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Er3+, and Tm3+ in LiYF 4 and YPO4 host lattices. The positions and intensities of the zero-phonon lines are
calculated and compared to the high-resolution emission spectra. For the thulium samples gated detection has
been used to distinguish between the spin-forbidden and spin-allowed 4fn−15d→4fn emissions. Luminescence
lifetimes for the spin-forbidden 4fn−15d→4fn emissions are calculated and compared with experimentally
observed lifetimes. A good agreement between experiment and theory is found, demonstrating the validity of
the model developed for the 4fn−15d and 4fn states of lanthanide ions.
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I. INTRODUCTION

More than a century of spectroscopy of lanthanide ions
has involved detailed studies of the intraconfigurational
4fn↔4fn transitions. Most of the aspects of these transitions
are currently understood quite well. Models have been devel-
oped for the energy-level structure and transition probabili-
ties, and with the rapid increase of computer power, it is
presently possible to explain and predict the optical spectra
of lanthanide ions. An illustrative example is reported in Ref.
1 where the possibility for emission from the3P2 level of
holmium was predicted on the basis of calculations before it
was observed.

For interconfigurational 4fn↔4fn−15d transitions the situ-
ation is different. One of the reasons for this is the fact that
these transitions are mainly situated in the ultraviolet and
vacuum ultraviolet region, and were studied thoroughly only
during the last two decades, triggered by an increased inter-
est in the high-energy excited states of lanthanide ions. The
possible application of lanthanide ions in new phosphors
combined with the availability of high-intensity sources of
VUV radiation like the synchrotron has greatly contributed
to the knowledge of the 4fn−15d levels of all lanthanide ions
in a number of host lattices.

Recently van Pietersonet al. have shown that it is pos-
sible to calculate the energies of 4fn↔4fn−15d transitions
using an extension of the model used for 4fn levels by in-
cluding crystal field and spin-orbit interactions for the 5d
electron and the Coulomb interaction between the 4f and 5d
electrons.2,3 The model developed by van Pietersonet al. for
the energies of 4fn−15d states relies mainly on high-
resolution 4fn→4fn−15d excitation spectra for experimental
verification. Emission spectra could only be recorded with a
poor spectral resolution. Recently, Chenet al.4 reported

a high-resolution 4fn−15d→4f11 emission band for
LiYF 4:Er3+.

In the present work we report high-resolution 4fn−15d
→4fn emission spectra for various lanthanide ions in LiYF4
and YPO4. This allows a more detailed study of the positions
and intensities of the zero-phonon lines, together with the
fine structure caused by vibronic transitions in the emission
spectra. 4fn−15d→4fn emission is expected for Ce3+, Pr3+,
Nd3+, Er3+, and Tm3+ in LiYF 4 and YPO4, except for
YPO4:Tm3+ where the charge transfer band is situated below
the 4f115d band. The other lanthanide ions do not show
4fn−15d→4fn emission due to the presence of 4fn levels just
below the lowest 4fn−15d state, allowing fast nonradiative
decay to the 4fn levels. This work will focus on the
4fn−15d→4fn emission spectra of Ce3+, Pr3+, Nd3+, Er3+, and
Tm3+ in LiYF 4 and YPO4. High-resolution emission spectra
are reported and compared with the calculated spectra.

II. THEORY

The 4fn−15d energy levels can be calculated by using an
extended version of the model for the 4fn configurations.2,3,5

The 4fn energy levels are calculated using a parametrized
Hamiltonian that contains parameters for the electron inter-
actions and crystal-field parameters which describe the inter-
action of the ion and its ligands.

In short, the Hamiltonian is written as

Hsf fd = HAsf fd + HCFsf fd, s1d

where the atomic partHAsf fd contains electronic interactions
sCoulomb and spin-orbitd. The crystal field interactions are
represented byHCFsf fd.

The full expression forHAsf fd is
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HAsf fd = o
k

Fksf fdfksf fd + zsf fdASOsf fd + asf fdLsL + 1d

+ bsf fdGsG2d + gsf fdGsR7d + o
i

Tisf fdtisf fd

+ o
k

Pksf fdpksf fd + o
j

Mjsf fdmjsf fd, s2d

with k=2,4,6,i =2,3,4,6,7,8, andj =0,2,4. TheCoulomb
interaction is parametrized by theFk parameters.zsf fd de-
fines the spin-orbit interaction. The two- and three-body cor-
relations are parametrized byasf fd, bsf fd, gsf fd, andTisf fd.
Higher-order magnetic interactions are parametrized by
Mjsf fd andPksf fd.

