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4f n\4f nÀ15d transitions of the heavy lanthanides: Experiment and theory
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The 4f n→4 f n215d( f d) excitation spectra of the heavy lanthanides (Tb31, Dy31, Ho31, Er31, Tm31, and
Yb31) incorporated in LiYF4, CaF2, and YPO4 are investigated in the ultraviolet and vacuum-ultraviolet
spectral region~100–275 nm!. Spin-forbidden transitions as well as spin-allowed transitions are observed for
all heavy lanthanides. In the excitation spectra the crystal-field splitting of the 5d electron can be clearly
observed. Fine structure~zero-phonon lines and vibronic lines! is observed for the transition to the lowest 5d
crystal-field component, for both the high-spin and low-spinfd bands. Energy-level and intensity calculations
are performed by an extension of the commonly used model for energy-level calculations of 4f n states. A good
agreement between experimental and simulated spectra is obtained, using parameters that describe the 5d
crystal-field splitting~from the spectra of Ce31), the parameters for the splitting of the 4f n21 core ~from the
literature on energy-level calculations for 4f n states! and parameters for the spin-orbit coupling of the 5d
electron and the Coulomb interaction between 4f and 5d electrons~from atomicab initio calculations using
the computer code of Cowan!. To improve the agreement between the model and experiment, the 5d crystal-
field parameters were adjusted slightly to correct for the decreasing crystal-field strength for the heavier rare
earths due to the lanthanide contraction. Thef-d interaction parameters in the fluoride host lattices were
reduced to about 67% of the calculated free-ion values in order to compensate for the nephelauxetic effect.

DOI: 10.1103/PhysRevB.65.045114 PACS number~s!: 78.40.Ha, 78.20.Bh, 71.55.2i, 71.70.Ch
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I. INTRODUCTION

Recently, much progress in the calculation of thefd en-
ergy levels has been made. Calculations on thefd levels of
Pr31 ~Ref. 1! and Ce31, Pr31, and Nd31 ~Ref. 2! in LiYF4

have been reported. In the preceding paper we reporte
extensive overview of thefd excitation spectra of the ligh
lanthanides (n,7) incorporated in YPO4, CaF2, and LiYF4

~Ref. 3!. It was shown that the structure in thefd excitation
spectra could be explained by extension of established m
els for the 4f n configuration by including crystal-field an
spin-orbit interactions for the 5d electron and the Coulomb
interaction between the 4f and 5d electrons.

In this paper, study of the 4f n215d energy levels is ex-
tended to the heavy lanthanide ions (Tb31, Dy31, Ho31,
Er31, Tm31, and Yb31). The fd excitation spectra of the
rare-earth~RE! ions incorporated in YPO4, CaF2, and LiYF4

are reported. The choice of these host lattices is determ
by the wide band gap, which makes it possible to observfd
excitation bands up to high energies. In addition, due to
weak ion-lattice coupling, fine structure~zero-phonon lines
and vibronic lines! in the fd spectra can be observed. B
recording excitation spectra using synchrotron radiati
high-resolution excitation spectra are obtained over the
range of interest~100–275 nm!. Identification of the zero-
phonon lines will give exact information on the energies
the electronic transitions and makes a comparison w
energy-level calculations possible. It will be demonstra
that the energy levels and transition intensities of the 4f n

→4 f n215d transitions for the heavy lanthanides can be s
isfactorily explained by extension of the standard model
energy-level calculations of 4f n states.
0163-1829/2002/65~4!/045114~13!/$20.00 65 0451
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An important difference in the spectra of the heavyn
.7) lanthanides as compared to the light (n,7) lanthanides
is the observation of low-intensity bands on the low-ene
side of the excitation spectra. The presence of spin-forbid
fd transitions have been known for a long time for Tb31 ~Ref.
4!. Recently, these spin-forbiddenfd bands have also bee
identified for all other heavy lanthanide ions. For the lig
lanthanides (n,7) spin-forbidden transitions are expected
higher energy than the spin-allowed transitions and canno
clearly observed in the excitation spectra. The occurrenc
both spin-forbidden and spin-allowedfd transitions compli-
cates thefd structure in the excitation spectra of the hea
lanthanides and detailed calculations are needed to acc
for all observed bands. On the other hand, the splitting
tween the low-spin~LS! and high-spin~HS! fd state provides
extra information. The LS-HS splitting is mainly caused
the Coulomb interaction between the 4f electrons and the 5d
electron. The LS-HS splitting for the heavy lanthanides in
host lattice is reduced in comparison with the free-ion sit
tion. Due to the nephelauxetic effect the interaction betwe
the ~delocalized! 5d electron and the 4f n21 core is reduced.
Experimental observations on the LS-HS splitting make
possible to estimate the reduction of the free-ionf-d interac-
tion parameters from the theoretical values calculated w
Cowan’s atomic physics computer program.5

II. MODEL

An extensive description of the model has been given
an earlier paper2 and the preceding paper. To calculate t
4 f n215d energy levels the established theoretical models
4 f n energy levels are extended to include the splitting of
5d state~by the crystal-field and the spin-orbit coupling! and
©2002 The American Physical Society14-1
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VAN PIETERSON, REID, BURDICK, AND MEIJERINK PHYSICAL REVIEW B65 045114
the interaction between the 4f n21 and 5d configuration.
In our calculations we used 4f n crystal-field

parameters6–8 and 4f n atomic parameters9 from the litera-
ture. If no data in the literature were available on the 4f n

crystal-field parameters for a certain rare-earth ion in a h
lattice, the crystal-field parameters of a neighbor ion in
same host lattice were used.Ab initio 4 f n atomic parameters
were calculated for both the free-ion 4f n and 4f n215d con-
figuration. In comparison with our previous papers2,3 some
improvements of the model are included here. The 4f n

atomic parameters are predicted to be slightly larger in
4 f n215d configuration than in the 4f n configuration~;1.06
times!. This can be understood in terms of increased C
lomb interaction for the contracted 4f n21 core. To take this
effect into account, we multiplied the literature 4f n atomic
parameters by a small factor~1.06! for the excited 4f n215d
configuration. For thef-d interaction parameters we use
atomic~Coulomb and spin-orbit! parameters calculated from
standard atomic computer programs.5 The atomic Coulomb
fd parameters were reduced to approximately 67% of
calculated value to correct for delocalization of the 5d elec-
tron over the ligands~nephelauxetic effect!, which will re-
duce thef-d coupling parameters in comparison to the fre
ion situation.10 As was indicated in the introduction, th
experimentally observed HS-LS splitting makes it possible
make a good estimate of the reduction. The 5d crystal-field
parameters were obtained from fits to the Ce31 spectrum3

and were reduced slightly~5–9%, from Tb31 to Tm31) to
correct for the decreasing crystal-field strength observed
the heavier lanthanide ions due to the lanthanide contrac

III. RESULTS

In this section the experimentally recorded excitati
spectra of the various heavy lanthanides in YPO4, CaF2, and
LiYF4 are reported and discussed. The experimental te
niques used to prepare the samples and the equipment
to record the spectra are the same as those described i
preceding article.3 To explain the experimentally observe
spectra energy-level calculations have been performed
most ions in LiYF4, CaF2, and YPO4. A comparison between
the measured and calculated spectra is made and discu
for each ion separately. In the subsequent section a gen
discussion of energy-level calculations for the heavy l
thanides in the three host lattices is presented.

