peak from the lowest level of the ground state 3H4. As a
result, peak B of the experimental spectra split into two
peaks �B1, and B2�. Since the intensities of subpeaks A� and
B� of the theoretical absorption spectra weakened with in-
creasing temperature, the temperature dependence of sub-
peaks A� and B� of the experimental spectra can be attrib-
uted to thermal excitation. In addition, since phonon
coupling effects would also become progressively stronger in
the experimental spectra with increasing temperature, the
spectra would broaden. Therefore, the temperature depen-
dence of the experimental spectra was due to both thermal
excitation and phonon effects.

V. CONCLUSION

We performed both experimental and theoretical investi-
gation of the 4fn-4fn-15d1 transitions of Pr3+, Nd3+, and U3+
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ical 4f2-4f15d1 absorption spectra and �b� effect of the lattice relax-
ation on theoretical 4f2-4f15d1 absorption spectra. The Hamiltonian
dependence was investigated using the optimized structure model,
and the evaluation of the lattice relaxation was performed using
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in LiYF4. The multiplet energy levels and corresponding ab-
sorption spectra for Nd3+ and U3+ in LiYF4 were calculated
using a first-principles many-electron method with
HDCB-RVWN Hamiltonian. For Nd3+ and U3+ in LiYF4, the
origins of the peaks in the absorption spectra were investi-
gated by comparing the theoretical absorption spectra with
experimental ones, and configuration analysis of the many-
electron wave functions. Experimentally, we measured the
4f3-4f25d1 absorption spectra for Nd3+ in LiYF4 using a SR
light source at several temperatures.

The one-electron MO calculations indicated that the mix-
ing between f and d states of U3+:LiYF4 was larger than in
Nd3+:LiYF4 while the interactions with ligand F 2p orbitals
were nearly the same.

Many-electron CI calculations indicated that the configu-
ration interaction between the f3 configuration and the f2d1

configuration in U3+:LiYF4 was much stronger than in
Nd3+:LiYF4. In addition, the 5f26d1 configuration of
U3+:LiYF4 lies at a considerably lower energy.

The theoretical absorption spectra of Nd3+ and U3+ in
LiYF4 were in good agreement with experiment. The peak
origins of both Nd3+ and U3+ were determined from configu-

ration analysis of the many-electron wave functions. The
splitting between peaks was affected by both spin-orbit in-
teraction of f orbitals and the crystal fields of d orbitals. We
found that the oscillator strengths of the 4f3-4f25d1 transition
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for Nd3+ in LiYF4 were slightly higher than those of the
5f3-5f26d1 transition of U3+ in LiYF4. The experimental ab-
sorption spectra for Nd3+ in LiYF4 measured at nine different
temperatures indicated that the 4f3-4f25d1 absorption spectra
for Nd3+ in LiYF4 had no significant temperature depen-
dence.

For Pr3+ in LiYF4, we estimated the lattice relaxation ef-
fects due to the substitution of Y3+ by Pr3+ using a first-
principles DFT calculation. Structural optimization calcula-
tions for a Pr3+-doped supercell indicated that the local
structure of the Pr3+ site was slightly distorted, and the point
symmetry of the Pr3+ sites was reduced from the original S4
to C1. However, these changes were very small and the point
symmetry of the local site was nearly equal to the original S4
symmetry.

We also investigated the effects of the exchange-
correlation interaction, the Breit term, and lattice relaxation
on the multiplet energies using six different Hamiltonians.
For the 4f2 configurations, the lattice relaxation effects and
the effects of the different Hamiltonians were very small, and
could be ignored. For the 4f15d1 configuration, on the other
hand, the lattice relaxation effects were perceptible when us-
ing E4f5d1st, E5d barycenter, or 
E5d, and were on the order of
0.15–0.30 eV. The overall shapes of the theoretical
4f2-4f15d1 absorption spectra for Pr3+ in LiYF4 were inde-
pendent of the Hamiltonian.

The 4f2-4f15d1 absorption spectra for Pr3+ in LiYF4 were
measured at 10, 35, 50, 75, 100, 150, 200, 250, and 300 K at

UVSOR BL1B, and were compared to theoretical absorption
spectra. Although the absolute multiplet energy levels were
overestimated, the overall features of the theoretical absorp-
tion spectra well reproduced the experimental spectra. In ad-
dition, by performing the Slater’s transition state calculation,
the absolute transition energies for the theoretical spectra
were also in reasonable agreement with experimental values.
The origins of the experimental spectra were clarified by
performing configuration analysis of the many-electron wave
functions. The configuration analysis clearly indicated that
the separations among peaks A, B, and C were due to crystal-
field splitting of the Pr 5d levels while splitting between the
main peaks and subpeaks was due to spin-orbit interaction of
the Pr 4f levels. The subpeaks were due to transitions to
two-electron excitation states based on a shake-up process.
Finally, theoretical calculations indicated that the tempera-
ture dependence of the experimental spectra was due to both
thermal excitation and phonon effects.
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