The crystal-field splitting of the 4fn states is determined
by

HCFsf fd = o
k,q

Bq
ksf fdCq

skdsf fd, s3d

where theBq
ksf fd parameters define the radially dependent

part of the one-electron crystal-field interaction andCq
skdsf fd

are the many-electron spherical tensor operators for the 4fn

configuration. For configurations concerning 4f electrons the
values ofk are restricted to 2, 4, and 6. The applicable values
of q depend on the site symmetry of the lanthanide ion in the
host lattice. Rare-earth ions in LiYF4 occupy sites withS4
symmetry with only a small deviation fromD2d symmetry.
D2d is the exact site symmetry for rare-earth ions in YPO4.
For D2d symmetry6 the allowed values forq are 0 and ±4.

To expand the well-known model for the calculation of
4fn energy levels to 4fn−15d configurations extra contribu-
tions involving thed electron have to be included.2 These are
the spin-orbit interaction for thed electron, the crystal-field
interactions of thed electron, and the Coulomb interaction
between the 4f electron and the 5d electron. The addition to
the Hamiltonian is

Hsfdd = HAsfdd + HAsddd + HCFsddd. s4d

The atomic Hamiltonian is written as

HAsfdd = DEsfdd + o
k

Fksfddfksfdd + o
j

Gjsfddgjsfdd,

s5d

HAsddd = zSOsdddASOsddd, s6d

with k=2 and 4,j =1,3,5.Fksfdd and Gjsfdd are the direct
and exchange Slater parameters, respectively, for the Cou-
lomb interaction between thed electron and the 4f electrons.
zSOsddd represents the spin-orbit interaction for the 5d elec-
tron.

The 5d levels are also split by the crystal field. This is
parametrized byHCFsddd:

HCFsddd = o
k,q

Bq
ksdddCq

skdsddd, s7d

wherek is limited to 2 and 4, whileq can be 0 or ±4 forD2d
symmetry.

The termDEsfdd defines the energy difference between
the 4fn ground state and the barycenter of the 4fn−15d ex-
cited state. Adjusting this value does not influence the split-
ting of the 5d levels, it shifts them all by the same energy.

Emissions from the 4fn−15d excited state to the 4fn

ground states are allowed electric dipole transitions, and it is
possible to calculate the matrix elements of the electric di-
pole operator for these transitions. Electrons in 5d orbitals do
participate in the chemical bond between the lanthanide ion
and its ligands. As a result, 4fn↔4fn−15d transitions are
characterized by a much stronger electron-phonon coupling
than 4fn↔4fn transitions. Typical Huang-Rhys factors for
4fn↔4fn−15d transitions range from 1.5 to 5. This causes
most of the intensity to show up in the vibronic bands of the
emission spectra. In our model, a Gaussian shape of the vi-
bronic band is assumed, due to the superposition of coupling
with several vibrational modes. The energy-level calculations
provide the positions of the zero-phonon lines of the emis-
sions, and Gaussian-shaped bands are superimposed on those
lines. The energy difference between the zero-phonon line
and the maximum of the Gaussian band can be estimated2

from the 4f →5d band in the excitation spectrum of Ce3+.
The radiative transition probability from the initial state

nG fd to the final staten8G f is given by7

AsEDd =
1

4pe0

4nv3

3"c3SEloc

E
D2 1

gfd
StotsnG fdn8G fd. s8d

In this equatione0 is the vacuum permittivity,n is the refrac-
tive index, v is the angular frequency of the emission,
sEloc/Ed2 is the local field correction, andgfd is the degen-
eracy of the excited state. We used a refractive index of 1.46
for LiYF 4 and 1.75 for YPO4 which is a good approximation
for the average value ofn in the wavelength region of the
emissions studied.8 The local field correction9 is given by
fsn2+2d /3g2. The total electric dipole strengthStot is the sum
of its components

Stot = Sx + Sy + Sz, s9d

where

Sx,y = o
gf,gfd

1

2
ukn8G fg fuerC−1

1 unG fdg fdl

± kn8G fg fuerC1
1unG fdg fdlu2, s10d

Sz = o
gf,gfd

ukn8G fg fuerC0
1unG fdg fdlu2. s11d

The summation in Eqs.s10d and s11d is over the squared
transition dipole moments from the excited statesnG fd to the
final statesn8G f. Cq

1 is a spherical tensor operator as defined
in Refs. 10 and 11. The lifetime of the emissions was calcu-
lated by taking the inverse of the spontaneous transition
probabilityAsEDd. Radial integralsk5dur u4fl were calculated
using Cowan’s program.10