A. Tb3¿

The ground configuration of the Tb31 ion is 4f 8. The
excited configuration is 4f 75d1, in which the 4f shell is
half-filled. Because the lowest excited 4f level within the
4 f 7 configuration is located at very high energy~32 000
cm21 for Gd31), the fd excitation spectrum of Tb31 is ex-
pected to be quite similar to that of Ce31 (4 f 05d1 configu-
ration in the excited state! showing excitation bands corre
sponding to the different 5d states. However, the interactio
between the seven 4f electrons and the 5d electron will give
rise to a more complicated spectrum. As discussed in Se
spin-forbiddenfd transitions can be expected in addition
spin-allowed transitions.
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1. Experiment

YPO4. Figure 1~a! shows the excitation spectrum o
YPO4 doped with 1% Tb31. A number of broad bands ar
observed with maxima at 223 nm~A!, 217 nm~B!, 209 nm
~C!, 200 nm~D!, 184 nm~E!, 179 nm~F!, 173 nm~G!, and
161 nm ~H!. The lower-energy part of the spectrum is
good agreement with the high resolution spectra reported
YPO4:Tb31 by Hoshina.11 At about 144 nm the YPO4 host
lattice excitation edge is observed, which indicates that
ergy transfer from the host lattice to Tb31 is possible or that
host lattice defect emission is monitored simultaneously
this wavelength~540 nm!. It is known that YPO4 shows a
broad defect emission band with a maximum at 440 nm12

Excitation over the band gap of the YPO4 host (l
5144 nm) gives Tb31 4 f n→4 f n line emission on top of a
broad defect emission, which shows that energy tran
from YPO4 to Tb31 is inefficient. Because the tail of th
defect emission is monitored at 540 nm and because T31

emission is observed around 540 nm upon excitation over
band gap, the band edge is observed in the excitation s
trum in Fig. 1~a!. Comparison with the excitation spectru

FIG. 1. ~a! Excitation spectrum for YPO4 doped with 1% Tb31

recorded monitoring the5D4→7F5 emission at 544 nm at 6 K. The
solid line shows the excitation spectrum measured at the DE
synchrotron, the dotted line represents the calculated spectrum
sitions of the calculated electronic states are indicated by stick
the horizontal axis. The height of the sticks is proportional to
calculated intensity.~b! Excitation spectrum for YPO4 doped with
1% Tb31 recorded monitoring the5D4→7F5 emission at 544 nm at
6 K at the SPEX, showing the energy region in which the transit
to the high-spinfd state is observed.
4-2
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of YPO4:Ce31 ~Ref. 3! shows that bands A, E, F, G, and
correspond to the spin-allowed transitions to the fived
crystal-field components. The crystal-field splitting for Tb31

in YPO4 is somewhat smaller than for Ce31 ~about 3–5%
smaller!. This is explained by the slightly smaller ionic ra
dius of the Tb31 ion ~1.18 Å in VIII coordination vs 1.28 Å
for Ce31 in VIII coordination!, which reduces the crystal
field strength. Additional bands between 190 and 218
~B–D! are observed in the excitation spectrum of Tb31 and
not in the Ce31 spectrum. These bands are due to interact
of the 4f electrons with the 5d electron.

Just as was observed for the light lanthanides,3 the lowest-
energyfd excitation band~A! of Tb31 shows fine structure. I
consists of a zero-phonon line at 224.3 nm (A1) and a vi-
bronic side band. For the transitions to the higher energyd
levels no fine structure was observed. The electronic orig
of these transitions are thought to be broadened due to ph
ionization to the conduction band.

For RE ions with more than seven 4f electrons, spin-
forbidden~high spin! fd bands can be observed in addition
the already mentioned spin-allowed~low spin! fd transitions.
Figure 1~b! shows the lowest energy HSfd excitation band of
YPO4:Tb31. The spectrum agrees with the high-resoluti
spectrum reported by Hoshina for the spin-forbiddenfd tran-
sition for Tb31 in YPO4.

11 Just as for the lowest-energy spi
allowed transition, fine structure is observed. It consists o
zero-phonon line at 268.7 nm (HS1) and a vibronic side
band. The progression is similar to vibronic patterns o
served for the LSfd bands of the light lanthanides.3 The
energy separation between the LSfd transition and the HSfd
transition of Tb31 (A12HS1) is 7370 cm21.

Transitions to the higher-energy HS 5d crystal-field com-
ponents are expected to have a much lower intensity than
LS fd bands, because they are spin forbidden. The ba
between 190 and 218 nm~bands B, C, and D! can be ex-
plained by transitions to states arising from interactions
tween the 4f 7 core and the 5d electron~see below!.

CaF2. Figure 2~a! shows the excitation spectrum of th
Tb31 emission for CaF2 doped with 0.1% Tb31. To minimize
the influence of saturation due to the relative high dop
concentration, the single crystal was powdered. Unlike ot
CaF2 crystals discussed in this work, this crystal was n
grown in the presence of Na1 charge compensation ions an
therefore a different distribution of sites can be expected t
for the other RE ions in CaF2 discussed in this paper. Fo
CaF2 crystals slowly cooled to room temperature in the a
sence of a charge compensator,C4v andC3v sites are known
to dominate.13 For the smaller heavy lanthanidesC3v sites
are predicted to be more stable.14 FTIR spectra of our crysta
show that the trigonal site is indeed dominant.

The excitation spectrum of the Tb31 emission at 388 nm
shows only a few bands with maxima at 215 nm~A!, 154 nm
~B!, 132 nm~C!, and 125 nm~D!. This spectrum differs from
the absorption spectrum reported in Ref. 15, where m
bands between 160 and 200 nm were observed. The T31

concentration used in Ref. 15 is similar to ours~0.1%!, but
the absorption spectrum of a crystal was measured. At c
centrations higher than 0.05%, cluster sites exist in CaF2 in
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addition to single-ion sites. In an absorption spectrum,
sites will be observed, while in an excitation spectrum
single type of site can be selectively measured by choosin
proper emission wavelength. The presently chosen emis
wavelength~388 nm! corresponds to a transition from th
5D3 level (5D3→7F6). In cluster sites this emission will be
efficiently quenched by cross relaxation and only5D4 emis-
sion is observed for Tb31 cluster sites. As a result only th
excitation spectrum of single ion sites is obtained by m
suring the excitation spectrum for emission at 388 nm.

The 5d states are split by the crystal-field and spin-or
coupling. The band at 215 nm~A! shows fine structure and i
assigned to the transition to the lower-energy2E levels. The
broad band at 154 nm~B! is assigned to transitions to th
higher-energy2T2 levels. Splitting of the2E and 2T2 bands
due to lowering of the site symmetry from cubic toC3v and
spin-orbit coupling results in a broadening of the band, rat
than the observation of separate bands.

The transition to the lowest energy~LS! fd band~band A!
shows fine structure and consists of a zero-phonon line
216.23 nm (A1) and a vibronic side band. The energy sep
ration betweenA1 and A18 is about 470 cm21 and may be
explained in terms of phonon frequencies corresponding

FIG. 2. Excitation spectrum for powdered CaF2 doped with
0.1% Tb31 recorded monitoring the5D3→7F6 emission at 388 nm
at 10 K. The solid line in~a! shows the excitation spectrum me
sured at DESY, the dotted line represents the calculated spect
~b! Excitation spectrum for a CaF2 crystal doped with 0.1% Tb31

recorded monitoring the5D4→7F5 emission at 544 nm at 6 K at
the SPEX, showing the energy region in which the transition to
high-spinfd state is observed.
4-3
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local modes involving the Tb31 ion, such as the local breath
ing mode oscillations of the eight fluoride ions surroundi
the RE ion.21 The position of the zero-phonon lineA1 ~at
216.23 nm! does not agree with the position of the Tb31 f d
zero-phonon line reported in the literature~217.07 nm!.15

However, FTIR measurements showed that in our cry
C3v is the dominant site, whereas in Ref. 15 absorption
C4v sites was reported.

The band corresponding to the transitions to the2E levels
at 154 nm~B! does not show fine structure, which is e
plained by assuming that these levels are located in the
duction band. Fast photoionization to resonant levels in
conduction band causes Heisenberg broadening of the
tronic origins of these transitions and explains the absenc
fine structure. However, at 132 and 125 nm~bands C and D!
again two structured bands are observed. The energy se
tion betweenC1 andA1 is about 28 000 cm21 and between
D1 and A1 is about 33 000 cm21. The reappearance of fin
structure suggests that the bands around 132 and 125
correspond to transitions to states involving the lowe
energy 5d state and high-energy excited states in the 4f 7

core. The splittings betweenC1-A1 and D1-A1 match the
splittings 8S-6P and 8S-6I for the 4f 7 core quite closely.
The reappearance of fine structure is observed in other
tems as well and will be discussed in more detail in Ref.

In the excitation spectrum of powdered CaF2 doped with
0.1% Tb31, no bands due to spin-forbidden transitions a
observed. Apparently, the intensity of these high-spinfd
bands is too low to be observed for the powdered sam
Figure 2~b! shows the excitation spectrum of a CaF2:Tb31

0.1% crystal. In this spectrum the lowest-energy sp
forbidden fd transition is observed as a structured ba
around 260 nm. It consists of a zero-phonon line and a
bronic side band. The resolution of the spectrum is not v
high, zero-phonon line HS1 ~at 260.9 nm! is observed as a
shoulder on the more intense line HS2. The vibronic replica
HS18 is at about 475 cm21 higher energy and is assigned
the breathing mode oscillations of the fluoride ions surrou
ing Tb31 ~Ref. 15!. The energy separation between the lo
est energy LS and HSfd excitation band of Tb31 in CaF2 is
calculated from the positions of the zero-phonon lines
Figs. 2~a! and 2~b! and is about 7920 cm21. This is similar,
although slightly larger, to the energy separation between
LS and HSfd bands in YPO4.