III. EXPERIMENT

Microcrystalline powders of YPO4 doped with 1%R3+

sR=Ce,Pr,Nd,Er,Tmd were prepared by firing a mixture of
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Y2O3 s99.99%d, the correspondingR2O3 s99.99%d, and
sNH4d2HPO4 in air at 1350 °C for 3 h. A YPO4 crystal
doped with 2% of Nd3+ was grown at the Oak Ridge Na-
tional Laboratory as described in Ref. 12. A microcrystalline
powder of LiYF4 doped with 0.1% Pr3+ was prepared by
firing a mixture of YF3, LiF, and PrF3 in stoichiometric ratios
swith a 10% excess of LiFd in a flow of ultrapure nitrogen at
600 °C.

LiYF 4 single crystals containing 1% –4% ofR ions were
grown using a Philips PH 1006/13 high-frequency furnace
with LiF, YF3, andRF3 as the starting compounds. The crys-
tal growth melt contained a 15% excess of LiF. The reactants
were mixed and transferred to a vitreous carbon crucible. In
order to remove water and oxygen the sample was heated
overnight at 300 °C in a flow of ultrapure nitrogen. Subse-
quently the temperature was raised to 550 °C and SF6 was
introduced in the reaction chamber for 30 min to remove the
last traces of water and oxygen. During the rest of the syn-
thesis a nitrogen atmosphere was maintained. The sample
was heated until melting was observed. Next, the sample was
cooled to room temperature in 10 h.

Both the LiYF4 and YPO4 samples were checked for
phase purity by recording a powder diffractogram using a
Philips PW1729 x-ray diffractometer using CuKa radiation.
All samples were single phase.

Emission measurements were performed at liquid helium
temperatures using a cold-finger type Oxford Instruments
liquid helium flow cryostat, equipped with MgF2 windows.
The excitation source consisted of a TuiLaser ExciStar S-200
F2 laser producing 1-mJ pulses of approximately 10 ns at
157 nm using fluorine and 10-mJ pulses at 193 nm using an
argon/fluorine mixture, both with a repetition rate of 100 Hz.
Emission spectra were recorded using a 0.55 m Jobin Yvon
TRIAX 550 monochromator with a 3600 lines/mm grating
blazed for the VUV. The emission was detected using a
Hamamatsu R166UHP or R7154 solar blind photomultiplier
tube for the VUV and UV emissions up to 300 nm. The
spectral response of the system in the UV and VUV is not
known which makes it impossible to correct the measured
emission spectra for the spectral response. However, based
on the typical response curves for the grating and photomul-
tiplier, we expect a flat response between 170 and 250 nm
and a strong decrease in sensitivity below 165 nm. Emission
between 300 and 700 nm was detected using a Hamamatsu
R928 photomultiplier tube, in combination with a
1200-lines/mm grating blazed at 400 nm. For the emission
spectra of thulium-doped samples, gated detection was per-
formed using a Stanford Research SR400 boxcar averager.
Luminescence lifetime measurements were performed using
a Tectronix 2440 digital oscilloscope.

IV. RESULTS AND DISCUSSION

A. Parameter values

The zero-phonon lines in the 4fn−15d→4fn emission
spectra originate from transitions from the lowest 4fn−15d
state to the different crystal-field levels of the 4fn final levels.
For every zero-phonon line a vibronic sideband with fine

structure is present. In order to have a better agreement be-
tween the measured and calculated splitting of the 4fn mul-
tiplets, we refitted the parameter values for the calculation of
the 4fn levels to the experimental values for the energy levels
reported for Pr3+ sRef. 13 and 14d, Nd3+ sRef. 14 and 15d,
Er3+ sRef. 16 and 17d, and Tm3+ sRef. 18d in LiYF 4 and
YPO4. Due to the continuous improvements in the model
and computer programs for the energy-level calculations, it
is possible to obtain a significantly better agreement between
the calculated and observed energy levels than with the pa-
rameter values reported previously.13–18 Since the positions
of the zero-phonon lines depend strongly on the positions of
the 4fn final states, the use of better parameter values gives a
better agreement between the calculated and experimentally
observed 4fn−15d→4fn emission spectra. The improved val-
ues for the fitting parameters are summarized in Table I.
Parameters that were kept fixed in the fitting procedure are
indicated in brackets. For Pr3+ and Nd3+ in LiYF 4 and Er3+ in
both LiYF4 and YPO4 correlation crystal-field interactions
were also taken into account since it helped to improve the
quality of the fit. For other cases the inclusion of correlation
crystal-field parameters did not give a significant improve-
ment and no values for the correlation crystal-field param-
eters are included in Table I.