LiYF4. Figure 3 shows the excitation spectrum of t
Tb31 5D4→7F5 emission at 545 nm in powdered LiYF4
doped with 1% Tb31. A large number of bands are observe
The lowest-energy spin-allowedfd excitation band is located
at 212 nm~A!. From analysis of the spectrum of Ce31 incor-
porated in LiYF4, it is known that due to theS4 site symme-
try and the spin-orbit coupling the 5d state is split into five
levels. Comparison of the spectrum of LiYF4:Tb31 with that
of Ce31 in LiYF4,

3 shows that the bands with maxima at 2
nm ~A!, 182 nm~C!, 160 nm~F!, 154 nm~G!, and 151 nm
~H! can be assigned to the spin-allowed transitions to the
5d crystal-field components. The crystal-field splitting
slightly reduced compared to the splitting observed for Ce31,
due to the smaller ionic radius of Tb31. Other bands in the
04511
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spectrum, which are not observed in the spectrum
LiYF4:Ce31 ~bands B, D, and E!, arise from the interaction
of the 4f electrons with the 5d electron.

The lowest energy LSfd band ~A! shows fine structure
and consists of a zero-phonon line at 213.4 nm~indicated
A1) and a vibronic side band. The vibronic structure is n
well resolved. For transitions to the higher energy 5d states
fine structure disappears, as is usually observed. Just a
Tb31 in CaF2, fine structure reappears in the high-ener
bands around 130 nm. As indicated above, this surpris
observation will be discussed in Ref. 16.

Most of the bands on the low-energy side of the spectr
are second order bands of the transitions measured at sh
wavelengths in the spectrum. An exception is the low inte
sity peak at 257 nm~HS!. In the inset of Fig. 3 a high reso-
lution excitation spectrum recorded with a tunable la
setup is given. The electronic origin of the lowest ener
spin-forbidden transition to the HS 4f 75d state (HS1) is ob-
served at 257.25 nm. The energy difference between the
spin and high-spinfd state is 7995 cm21, similar to the split-
ting observed in YPO4 and CaF2.

2. Model

The structure observed in the excitation spectra of
Tb31 emission in YPO4, CaF2, and LiYF4 is very similar.
The splitting of the 5d state is observed, similar to the stru
ture observed for Ce31. The crystal-field splitting is slightly
reduced in comparison with Ce31. In addition, extra bands
are observed arising from interaction between the 4f 7 core
and the 5d electron. This interaction gives rise to high sp
and low spin 4f 75d states. The splitting between the lowe
energy HS and LS state is just below 8000 cm21 for Tb31 in
all three host lattices.

Energy level calculations as outlined in Sec. II were p
formed. In general, the energy level calculations require
input parameters the crystal-field and spin-orbit parame
for the 5d electron, the parameters for the splitting of th
4 f n21 core and parameters for Coulomb interaction of thf

FIG. 3. Excitation spectrum for LiYF4 doped with 1% Tb31

recorded monitoring the5D4→7F5 emission at 544 nm at 10 K. In
the inset a high-resolution excitation spectrum for LiYF4:Tb31 is
shown recorded monitoring the5D4→7F5 emission at 544 nm at
10 K using a tunable laser setup.
4-4
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and d electrons. The 5d crystal-field parameters are take
from the analysis of the Ce31 spectrum3 and are reduced
slightly ~approximately 5%! to account for the weake
crystal-field experienced by Tb31 as compared to Ce31 due
to the lanthanide contraction. The observed crystal-fi
splitting for the lanthanides decreases gradually by about
through the series from Ce31 to Tm31. In this paper, the
reduction of the crystal field parameters is assumed to
continuous between Ce31 and Tm31 and the parameters ar
obtained by extrapolation assuming a 9% reduction
Tm31. For the splitting of the 4f n21 core, parameters wer
taken from the literature of the 4f n ion (4f 8 for Tb31 spec-
tra! and were multiplied a factor 1.06~see Sec. II!. The pa-
rameters for thef-d Coulomb interaction were estimated u
ing Cowan’s code,5 but were reduced to 67% of th
calculated free ion value in order to predict a correct splitt
between the high spin and low spin state. The reduction
tor was estimated in the following way.

Figure 4 shows the splitting of the five 5d crystal-field
states as thef-d interaction parameters@Fk( f d),Gj ( f d)# are
increased from zero to the values predicted for the free
according to Cowan’s program.5 The parameter A used as th
horizontal axis of the graph multiplies thef-d parameters
calculated for the free ion value. WhenA50, which corre-
sponds to setting thef-d interaction parameters equal to zer
five 5d crystal-field levels are observed. As A is increas
from 0 to 1 the Coulomb interaction between the 4f elec-
trons and the 5d electron splits the 4f 75d states in high-spin
and low-spin states. When we compare the splitting
11 700 cm21 for A51 between the LS and HS states of t
lowest 4f 75d level in Fig. 4 with the experimentally ob
served splitting of about 8000 cm21 between the high-spin
and low-spinfd state, it is clear that thefd parameters pre
dicted for the free ion should be reduced in order to rep
duce the experimentally observed energy difference betw
both states. A reduction of thef-d interaction parameters fo
ions in a lattice is expected: due to the nephelauxetic ef
the 5d orbitals will be partly delocalized over the ligand
thus reducing the interaction with the 4f core. In our previ-
ous paper on thefd levels of the light lanthanides it wa

FIG. 4. Splitting of the five 4f 75d crystal-field states of Tb31 in
LiYF4. The parameterA represents thef-d interactions as explained
in the text. On the left (A50) the parameters for these interactio
are set to zero and on the right (A51) they have the values calcu
lated for the free ion.
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shown that a reduction of thef-d interaction parameters lead
to a significantly better agreement between theory a
experiment.3 The observation of high-spin and low-spinfd
bands makes it possible to obtain a good estimate for
reduction of thef-d interaction parameters for the heavy la
thanides. From Fig. 4 and similar figures for the other la
thanides, we found that a reduction of the calculated par
eters to about 67% gives the best overall agreement betw
the observed and calculated HS-LS splittings. This is in l
with the value of 74% which was found to give the be
agreement between experiment and model for the~larger!
Nd31 ion in LiYF4 ~Ref. 3!.

In view of the similar covalency of LiYF4 and CaF2 ~both
fluoride host lattices! a similar reduction of thef-d interac-
tion parameters~67%! was used for CaF2. The YPO4 host
lattice is more covalent and therefore the delocalization
the 5d electron over the ligands will be larger than in th
fluoride lattices. From the smaller splitting between the hig
spin and low-spin states of Tb31 in YPO4 as compared to
LiYF4 ~7370 cm21 in YPO4 vs 7995 cm21 in LiYF4), a re-
duction of thef-d interaction parameters to 60% of the ca
culated free ion values was estimated for the lanthanide
YPO4.

The calculated spectra are shown as the dotted line
Figs. 1~a!, 2~a!, and 3. All parameters used in the calcul
tions are summarized in Table I. For CaF2:Tb31 parameters
determined for cubic symmetry are used for consistency w
the parameters used for the other RE ions in this paper~see
below!. Since the deviation of theC3v symmetry from cubic
symmetry is relatively small no large errors are introduc
The agreement between experiment and model is good. B
spin-allowed and spin-forbidden transitions are predicted
the theory. In the spectra of Tb31 in YPO4 and LiYF4 @Figs.
1~a! and 3#, the splitting of the high-energy 5d crystal-field
components@bands E and F in Fig. 1~a! and bands F, G, and
H in Fig. 3#, is not well reproduced. This was also observ
for the light lanthanides3 and is partly due to the fact that th
5d crystal-field splitting for these higher-energy crystal-fie
components cannot be reproduced by the fits for YPO4:Ce31

and LiYF4:Ce31. This discrepancy was thought to be a res
of distortions in the excited state.17 All other excitation
bands, including the bands showing fine structure around
nm in the spectra of CaF2:Tb31 and LiYF4:Tb31, are well
reproduced by the energy-level calculations, with the exc
tion of band I in Fig. 3. The origin of this band is not clea
In view of the large width, this rather weak band may
related to a defect or impurity, and not to Tb31.

B. Dy3¿

1. Experiment

YPO4. Figure 5 shows the excitation spectrum of YPO4
doped with 1% Dy31 (4 f 9) monitoring the 4F9/2→6H15/2
emission at 478 nm. The spin-allowedfd onset is observed a
176.69 nm (A1). The host lattice excitation edge is observ
at 144 nm~C!. Transitions to the higher-energy crystal-fie
components are expected between 140 and 151 nm, bu
not observed in the spectrum. Probably the competing
sorption by~defects in! the host lattice is too large.
4-5



31 in YPO4, CaF2 and LiYF4. Parameters for the
s terature6–9 (4 f n atomic parameters for the excited
4 educed to correct for the nephelauxetic effect. For
t rrect for the decreasing crystal field strength in the
l

LiYF4

Tm31

CaF2 LiYF4

F ef. 9! 103332 ~Ref. 9! 108145 ~Ref. 9! 108145 ~Ref. 9!

F ef. 9! 71798 ~Ref. 9! 75182 ~Ref. 9! 75182 ~Ref. 9!

F ef. 9! 57251 ~Ref. 9! 60453 ~Ref. 9! 60453 ~Ref. 9!

a ef. 9! 17.79 ~Ref. 9! 17.26 ~Ref. 9! 17.26 ~Ref. 9!

b ef. 9! 2582.1 ~Ref. 9! 2624.5 ~Ref. 9! 2624.5 ~Ref. 9!

g ef. 9! 1800 ~Ref. 9! 1820 ~Ref. 9! 1820 ~Ref. 9!

T ef. 9! 400 ~Ref. 9!

T ef. 9! 43 ~Ref. 9!

T ef. 9! 73 ~Ref. 9!

T ef. 9! 2271 ~Ref. 9!

T ef. 9! 308 ~Ref. 9!

T ef. 9! 299 ~Ref. 9!

§ ef. 9! 2376 ~Ref. 9! 2636 ~Ref. 9! 2636 ~Ref. 9!

M ef. 9! 3.86 ~Ref. 9! 3.81 ~Ref. 9! 3.81 ~Ref. 9!

P ef. 9! 594 ~Ref. 9! 695 ~Ref. 9! 695 ~Ref. 9!

B 352 ~Ref. 6! 348 ~Ref. 6!

B ef. 7! 2820 ~Ref. 6! 21906 ~Ref. 7! 2639 ~Ref. 6!

B ef. 7! 21000 ~Ref. 6! 21139 ~Ref. 7! 2864 ~Ref. 6!

B ef. 7! 2134 ~Ref. 6! 650.5 ~Ref. 7! 2182 ~Ref. 6!

B ef. 7! 2617 ~Ref. 6! 21216 ~Ref. 7! 2641 ~Ref. 6!

D 8 92216 94783 95091

F ef. 5! 19724 ~Ref. 5! 19639 ~Ref. 5! 19639 ~Ref. 5!

F ef. 5! 9358 ~Ref. 5! 9275 ~Ref. 5! 9275 ~Ref. 5!

G ef. 5! 8038 ~Ref. 5! 7991 ~Ref. 5! 7991 ~Ref. 5!

G ef. 5! 6848 ~Ref. 5! 6789 ~Ref. 5! 6789 ~Ref. 5!

G ef. 5! 5292 ~Ref. 5! 5240 ~Ref. 5! 5240 ~Ref. 5!

§ ef. 5! 1768 ~Ref. 5! 1839 ~Ref. 5! 1839 ~Ref. 5!

B 4290 ~Ref. 3! 4206 ~Ref. 3!

B ef. 3! 217120 ~Ref. 3! 240055 ~Ref. 3! 216784 ~Ref. 3!

B ef. 3! 221914 ~Ref. 3! 223938 ~Ref. 3! 221484 ~Ref. 3!
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TABLE I. Parameters used for energy-level calculations for 4f n and 4f n215d configurations of Tb31, Dy31, Ho31, Er31, and Tm
plitting of the 4f n21 core ~such as Coulomb interaction, spin-orbit interaction, and crystal-field splitting! are obtained from the li
f n215d state are multiplied by;1.06!. Thef-d interaction parameters are calculated for the free ion using Cowan’s code~Ref. 5! and r

he crystal-field splitting of the 5d state, parameters are obtained from the fits of the Ce31 spectra3 and are reduced slightly to co
anthanide series. Further details are provided in the text. Units are in cm21.

Tb31

YPO4 CaF2 LiYF4

Dy31

YPO4 CaF2 LiYF4

Ho31

CaF2 LiYF4

Er31

CaF2

2( f f ) 94335~Ref. 9! 94335 ~Ref. 9! 94335 ~Ref. 9! 97417 ~Ref. 9! 97417 ~Ref. 9! 94717 ~Ref. 9! 100238 ~Ref. 9! 100238 ~Ref. 9! 103332 ~R

4( f f ) 66694~Ref. 9! 66694 ~Ref. 9! 66694 ~Ref. 9! 68234 ~Ref. 9! 38234 ~Ref. 9! 68234 ~Ref. 9! 70381 ~Ref. 9! 70381 ~Ref. 9! 71978 ~R

6( f f ) 50087 ~Ref. 9! 50087 ~Ref. 9! 50087 ~Ref. 9! 52349 ~Ref. 9! 52349 ~Ref. 9! 52349 ~Ref. 9! 55143 ~Ref. 9! 55143 ~Ref. 9! 57251 ~R

( f f ) 18.4 ~Ref. 9! 18.4 ~Ref. 9! 18.4 ~Ref. 9! 18.02 ~Ref. 9! 18.02 ~Ref. 9! 18.02 ~Ref. 9! 17.15 ~Ref. 9! 17.15 ~Ref. 9! 17.79 ~R

( f f ) 2590.9 ~Ref. 9! 2590.9 ~Ref. 9! 2590.9 ~Ref. 9! 2633.4 ~Ref. 9! 2633.4 ~Ref. 9! 2633.4 ~Ref. 9! 2607.9 ~Ref. 9! 2607.9 ~Ref. 9! 2582.1 ~R

( f f ) 1650 ~Ref. 9! 1650 ~Ref. 9! 1650 ~Ref. 9! 1790 ~Ref. 9! 1790 ~Ref. 9! 1790 ~Ref. 9! 1800 ~Ref. 9! 1800 ~Ref. 9! 1800 ~R

2( f f ) 320 ~Ref. 9! 320 ~Ref. 9! 320 ~Ref. 9! 329 ~Ref. 9! 329 ~Ref. 9! 329 ~Ref. 9! 400 ~Ref. 9! 400 ~Ref. 9! 400 ~R

3( f f ) 40 ~Ref. 9! 40 ~Ref. 9! 40 ~Ref. 9! 36 ~Ref. 9! 36 ~Ref. 9! 36 ~Ref. 9! 37 ~Ref. 9! 37 ~Ref. 9! 43 ~R

4( f f ) 50 ~Ref. 9! 50 ~Ref. 9! 50 ~Ref. 9! 127 ~Ref. 9! 127 ~Ref. 9! 127 ~Ref. 9! 107 ~Ref. 9! 107 ~Ref. 9! 73 ~R

6( f f ) 2395 ~Ref. 9! 2395 ~Ref. 9! 2395 ~Ref. 9! 2314 ~Ref. 9! 2314 ~Ref. 9! 2314 ~Ref. 9! 2264 ~Ref. 9! 2264 ~Ref. 9! 2271 ~R

7( f f ) 303 ~Ref. 9! 303 ~Ref. 9! 303 ~Ref. 9! 404 ~Ref. 9! 404 ~Ref. 9! 404 ~Ref. 9! 316 ~Ref. 9! 316 ~Ref. 9! 308 ~R

8( f f ) 317 ~Ref. 9! 317 ~Ref. 9! 317 ~Ref. 9! 315 ~Ref. 9! 315 ~Ref. 9! 315 ~Ref. 9! 336 ~Ref. 9! 336 ~Ref. 9! 299 ~R

( f f ) 1707 ~Ref. 9! 1707 ~Ref. 9! 1707 ~Ref. 9! 1913 ~Ref. 9! 1913 ~Ref. 9! 1913 ~Ref. 9! 2145 ~Ref. 9! 2145 ~Ref. 9! 2376 ~R

0( f f )a 2.39 ~Ref. 9! 2.39 ~Ref. 9! 2.39 ~Ref. 9! 3.39 ~Ref. 9! 3.39 ~Ref. 9! 3.39 ~Ref. 9! 2.54 ~Ref. 9! 2.54 ~Ref. 9! 3.86 ~R

2( f f )b 373 ~Ref. 9! 373 ~Ref. 9! 373 ~Ref. 9! 719 ~Ref. 9! 719 ~Ref. 9! 719 ~Ref. 9! 605 ~Ref. 9! 605 ~Ref. 9! 594 ~R

0
2( f f ) 352 ~Ref. 8! 400 ~Ref. 6! 352 ~Ref. 8! 340 ~Ref. 6! 408 ~Ref. 5!