As far as we know, the crystal-field levels of the2F5/2 and
2F7/2 states of Ce3+ in LiYF 4 are not reported in the litera-
ture. Using the high-resolution 4fn−15d→4fn emission spec-
trum ssee the next sectiond, five of the seven crystal-field
levels could be determineds0, 216,h547j, 2221, 2316, 2430,
and h3160j cm−1, respectively; the predicted energies of the
two unobserved levels are indicated in curly bracesd and
were used to fit new parameter values for the calculation of
the ground-state levels. In the fit of the excited configuration
parameters, the value ofzsddd was kept fixed at the free-ion
value of 1082 and the crystal-field splitting of thed levels
was taken from the excitation spectrum reported by Reidet
al.19

The parameter values for the calculation of the excited
4fn−15d configurations are listed in Table II. Thef-d Cou-
lomb interaction parametersFksfdd andGjsfdd are the values
reported by Cowan10 reduced to 75% for Pr3+ and Nd3+ and
to 67% for Er3+ and Tm3+ sRefs. 2 and 3d. The spin-orbit
coupling represented byzsddd and the crystal-field param-
etersBq

ksddd for the LiYF4 host lattice were obtained from
the fit performed for Ce3+ by van Pieterson.2 For the YPO4
host lattice the ground-state levels of Ce3+ reported for
LuPO4 sRef. 20d and the 5d excited-state energies reported
for YPO4 sRef. 2d were used to obtain an “exact” fit, since
the number of energy levels is equal to the number of param-
eters varied. The 4f parameters found are similar to those
reported for LuPO4. The 5d parameter values are similar to
the values obtained by van Pieterson, exceptzsddd, which
was kept fixed at the free-ion value of 1149 cm−1, whereas
we obtained azsddd of 1188 cm−1.

The crystal-field parameter values for Ce3+ in LiYF 4, ob-
tained by fitting the experimentally observed energy levels
ssee aboved, were systematically reduced across the lan-
thanide series following the work of van Pietersonet al.,21 to
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correct for changes in the crystal field caused by the lan-
thanide contraction.3 In addition, the spin-orbit parameter
values were systematically increased across the lanthanide
series. In contrast, all the excited configuration crystal-field
and spin-orbit parameter values were fit for Ce3+ in YPO4

ssee previous paragraphd. The parameter values for YPO4
were systematically modified across the lanthanide series us-
ing the same scaling factors as for LiYF4.

The DEsfdd values were adjusted to set the calculated en-
ergy of the zero-phonon line for the lowest 4fn−15d→4fn

TABLE I. Parameter valuessin cm−1d used for the 4fn energy-level calculation of Ce3+, Pr3+, Nd3+, Er3+, and Tm3+ in LiYF 4 and YPO4.
Parameters that were not varied are listed in brackets.

Ce3+

LiYF 4

Pr3+

LiYF 4 YPO4

Nd3+

LiYF 4 YPO4

Er3+

LiYF 4 YPO4

Tm3+

LiYF 4

Eavg 1517 10204 9999 24413 24105 35806 35569 18022

F2sf fd 69025 67991 72667 71872 97449 96567 102215

F4sf fd 50580 50031 52737 51793 68539 68144 72060

F6sf fd 33326 32961 35817 35591 56051 53393 51366

asf fd f23.00g 21.30 21.49 19.87 18.27 19.97 18.20

bsf fd −649 −683 −585 −606 f−580g f−632g −686

gsf fd f1371g f1371g 1424 1445 f1416g f1800g f1820g
T2sf fd 331 f298g f486g f400g f400ga

T3sf fd 43 f35g f43g f43g f43ga

T4sf fd 84 f59g f81g f73g f73ga

T6sf fd −324 f−285g f−327g f−271g f−271ga

T7sf fd 387 f332g f300g f308g f308ga

T8sf fd 322 f305g f346g f299g f299ga

zsf fd 628 750.1 742.1 870.1 876.3 2374 2364 2633

B0
2sf fd 316 541 73 400 329 306 210 354

B0
4sf fd f−1150g −1093 324 −1122 273 −581 81 −631

B4
4sf fd −1264 −1327 −856 −1272 −758 −917 −670 −851

B0
6sf fd f−89g −45 −1278 −28 −1226 −6 −704 −171

B4
6sf fd −821 −1165 7 −1093 −89 −637 −61 −627

M0sf fdb f2.00g 0.99 0.66 2.11 3.91 5.48 4.67

P2sf fdc 215 220 162 284 579 802 720

D2sf fd −15.9 4.9 5.3

D4sf fd 8.8 10.1 4.0 −1.02

aOnly for the excited 4f115d configuration.
bM2 andM4 parameter values were included with the ratiosM2/M0=0.56 andM4/M0=0.31.
cP4 andP6 parameter values were included with the ratiosP4/P2=0.5 andP6/P2=0.1.

TABLE II. Parameter valuessin cm−1d used for the 4fn−15d energy-level calculation of Ce3+, Pr3+, Nd3+, Er3+, and Tm3+ in LiYF 4 and
YPO4.

Ce3+

LiYF 4

Pr3+

LiYF 4 YPO4

Nd3+

LiYF 4 YPO4

Er3+

LiYF 4 YPO4

Tm3+

LiYF 4

DEsfdd 43773 50966 47021 56684 52772 89762 86822 94218

F2sfdd 22703 22703 22543 22543 19724 19724 19639

F4sfdd 11321 11321 11188 11188 9358 9358 9275

F6sfdd 9677 9677 9608 9608 8038 8038 7991

G3sfdd 8370 8370 8284 8284 6848 6848 6789

G5sfdd 6518 6518 6442 6442 5292 5292 5240

zsddd f1082g 1149 1188 1216 1257 1768 1821 1839

B0
2sddd 4673 4626 4763 4598 4734 4290 4417 4252

B0
4sddd −18649 −18463 2221 −18351 2208 −17120 2060 −16971

B4
4sddd −23871 −23632 −22568 −23489 −22431 −21914 −20927 −21723
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emission equal to the experimentally observed zero-phonon
line in the emission spectrum.

B. Emission spectra

1. Cerium

The high-resolution 5d→4f emission spectrum of
LiYF 4:Ce3+ 1% with 193 nm excitation at 10 K is shown in
Fig. 1. The spectrum shows two broad emission bands with
the highest-energy zero-phonon lines at 298.94 and
320.20 nm, which corresponds to emission from the 5d level
to the lowest-energy crystal-field components of the2F5/2
and 2F7/2 states of cerium. The energy difference observed
between the2F5/2 and 2F7/2 levels is 2221 cm−1. Figure 1
also shows the simulated 5d→4f emission spectrum of
LiYF 4:Ce3+ based on the 5d parameters reported by van
Pietersonet al.2 and the 4f parameters obtained from a fit to
the positions of the2F5/2 and 2F7/2 crystal-field components
in the measured emission spectrum. The parameter values for
the calculation are listed in Tables I and II. Besides the zero-
phonon lines the spectrum also shows some weak vibronic
lines. The low intensity of the highest-energy zero-phonon
line in the experimental spectrum is due to resonant reab-
sorption of this emission.

2. Praseodymium

Figure 2 shows the calculated and the experimentally ob-
served emission spectrum of LiYF4:Pr3+ 1% with excitation
at 157 nm. The assignment of transitions is indicated in the

figure. Fine structure is observed for all emission bands ex-
cept for the highest-energy emission. No clear vibronic pro-
gression can be observed in the emission spectrum. The in-
tensity ratios of the emission lines are in excellent agreement
with the ratios shown in the simulated spectrum. There is a
very good agreement for the calculated and observed inten-
sities of thefd emission bands to the different 4f2 multiplets:
for all transitions the band calculated as intense bands are
strong, weak bands are weak and the relative integrated in-
tensities agree within 20% between experiment and calcula-
tion. For the relative intensities of individual zero-phonon
lines within a certain multiplet the variations are somewhat
larger. For example, for thefd→3H6 transition not all calcu-
lated zero-phonon lines are observed. The experimentally ob-
served energies of thefd emission bands coincide with the
calculated energies, except for thefd→1G4 emission band.
The calculated position of the emission to the1G4 levels
situated at 272 nm, however, is too low. It is known for
certain lanthanide ions like Pr3+ that the one-electron crystal-
field parametrization gives an accurate description of the
crystal-field levels for most multiplets, but not for all of
them.22 Therefore we also included thed-function correlation
crystal-field parametersDq

k for k=2 and 4 using thed func-
tions as reported by Lo and Reid.24 The inclusion of two-
electron correlation crystal-field interactions was shown to
improve the calculated splitting of the anomalously behaving
multiplets,23 but even with inclusion of correlation crystal-
field interaction parameters, the calculation model predicts
the position of the1G4 at a somewhat different energy. The
parameter values used for the calculation are summarized in
Tables I and II.