0
4( f f ) 112 ~Ref. 8! 22185 ~Ref. 7! 2802 ~Ref. 6! 112 ~Ref. 8! 22185 ~Ref. 7! 2784 ~Ref. 6! 21906 ~Ref. 7! 2629 ~Ref. 6! 21906 ~R

4
4( f f ) 2800 ~Ref. 8! 21305 ~Ref. 7! 21055 ~Ref. 6! 2800 ~Ref. 8! 21305 ~Ref. 7! 2951 ~Ref. 6! 21139 ~Ref. 7! 2835 ~Ref. 6! 21139 ~R

0
6( f f ) 2848 ~Ref. 8! 733.6 ~Ref. 7! 257 ~Ref. 6! 2848 ~Ref. 8! 2733.6 ~Ref. 7! 27 ~Ref. 6! 2650.5 ~Ref. 7! 218 ~Ref. 6! 650.5 ~R

4
6( f f ) 151 ~Ref. 8! 21372 ~Ref. 7! 2754 ~Ref. 6! 151 ~Ref. 8! 21372 ~Ref. 7! 2850 ~Ref. 6! 21216 ~Ref. 7! 2673 ~Ref. 6! 21216 ~R

E( f d) 79016 81991 81899 81796 86013 85738 91322 89516 9250

2( f d) 17877 ~Ref. 5! 19665 ~Ref. 5! 19665 ~Ref. 15! 17809 ~Ref. 5! 19886 ~Ref. 5! 19886 ~Ref. 5! 19807 ~Ref. 5! 19807 ~Ref. 5! 19724 ~R

4( f d) 8608 ~Ref. 5! 9469 ~Ref. 5! 9469 ~Ref. 5! 8531 ~Ref. 5! 9527 ~Ref. 5! 9527 ~Ref. 5! 9442 ~Ref. 5! 9442 ~Ref. 5! 9358 ~R

1( f d) 7348 ~Ref. 5! 8083 ~Ref. 5! 8083 ~Ref. 5! 7294 ~Ref. 5! 8145 ~Ref. 5! 8145 ~Ref. 5! 8089 ~Ref. 5! 8089 ~Ref. 5! 8038 ~R

3( f d) 6305 ~Ref. 5! 6935 ~Ref. 5! 6935 ~Ref. 5! 6245 ~Ref. 5! 6973 ~Ref. 5! 6973 ~Ref. 5! 6910 ~Ref. 5! 6910 ~Ref. 5! 6848 ~R

5( f d) 4888 ~Ref. 5! 5376 ~Ref. 5! 5376 ~Ref. 5! 4836 ~Ref. 5! 5400 ~Ref. 5! 5400 ~Ref. 5! 5345 ~Ref. 5! 5345 ~Ref. 5! 5292 ~R

(dd) 1557 ~Ref. 5! 1557 ~Ref. 5! 1557 ~Ref. 5! 1627 ~Ref. 5! 1627 ~Ref. 5! 1627 ~Ref. 5! 1697 ~Ref. 5! 1697 ~Ref. 5! 1768 ~R

0
2(dd) 4494 ~Ref. 3! 4416 ~Ref. 3! 4442 ~Ref. 3! 4365 ~Ref. 3! 4332 ~Ref. 3!

0
4(dd) 2844 ~Ref. 3! 241595 ~Ref. 3! 217623 ~Ref. 3! 2811 ~Ref. 3! 241111 ~Ref. 3! 217418 ~Ref. 3! 240803 ~Ref. 3! 217288 ~Ref. 3! 240407 ~R

4
4(dd) 221217 ~Ref. 3! 224858 ~Ref. 3! 222558 ~Ref. 3! 220970 ~Ref. 3! 224569 ~Ref. 3! 222296 ~Ref. 3! 224385 ~Ref. 3! 222128 ~Ref. 3! 224148 ~R

M2 andM4 parameters were included with the ratiosM2/M050.56 andM4/M050.31.
P4 andP6 parameters were included with the ratiosP4/P250.5 andP6/P250.1.
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4 f n→4 f n215d TRANSITIONS OF THE HEAVY . . . PHYSICAL REVIEW B 65 045114
The first spin-allowedfd band shows fine structure an
consists of several zero-phonon lines (A1 to A3 are indi-
cated! and vibronics. The energy separation betweenA1 and
A2 is 475 cm21 and betweenA1 andA3 it is 3290 cm21. Due
to the interaction between the 4f 8 core and the 5d electron,
many 4f 85d levels can be expected in addition to vibron
lines. The distinction between vibronic lines and no-phon
lines is difficult.

On the low-energy side of the spectrum excitation ba
corresponding to two spin-forbidden transitions are o
served, one around 200 nm~not measured completely, de
noted HS1 in Fig. 5! and one around 190 nm~denoted HS2 in
Fig. 5!. The onset of HS2 is at 192.31 nm (HS2!. The energy
differenceA1-HS2 is 4600 cm21.

CaF2. Figure 6 shows the excitation spectrum of Ca2
doped with 0.005% Dy31 monitoring the 4F9/2→6H13/2
emission at 590 nm. The onset of the low-spin 4f 85d exci-
tation band is observed at 172.29 nm (A1). Spin-allowed
transitions to the higher 5d crystal-field components are ob
served around 125 nm~B!.

The lowest-energy spin-allowedfd band shows fine struc
ture and consists of several zero-phonon lines with~superim-
posed! vibronic bands. The structure is similar to the patte
observed for Dy31 in YPO4. Four zero-phonon lines are in
dicatedA1–A4 . The energy separation between the linesA1

FIG. 5. Excitation spectrum for YPO4 doped with 1% Dy31

recorded monitoring the4F9/2→6H15/2 emission at 478 nm at 10 K

FIG. 6. Excitation spectrum for CaF2 doped with 0.005% Dy31

recorded monitoring the4F9/2→6H13/2 emission at 590 nm at 10 K
04511
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and A2 is 725 cm21, betweenA1 and A3 2090 cm21, and
betweenA1 and A4 3390 cm21. The splittings are slightly
larger than for Dy31 in YPO4.

The low intensity band at 188.73 nm~denoted HS1) may
be due to a spin-forbiddenfd transition. The energy differ-
ence between the lowest energy LS and this HSfd band is
5050 cm21. In analogy with LiYF4:Dy31 ~see below!, a sec-
ond high-spinfd band can be expected around 195 nm. T
band is not observed in the present excitation spectrum
view of the low Dy31 concentration~necessary to avoid clus
ter sites! the transition to the lower-energy high-spin sta
may be too weak to be observed. Some of the weak sh
lines between 170 and 205 nm may not be due to 4f 9

→4 f 85d ~HS! lines, but to high-energy transitions within th
4 f 9 configuration. For example, the line at 188.73 nm m
also be due to a transition to the2K(2)17/2 level.18

LiYF4. Figure 7 shows the excitation spectrum of t
Dy31 4F9/2→6H13/2 emission ~at 575 nm! in powdered
LiYF4 doped with 1% Dy31. The LSfd onset is observed a
170.13 nm (A1). Spin-allowed transitions to the higher 5d
crystal-field components are observed at 148 nm~D!, 135
nm ~F!, 132 nm~G!, and 130 nm~H!.

The lowest-energy spin-allowedfd band ~A! shows fine
structure and consists of zero-phonon lines and~superim-
posed! vibronic bands. The structure is similar to the stru
ture observed in the lowest-energyfd band of Dy31 in CaF2
and YPO4. Four zero-phonon lines could be identified, num
beredA1–A4 . The energy separation between the linesA1
and A2 is 560 cm21, betweenA1 and A3 2560 cm21, and
betweenA1 andA4 3480 cm21, which is similar to the split-
tings observed in YPO4 and CaF2.

Around 193 and 185 nm two spin-forbiddenfd transitions
are observed. In the inset of Fig. 7 the excitation spectrum
a 1% single crystal sample is shown in this wavelength
gion. The zero-phonon lines HS1 and HS2 are observed a
194.56 and 185.44 nm, respectively. The energy differe
between the two high-spin bands is about 2500 cm21, similar
to theA1-A3 splitting of the first low-spinfd band. The en-
ergy separation between the lowest-energy LS and HSfd
band is about 7380 cm21.

FIG. 7. Excitation spectrum for LiYF4 doped with 1% Dy31

recorded monitoring the4F9/2→6H13/2 emission at 575 nm at 10 K
In the inset the excitation spectrum of a 1% single crystal is sho
recorded monitoring all visible 4f 9→4 f 9 emission at 10 K.
4-7
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VAN PIETERSON, REID, BURDICK, AND MEIJERINK PHYSICAL REVIEW B65 045114
2. Model

The simulated spectra are shown as the dotted line
Figs. 5, 6, and 7 and the positions of electronic origins
indicated by vertical lines. The agreement between exp
ment and model is good. The calculated splitting between
low-spin and high-spinfd states is slightly larger than th
experimentally observed splitting. The fact that two hig
spin fd states are observed on the low-energy side of
low-spin fd bands is reproduced by the calculations. T
relative intensity of the transitions to the lowest-energy hig
spin state is lower, which can explain the fact that we co
not observe the lowest-energy HS state in the excita
spectrum of Dy31 in CaF2 due to the very low Dy31 concen-
tration in this crystal. All experimentally observed bands c
be assigned. The relative intensity of the spin-forbidden tr
sitions is higher than calculated. A possible explanation
that the spin-selection rule is partly lifted by mechanis
~for example, mixing of low-spin and high-spinfd states! not
included in the present model. It is also possible that
absorption of the LS transition is saturated. It is known t
saturation effects in the excitation spectra of rare-earth i
can be significant at low concentrations~0.5%!, even in pow-
der samples.19

C. Ho3¿

YPO4. In YPO4, no Ho31 emission can be observed. E
ergy gaps between the 4f 10 states do not exceed 5000 cm21

~Refs. 18, 20!. Due to the high phonon energy of phospha
vibrations~;1200 cm21! all gaps can be bridged by less tha
five phonons. In this case nonradiative multiphonon rel
ation dominates over radiative decay. Naturally, excitat
spectra cannot be recorded if there is no emission.

CaF2. Figure 8 shows the excitation spectrum for Ca2
doped with 0.001% Ho31 recorded monitoring all visible
emissions~500–800 nm!. A number of structured bands ar
observed with maxima at 156 nm~A!, 147 nm~B!, 141 nm
~C!, 139 nm~D!, and 131 nm~E!. These bands are all as
signed to transitions to excitedfd levels involving the lowest-
energy 5d crystal-field component. Transitions to the2T2
levels are expected around 122 nm, but at these wavelen
~,125 nm! host lattice absorption is large and as a con
quence the high energyfd bands cannot be observed.

FIG. 8. Excitation spectrum for CaF2 doped with 0.001% Ho31

recorded monitoring all visible emissions~500–800 nm! at 10 K.
04511
in
e
ri-
e

-
e

e
-
d
n

n
-

is
s

e
t
s

-
n

ths
-

Band A shows fine structure and consists of zero-pho
lines ~indicatedA1-A2) and vibronic lines. Thefd onset is at
157.5 nm (A1), the energy difference betweenA1 andA2 is
2090 cm21. Band B also shows a pronounced structure. T
band has an onset at 150 nm (B1), the energy difference
betweenA1 andB1 is 3180 cm21.

No spin-forbidden transitions are observed on the lo
energy side of the lowest-energy spin-allowedfd band in this
spectrum, due to the low Ho31 concentration. The weak line
observed at 159 nm may be due to a transition to a hi
energy 4f level of Ho31.

LiYF4. Figure 9 shows the excitation spectrum of t
Ho31 emission at 541 nm in powdered LiYF4 doped with 1%
Ho31. A number of broad bands are observed, some of wh
show fine structure~A, B, C, D!. The low-spinfd onset is at
156.0 nm (A1). On the low-energy side of the spectrum,
pronounced structure is observed in bands with maxima
155 nm ~A! and 146 nm~B!. These bands consist of zero
phonon lines~e.g., A1 and B1) and vibronic lines. Band A
and B are both assigned to spin-allowed transitions to st
involving the lowest-energy 5d crystal-field component. The
energy difference between the zero-phonon linesA1 andB1
is 2920 cm21, which is similar to the separationA1-B1 in
CaF2.

Comparison of the excitation spectra of Ho31 in LiYF4
and CaF2 shows more similarities. The splitting of the fou
lowest-energy bands A–D is very similar: the energy diffe
ences of the onset of the bands B–D and A are 3180 cm21

(CaF2) and 2920 cm21 (LiYF4) for B, 7250 cm21 (CaF2)
and 6975 cm21 (LiYF4) for C, and 8610 cm21 (CaF2) and
8260 cm21 (LiYF4) for D. Also the fine structure within the
bands is similar for Ho31 in CaF2 and LiYF4. This observa-
tion is not surprising, since the fine structure within t
bands is due to splitting of the 4f n21 core andf-d interac-
tion. This will be very similar for Ho31 in the two fluoride
host lattices.

The low intensity band with a maximum at 162 nm~HS!
is assigned to the lowest-energy spin-forbiddenfd transition.
The band shows fine structure and consists of a zero-pho
line at 164.9 nm and a vibronic side band. The energy se
ration between the first LS and first HSfd bands is 3470
cm21.

FIG. 9. Excitation spectrum for LiYF4 doped with 1% Ho31

recorded monitoring the5S2→5I 8 emission at 541 nm at 10 K.
4-8
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D. Er3¿

YPO4. The excitation spectrum of the Er31 (4 f 11) 2H9/2
→4I 15/2 emission at 400 nm in YPO4 doped with 1% Er31 is
shown in Fig. 10. In this spectrum only twofd bands are
observed with maxima at 160 nm~A! and 150 nm~B!. Host
lattice excitation bands are observed at wavelengths sh
than 144 nm. The band at 162 nm is probably due to a de
in the lattice, which upon excitation transfers energy to E31

or emits around 440 nm.
The lowest-energy LSfd band~A! shows fine structure. I

consists of zero-phonon lines and vibronic lines. Thefd onset
(A1) is at 160.8 nm. Band B also shows fine structure, ze
phonon lineB1 is observed at 150.84 nm. The energy se
ration A1-B1 is 4110 cm21.

CaF2. Figure 11 shows the excitation spectrum of t
Er31 f d emission at 167 nm for a CaF2 single-crystal doped
with 0.001% Er31. Structured bands are observed w
maxima at 155 nm~A!, 146 nm~B!, 135 nm~C!, and 130 nm
~D!. Transitions to the 4f 105d(2T2) levels are expected
around 120 nm and are not observed in the excitation s
trum due to competing host lattice absorption at waveleng
shorter than 125 nm.

The lowest-energy LSfd band ~A! shows fine structure
the zero-phonon lineA1 is located at 156.05 nm. Other zer
phonon lines are observed at 146.33 nm (B1), 135.42 nm

FIG. 10. Excitation spectrum for YPO4 doped with 1% Er31

recorded monitoring the2H9/2→4I 15/2 emission at 400 nm at 10 K

FIG. 11. Excitation spectrum for CaF2 doped with 0.001% Er31

recorded monitoring thefd emission at 167 nm at 10 K.
04511
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(C1), and 130.13 nm (D1). Energy separationsA12B1 ,
A12C1 , andA12D1 are 4260, 9760, and 12 760 cm21, re-
spectively. The energy separation between the zero-pho
lines A1 andB1 is similar to the energy difference betwee
these lines for Er31 in YPO4 ~4110 cm21!.

Spin-forbiddenfd bands are not observed in the excitati
spectrum of CaF2:Er31, due to the low dopant concentratio
~0.001%!. The increasing intensity at wavelengths long
than 160 nm is caused by scattered excitation radiation~the
spectrum is recorded for Er31 emission at 167 nm!.

LiYF4. Figure 12 shows the excitation spectrum of t
Er31 4S3/2→4I 15/2 emission at 550 nm for powdered LiYF4
doped with 2% Er31. A number of broad bands are observe
some of which show fine structure. The first spin-allowedfd
transition is observed at 155 nm~A!. Transitions to higher
5d crystal-field components are observed at 140 nm~C! and
126 nm ~F!. Bands A and B both show fine structure. Th
bands consist of zero-phonon lines (A1 andB1) at 155.5 nm,
respectively, 145.7 nm. A third structured band can be
served with a zero-phonon line at 135.4 nm (D1). The en-
ergy separation between the zero-phonon linesA1 andB1 is
4330 cm21, betweenD1 andA1 9465 cm21. This is similar
to the separation between the no-phonon lines of bandsA, B,
and C in the spectrum of CaF2:Er31 and suggests that th
origin of these bands in CaF2 and LiYF4 is the same. In CaF2
these bands were assigned to transitions to the2E levels
while the transitions to the2T2 levels were expected at muc
higher energy~at about 120 nm!. Therefore, also in LiYF4
these bands can be assigned to transitions to the 4f 105d
states involving the lowest-energy 5d crystal-field compo-
nent.