Figure 3 shows the calculated and experimentally ob-
served emission spectrum of YPO4:Pr3+ 1% with excitation
at 157 nm. Besides sharp zero-phonon lines this spectrum

FIG. 1. Calculated and measured emission spectra of
LiYF 4:Ce3+ 1% with excitation at 157 nm at 10 K. In the upper
spectrum, the bars give information on the positions and intensities
calculated for the zero-phonon lines, while the spectrum is obtained
by superimposing a Gaussian bandsoffset 600 cm−1, width
1000 cm−1d on the zero-phonon lines which have been given a
width of 20 cm−1. The same procedure is used in Figs. 2–9.

FIG. 2. Calculated and measured emission spectra of
LiYF 4:Pr3+ 0.1% with excitation at 157 nm at 10 K. See also Fig.
1.
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also displays a clear vibronic structure on the emission bands
for the transitions to the3H4,

3H5, and 3H6 multiplets. The
parameter values used for the calculation are summarized in
Tables I and II. The intensities of the emission bands and the
relative intensities of the zero-phonon lines of the experi-
ment are closely reproduced in the calculated spectrum. Also
the positions of the zero-phonon lines are in good agreement.
Clearly, the model and the parameter values for the 4fn−15d
states and the 4fn states for Pr3+ in YPO4 give a good de-
scription of the actual states involved.

The main difference between the experimental and calcu-
lated spectrum is in the vibronic structure. In the model, a
vibronic Gaussian band is superimposed on the zero-phonon
line. For the 4fn−15d→4fn emission spectra for the lan-
thanide ions in LiYF4 a broad vibronic band gives a reason-
ably good description since vibronic features are not clearly
observed. However, in the case of YPO4 the Huang-Rhys
factor is smaller for the 4fn−15d→4fn transitions which re-
sults in a higher relative intensity of the zero-phonon lines
and the observation of sharp vibronic lines corresponding to
coupling with well-defined vibrational modes. From the
analysis of the vibronic lines in Fig. 3 vibrational modes of
148 cm−1 and 370 cm−1 can be observed. A further analysis
of the vibronic structure of the 4fn−15d→4fn emission bands
in YPO4 is an interesting topic for further studies.

3. Neodymium

The spectra depicted in Fig. 4 and 5 show the calculated
and experimentally observed 4f25d→4f3 emission spectrum
of LiYF 4:Nd3+ and YPO4:Nd3+, respectively, with excita-
tion at 157 nm at 10 K. The emissions to the4I9/2,

4I11/2, and
4I13/2 levels are shown and indicated in the figures. For both
LiYF 4:Nd3+ and YPO4:Nd3+ the positions and intensities of
the zero-phonon lines in the simulated spectra are in good

agreement with the experimentally obtained spectra. The cal-
culated and observed relative intensities of the three emis-
sion bands and also the relative intensities of individual zero-
phonon lines do not vary by more than 50%. In view of the
large variations of the relative intensities, we consider this as
a good agreement. The intensity of the highest-energy zero-
phonon line of the emission to the4I9/2 levels for both
LiYF 4:Nd3+ and YPO4:Nd3+ is lower in the experimental
spectrum due to reabsorption. In the emission spectrum of
LiYF 4:Nd3+, a vibronic structure is visible, albeit weak. For

FIG. 3. Calculated and measured emission spectra of
YPO4:Pr3+ 1% with excitation at 157 nm at 10 K. See also Fig. 1. FIG. 4. Calculated and measured emission spectra of

LiYF 4:Nd3+ 1% with excitation at 157 nm at 10 K. See also Fig. 1.

FIG. 5. Calculated and measured emission spectra of
YPO4:Nd3+ 1% with excitation at 157 nm at 10 K. See also Fig. 1.

PEIJZELet al. PHYSICAL REVIEW B 71, 045116s2005d

045116-6



YPO4:Nd3+, a clear vibronic progression is observed just as
for YPO4:Pr3+. Due to the presence of many zero-phonon
lines, it is not possible to assign energies to vibrations unam-
biguously. The parameter values used for the calculations are
summarized in Tables I and II.