The low intensity band with a maximum at 163 nm and
zero-phonon line at 164 nm (HS1) is assigned to the lowest
energy spin-forbiddenfd transition of Er31. The energy dif-
ference between the transition to the LS and HSfd state is
3335 cm21, again smaller than the HS-LS splitting observ
for Tb31, Dy31, and Ho31.

E. Tm3¿

YPO4. Figure 13 shows the excitation spectrum of t
Tm31 1D2→3H6 emission~342 nm! for YPO4 doped with

FIG. 12. Excitation spectrum for LiYF4 doped with 1% Er31

recorded monitoring the4S3/2→4I 15/2 emission at 550 nm at 10 K
4-9
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VAN PIETERSON, REID, BURDICK, AND MEIJERINK PHYSICAL REVIEW B65 045114
1% Tm31. The first LSfd band has a maximum at 162 n
~A!. Similar to Sm31 (4 f 5) and Eu31 (4 f 6) ~Ref. 3!, the
charge transfer~CT! state of Tm31 (4 f 12) is located at lower
energy than the lowest-energyfd state in an oxide, and has
maximum at 171 nm. Unfortunately, the broad charge tra
fer band overlaps the first LSfd band and prohibits the ob
servation of the weak HSfd band. Below 144 nm, the YPO4
host lattice~HL! absorbs. In the excitation spectrum the o
set of the host lattice absorption is observed as a steep
crease. Since host lattice absorption is a competing abs
tion which does not result in the emission that is monito
~due to inefficient energy transfer from the host lattice to
emitting fd state of Tm31) the signal decreases for wav
lengths shorter than 144 nm. In the inset in Fig. 13 band A
shown in more detail. The band shows fine structure, ze
phonon lineA1 is observed at 164.0 nm.

CaF2. Figure 14 shows the excitation spectrum of t
Tm31 f d emission~at 166 nm! for CaF2 doped with 0.001%
Tm31. Structured excitation bands are observed w
maxima at 156 nm~A!, 142 nm~B!, and 133 nm~C!. These
bands are assigned to transitions to 4f 115d states involving
the 2E levels. Transitions to the higher 5d crystal-field states
(2T2) are expected at wavelengths shorter than 121 nm
are not observed in the spectrum due to competing host
tice absorption at wavelengths shorter than 125 nm.

FIG. 13. Excitation spectrum for YPO4 doped with 1% Tm31

recorded monitoring the1D2→3H6 emission at 342 nm at 10 K.

FIG. 14. Excitation spectrum for CaF2 doped with 0.001%
Tm31 recorded monitoring thefd emission at 166 nm at 10 K.
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The first spin-allowedfd band shows fine structure. It con
sists of some lines of low intensity, followed by more inten
lines, similar to the observation for Tm31 in YPO4. The first
zero-phonon line is observed at 158.96 nm (A1). Band B and
band C also show fine structure. They start with the ze
phonon linesB1 ~at 144.92 nm! and C1 ~at 136.82 nm!,
respectively. The energy separationA12B1 is 6090 cm21,
A12C1 is 10 240 cm21. Transitions to HSfd states are not
observed in the spectrum due to the low Tm31 concentration.

LiYF4. Figure 15 shows the excitation spectrum of t
Tm31 f d emission~at 170 nm! for powdered LiYF4 doped
with 1% Tm31. The spectrum consists of a number of bro
bands. The lowest-energy LSfd band has a maximum at 15
nm ~A!, transitions to higher 5d crystal-field components ar
observed at 142 nm~C!, 127 nm~F!, 122 nm~G!, and 120
nm ~H!.

The spin-allowed transition to the lowest-energyfd state
shows fine structure. Thefd onset~indicated by zero-phonon
line A1) is observed at 158.61 nm. The fine structure patt
is similar to the patterns of the lowest-energy Tm31 f d band
observed in YPO4 and CaF2 ; some lines of low intensity,
followed by more intense lines. This similarity between t
patterns in the different host lattices confirms that the str
ture is due to the 4f n21 core andf -d interaction which is
similar for Tm31 in the different host lattices. The influenc
of the host lattice~crystal-field splitting and vibrational fre
quencies! on the structure in the lowest-energy spin-allow
fd excitation band is less important.

On the low-energy side of band C, denoted in the sp
trum by the zero-phonon lineB1 , fine structure is observed
Also band D, at 134 nm, shows fine structure. The positio
of the structured bands~relative to A! are similar to the po-
sitions of bands B and C relative to A for Tm31 in CaF2
~where only transitions to the lowest-energy 5d crystal-field
state were observed! and are therefore assigned to transitio
to 4f 115d levels involving the lowest-energy 5d crystal-field
component of Tm31 in LiYF4. The energy separation be
tween the zero-phonon linesA1 and B1 is 6185 cm21, be-
tween A1 and D1 10 690 cm21, very similar to the values
reported above for Tm31 in CaF2.

The lowest-energy spin-forbiddenfd transition is ob-
served at 163 nm and does also show fine structure.

FIG. 15. Excitation spectrum for LiYF4 doped with 1% Tm31

recorded monitoring thefd emission at 170 nm at 10 K.
4-10
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zero-phonon line is observed at 164 nm (HS1), the energy
difference between the LS and HSfd state is 2050 cm21.
This is the smallest energy separation between the LS
HS fd state of all heavy lanthanides discussed up to now

F. Yb3¿

LuPO4. The 4f n→4 f n215d transitions of Yb31 are ob-
served at high energy. To measure thefd excitation spectrum,
the Yb31 ion was incorporated in LuPO4 instead of YPO4,
because the host lattice absorption starts at higher energ
LuPO4 ~host lattice excitation edge LuPO4;140 nm, YPO4
;144 nm). Just as for Eu31, Sm31, and Tm31 the charge
transfer~CT! absorption is at lower-energy than the lowe
energy fd absorption band. Figure 16 shows the excitat
spectrum of LuPO4:Yb31 monitoring the charge transfe
emission at 300 nm~Ref. 12!.

On the low-energy side of the spectrum, the charge tra
fer absorption band is observed with the lowest-energy m
mum at about 205 nm. The onset of the spin-allowedfd
bands is observed as a zero-phonon line at 145.24 nm~de-
notedA1 in the spectrum!. At 148.3 nm, another zero-phono
line is observed (HS1), which may be due to a spin
forbidden 4f n→4 f n215d transition on Yb31. The splitting
HS-LS would then be 1400 cm21, which is in line with the
decrease in HS-LS splitting observed from Tb31 ~;8000
cm21! to Tm31 ~;2000 cm21!.

CaF2 and LiYF4. In CaF2 and LiYF4 no efficient UV or
visible Yb31 emission is observed which can be monitored
record an excitation spectrum. Absorption spectra for Yb31

in CaF2 have been reported in the literature,15 the lowest-
energy 4f n→4 f n215d zero-phonon line was observed
142 nm. At about 145 nm, structure was observed on top
the broad charge transfer band. This structure may be du
a spin-forbiddenfd transition on Yb31. The energy splitting
between the lowest-energy low-spin and high-spinfd band
would be about 1500 cm21, which is in line with the obser-
vation for LuPO4:Yb31. The intensity of the transition
which is observed on top of the charge transfer band is ra
high for a spin-forbidden transition. A possible explanati
for the higher intensity is stronger mixing of the high spinfd

FIG. 16. Excitation spectrum for LuPO4 doped with 1% Yb31

recorded monitoring the charge transfer emission at 300 nm
10 K.
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state and the lowest-energy LSfd state, due to the smalle
energy difference between the LS and HS states for Yb31.

IV. GENERAL DISCUSSION

High-resolution 4f n→4 f n215d excitation spectra have
been recorded for the heavy lanthanide ions (n.7) incorpo-
rated in YPO4, CaF2, and LiYF4. Similar to the observation
for the light (n,7) lanthanides,3 the transition to the lowest
energy 5d crystal-field component shows fine structure. F
transitions to energy levels corresponding to higher ene
5d crystal-field components the fine structure has dis
peared and broad structureless bands are observed. Th
sence of fine structure is explained by a fast photoioniza
process if the higher energy 5d levels are located in the
conduction band. Heisenberg broadening of the electro
transitions broadens the sharp zero-phonon and vibro
lines and fine structure is lost.

Comparison of the fine structure observed for transitio
involving the lowest-energy 5d level shows that the structur
is very similar for one type of rare-earth ion in the thr
different host lattices. The fine structure is due to interactio
in the 4f n21 core and the Coulomb and exchange inter
tions between the 4f electrons and the 5d electron and these
are not strongly dependent on the host lattice. Differen
occur at higher energies due to differences in the 5d crystal-
field splitting in the three host lattices.