4. Erbium

In Fig. 6, the calculated and experimentally observed
emission spectrum of LiYF4:Er3+ with 157 nm excitation at
10 K are shown. At this excitation wavelength, only the
high-spin 4f105d state is populatedfthe onset of the low-spin
excitation is at 155 nmsRef. 3dg and as a result only spin-
forbidden emission is observed. The emission from the high-
spin 4f105d state to the4I15/2 ground state is very intense
compared to the emission to the4I13/2 level. The much higher
relative intensity of the higher-energy emission band is re-
produced in the calculated emission spectrum. In fact, the
calculated relative intensity of the emission band to the4I13/2
level is even weaker than in the experiment. This may be
spartlyd due to the fact that the emission spectra could not be
corrected for the wavelength dependence of the instrumental
response. Note that the observation of the weak 4f105d
→4f11s4I13/2d emission band is hampered by the presence of
emission bands around 180 nm and 185 nm due to a con-
tamination with Nd3+. The fact that these emissions show up
as relatively strong bands is due to the fact that at 157 nm the
Er3+ ion is excited in a spin-forbidden transition while the
Nd3+ ion has a strong spin-allowed absorption band. The
small relative intensity of the emission band corresponding
to the 4f105d→4f11s4I13/2d transition can be understood on
the basis ofJ selection rules. Transitions withDJ.1 are
forbidden and appear only by means ofJ mixing of the
states. The lowest calculated high-spin 4f105d state has 89%
contributions ofJ=17/2 states. In accordance with theDJ

selection rule, the highest emission intensity is expected for
the emission to the4I15/2 ground state, which is observed in
both the simulated and experimental emission spectra.

In Fig. 7, the calculated and experimentally observed
emission spectra of YPO4 doped with Er3+ with 157 nm ex-
citation at 10 K is shown. At this excitation wavelength, the
low-spin 4f105d state is populated,3 and after relaxation to
the high-spin state, spin-forbidden emission is observed. Just
as in LiYF4, the emission from the high-spin 4f105d state to
the 4I15/2 ground state is very intense compared to the emis-
sion to the4I13/2 level. The measured intensity ratio between
the emissions to the4I15/2 and 4I13/2 levels differs from the
calculated intensity ratio. The relative intensity of the higher-
energy band is expected to increase if the spectrum could be
corrected for the wavelength dependence of the instrumental
response—resulting in a better agreement with the calculated
spectrum. The parameter values used for the calculation are
summarized in Tables I and II. The emission band at 170 nm
shows a clear vibronic progression. The weak emissions at
188 nm are due to contamination of the sample with neody-
mium. The sharp emission lines at 184 nm are due to the
intraconfigurational 4fn 2F7/2→4I15/2 transition of erbium.
For YPO4:Er3+, the influence of theDJ selection rule is also
observed. The lowest calculated high-spin 4f105d state has
81% contributions ofJ=17/2 states. According to theDJ
selection rule, the highest emission intensity is expectedsand
calculatedd for the emission to the4I15/2 ground state, which
is indeed observed in the spectrum.

5. Thulium

Figure 8 shows the calculated and experimentally ob-
served emission spectrum of LiYF4 doped with Tm3+. Using
excitation at 157 nm, emission is observed from both the
high-spin and low-spin 4f115d states. The corresponding

FIG. 6. Calculated and measured emission spectra of
LiYF 4:Er3+ 1% with excitation at 157 nm at 10 K. See also Fig. 1.

FIG. 7. Calculated and measured emission spectra of
YPO4:Er3+ 1% with excitation at 157 nm at 10 K. See also Fig. 1.
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simulated emission spectra were calculated separately and
plotted with a ratio of the high-spin to low-spin emission
intensity chosen to match the experimentally observed spec-
trum. The parameter values used for the calculations are
summarized in Tables I and II. The calculated and measured
intensities are in good agreement, except for the spin-
allowed emission to the3H6 levels at 160 nm, which is
weaker in the experimental spectrum. This is due to the low
sensitivity of the photomultiplier tube at this wavelength.
The steep increase on the left-hand side of the experimental
spectrum is a due to scattered 157-nm radiation of the laser.

Using gated detection, it was possible to record an emis-
sion spectrum for LiYF4:Tm3+ showing only the spin-
forbidden emissions. The spin-allowedfd emission for Tm3+

in LiYF 4 has a 16-ns lifetime,21 and by applying gated de-
tection with a delay of 1ms and a gate of 5ms, only the
longer lived spin-forbidden emissionst=5.4 msd is detected.
The resulting emission spectrum is depicted in Fig. 9 to-
gether with the calculated spin-forbidden emission spectrum.
The intensity ratios of the zero-phonon lines in the emission
spectra show a good agreement with the calculated intensi-
ties.

C. Luminescence lifetime measurements

The lifetime of the spin-forbidden 4fn−15d→4fn emission
was measured for Er3+ in LiYF 4 and YPO4 and for Tm3+ in
LiYF 4. In Fig. 10, a typical example of a luminescence decay
curve is shown. The luminescence decay is well described by
a single exponential with a lifetime of the order ofms. The
experimentally observed lifetimes are included in Table III.
The presently reported lifetimes are somewhat different from

values published previously by us and other groups.21,25The
reason is that in previous work the lifetimes were obtained
from luminescence decay curves measured using a synchro-
tron. The repetition ratestypically MHzd of synchrotron ra-
diation is determined by the round-trip time of bunches in
the ring and is too high to accurately determine lifetimes that
are ms or longer. For MHz repetition rates the decrease in
signal between two pulses is limited, and the determination
of the lifetime from the fit to a single exponential is rather
inaccurate. With the presently used VUV laser with a much
lower repetition ratestypically 100 Hzd, the luminescence
lifetimes can be accurately determined in thems–ms range.
We therefore believe that the values for the lifetimes in Table
III are more reliable than previously reported values.

FIG. 8. Calculated and measured emission spectra of
LiYF 4:Tm3+ 1% with excitation at 157 nm at 10 K. The spin-
allowed and spin-forbidden emission spectra were calculated sepa-
rately and their relative intensity was set to match the experimen-
tally observed spectrum. See also Fig. 1.

FIG. 9. Calculated and measured spin-forbidden emission spec-
tra of LiYF4:Tm3+ with excitation at 157 nm at 10 K using gated
detectionsdelay 1ms, gate 5msd. See also Fig. 1.

FIG. 10. Luminescence decay curve of the spin-forbidden
4f105d→4f11 emission at 168 nm of LiYF4:Tm3+ with excitation
at 157 nm at 10 K. The dots give the measured time dependence of
the luminescence intensity and the drawn line gives the best fit to a
single-exponential decay witht=5.4 ms. Note that the vertical axis
is a logarithmic scale.
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Since 4fn−15d→4fn transitions are parity-allowed
electric-dipole transitions, it is relatively simple to calculate
the radiative transition probability. Using Eq.s8d and the
parameter values from Tables I and II, the radiative decay
rates were determined using radial integralsk5dur u4fl tabu-
lated in Table III. The general trend in the decay times is well
reproduced by the calculation and also the order of magni-
tude is correct. However, the experimentally obtained decay
times are a factor of 3 lower than the calculated values. It is,
at this time, not clear what causes the difference. Most prob-
ably it is related to the radial integralsk5dur u4fl. The transi-
tion probabilities are very sensitive to small changes in this
integral. The radial integrals are calculated for the free ion
using Cowan’s program.10 In the crystal, the radial integral
will change due to covalency effects, and this may explain

the difference between calculated and experimentally ob-
served luminescence decay times. For YPO4:Er3+, the short-
ening of the lifetime observed may also be partly due to fast
nonradiative decay from the lowest high-spin 4f105d level to
the 2Fs2d7/2 level of erbium. The energy difference in the
order of 5000 cm−1 is approximately 5 times the maximum
phonon energy in YPO4 and multiphonon relaxation from
the lowest high-spin 4f105d level to the 2Fs2d7/2 level is
expected.26

V. CONCLUSIONS

High-resolution 4fn−15d→4fn emission spectra of Pr3+

Nd3+ Er3+, and Tm3+ in LiYF 4 and YPO4 have been mea-
sured and compared with the calculated emission spectra us-
ing a recently developed model for 4fn−15d states. The emis-
sion spectra show a well-resolved fine structure with sharp
zero-phonon lines and, especially in the YPO4 host lattice,
vibronic lines. In general, good agreement between the cal-
culations and experiment was found for the relative intensi-
ties and energies of zero-phonon lines corresponding to
4fn−15d→4fn transitions to the lower-energy 4fn states,
demonstrating the validity of the model used. Luminescence
lifetimes for the spin-forbidden 4fn−15d→4fn emissions
were calculated and found to be longer than the experimen-
tally observed lifetimes.
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TABLE III. Radial integralsk5dur u4fl and calculated and experi-
mentally observed lifetimes for the spin-forbidden emissions of
Er3+ and Tm3+ in LiYF 4 and YPO4.

Wavelength
snmd

texpt

smsd
tcalc

smsd
k5dur u4fla

sÅd

LiYF 4:Er3+ 167 2.4 4.2 0.304

YPO4:Er3+ 170 1.0 3.4 0.304

LiYF 4:Tm3+ 168 5.4 13.1 0.291

aReference 10.
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