The crystal-field splitting becomes smaller for the heav
lanthanide ions as a result of the lanthanide contraction
the 4f 1→5d1 and 4f 8→4 f 75d1 excitation spectra the dif-
ferent crystal-field components can be most clearly obser
due to the absence of splitting of the 4f n21 core (Ce31,4f 0

core! or a very large energy difference to the first excit
state of the core (Tb31,4f 7 core!. Comparison of the excita
tion spectra of Ce31 and Tb31 in the different host lattices
indicates that the crystal-field splitting for the 5d state of
Tb31 is about 3–5 % smaller than for Ce31. Further analysis
of the excitation spectra of the other heavy lanthanides in
cates a continuous decrease of the crystal-field splitting
91% of the Ce31 splitting for Tm31.

For the heavy lanthanide ions, spin-forbiddenfd excita-
tion bands are observed in addition to spin-allowedfd bands.
Similar to the spin-allowedfd bands, the transition to the
lowest-energy high-spin 5d crystal-field component show
fine structure. The energy separation between the first s
allowed fd band and the first spin-forbiddenfd band de-
creases through the series. The observed splitting is lar
for Tb31 ~about 7700 cm21! and decreases to about 200
cm21 for Tm31. This indicates that the exchange interacti
between the 4f n21 core and the 5d electron decreases wit
increasing nuclear charge of the rare-earth ion. Possible
planations for the decrease in splitting between the low
energy HS and LS states with increasing nuclear charg
the heavy rare earth ions are discussed in Ref. 21.

To compare the experimentally observed spectra w
energy-level calculations a relatively simple model is us
with as input parameters the 5d crystal-field parameters~es-
timated from the splitting of the 5d electron!, parameters for
the splitting of the 4f n21 core and parameters for the spi

at
4-11
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orbit coupling of the 5d electron and the Coulomb interac
tion between the 4f and 5d electrons. Thef-d interaction
parameters are calculated using Cowan’s program5 ~for the
free ion!, but are reduced in order to correct for the deloc
ization of the 5d electron over the ligands in a solid. Fro
the spectra of the heavy lanthanides a good estimate fo
reduction of thef-d interaction can be obtained. Due to th
exchange interaction between the 4f n21 core and the 5d
electron a high-spin and low-spin 4f n215d state arise. The
splitting between the high-spin and low-spinfd states de-
pends on thef-d interaction parameters. From the observ
HS-LS splitting in the excitation spectrum of Tb31 in LiYF4,
the f-d interaction parameters were estimated to be ab
67% of the calculated values. In the spectra of the he
lanthanides in CaF2, no spin-forbidden transitions to th
high-spin fd states were observed~except for CaF2:Tb31)
due to the low concentration of lanthanides in these crys
~to prevent the formation of cluster sites which occur
higher concentrations!. In view of the similar covalency of
LiYF4 and CaF2 ~both fluoride host lattices! a reduction to
67% of the calculated parameters was used for CaF2. The
YPO4 host lattice is more covalent, which increases the
localization of the 5d electron over the ligands. From th
smaller splitting between the high-spin and low-spin state
Tb31 in YPO4 as compared to LiYF4 ~7370 cm21 in YPO4,
7995 cm21 in LiYF4), a reduction of thef-d interaction pa-
rameters to 60% of the calculated values was estimated
the lanthanides in YPO4.

The agreement between the experimentally obser
spectra and the energy-level calculations is good. The
served structure and relative intensities of thefd transitions
are reproduced by the calculations. Especially for the low
energy bands, the agreement between experiment and th
is good and fine structure in the spectra is reproduced by
calculations. At higher energies there are discrepancies
pecially for lanthanides in LiYF4. This was also observed fo
the light lanthanides3 and is partly due to the fact that the 5d
crystal-field splitting for the three highest crystal-field com
ponents cannot be reproduced by the fit for Ce31 in LiYF4.
Also host lattice absorption interferes at high energies. T
presence of both high-spin and low-spinfd states is predicted
by the theory. The splitting between the high-spin and lo
spin states decreases through the series from almost
cm21 for Tb31 to just over 2000 cm21 for Tm31. There is a
good agreement between the calculated HS-LS splittings
the experimentally observed splittings. The calculated int
sity of the HS bands is often lower than experimentally o
served. This may be due to relaxation of the spin-selec
rule by a mechanism not included in our model. An altern
tive explanation for this is saturation of the absorption. It
known that saturation effects can be significant at low
dopant concentrations~0.5%! even in powder samples.19

Although since our previous papers2,3 many of the sug-
gested improvements to the theory have been made in
paper~such as decreasing the 5d crystal-field parameters an
fd Coulomb parameters!, still further improvements are pos
sible. For example, the differentf-d interaction parameter
F2( f d), F4( f d), G1( f d), G3( f d), andG5( f d) have a dif-
ferent influence on the position of the calculatedfd levels,
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and in order to reproduce all experimentally observed ze
phonon lines, a fine-tuning of the individual parameters
necessary. Up until now, we have kept the ratio of thef-d
parameters constant and reduced allf-d interaction param-
eters to 67% of the calculated value~for LiYF4 and CaF2).
This is not necessarily correct. For example, thef-d interac-
tion parameters that Sugar obtained after a least square
the 4f 5d spectrum of the Pr31 ion in the vapor state show
especially forF2( f d) a much smaller value22 ~about 66% of
the calculated value!. We have also studied the influence
the fivef-d interaction parameters on the HS-LS splitting. T
do this, splitting of the lowest-energyfd levels was calcu-
lated as one of the 4f 5d atomic parameters@eitherF2( f d),
F4( f d), G1( f d), G3( f d), or G5( f d)# were increased from
zero to the values predicted for the free ion~according to
Cowan’s program5!, while all other parameters are kept at
constant~free ion! value. These calculations show that mo
of the variation in the splitting between the high-spin a
low-spin states is caused by theGk( f d) parameters, espe
cially by G1( f d) and G5( f d). Until enough spectral infor-
mation is obtained to unambiguously identify the identity
the spectral lines it is not possible to determine the value
the individual parameters. Polarization dependent meas
ments will provide information on the symmetry of the leve
and can provide support for the assignment of experim
tally observed levels to calculated levels. For Pr31 in LiYF4
a thorough study has been performed,1 but more work on
other ions is necessary to be certain of the correctness o
parameters. In addition, we have used for the 4f n215d con-
figuration literature values for the parameters inHA( f f ) for
the same ion multiplied by a small factor~;1.06, based on
the ratio between the calculated values for the 4f n215d and
4 f n configurations!. This might not be correct, but at th
moment there is not enough information in the spectra
definitively test the effect of varying these parameters.

We have developed a relatively simple model to expl
the fd excitation spectra of the lanthanide ions. This mod
requires only a small number of adjustable parameters
has now been applied to successfully simulate thefd excita-
tion spectra through the entire lanthanide series.

V. CONCLUSION

In this paper, an overview of the 4f 5d excitation spectra
of the heavy lanthanides (Tb31, Dy31, Ho31, Er31, Tm31,
and Yb31) in YPO4, CaF2, and LiYF4 has been given. Spin
forbidden transitions as well as spin-allowed transitions
observed for all heavy lanthanides. The splitting between
low-spin and high-spinfd state decreases with increasin
nuclear charge of the lanthanide ion. Fine structure is
served for the transitions to levels involving the lowe
energy 5d crystal-field component.

The structure in thefd excitation spectra of the lan
thanides is calculated using a theoretical model that exte
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 elec-
trons. Calculations of the positions of the 4f n215d energy
levels are compared with the experimental data. A go
4-12
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agreement is obtained between experimental and simul
spectra using parameters for the splitting of the 5d state
~from the Ce31 spectra!, the 4f n21 splitting ~from the litera-
ture! and thef-d Coulomb interaction~calculated for the free
ion using Cowan’s code!. The 5d crystal-field parameters
were slightly reduced to account for the slight reduction
the crystal-field splitting for the heavier rare earth ions~;9%
between Ce31 and Tm31). Thef-d interaction parameters ar
reduced to 67% of the calculated free ion value for the fl
rides and to 60% of the calculated value for the phosph
to correct for the nephelauxetic effect. The larger reduct
of the f-d interaction parameters in the phosphates is in l
with the larger covalency of the phosphate host lattice
compared to the fluoride lattice. The presence of both hi
spin and low-spinfd states and the trend that the splittin
n
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between the high-spin and low-spin states decreases thr
the series is reproduced by the theory.
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