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Spin-allowed and spin-forbidden 4f n↔4f n215d transitions for heavy lanthanides
in fluoride hosts

R. T. Wegh* and A. Meijerink
Debye Institute, Utrecht University, P.O. Box 80000, 3508 TA Utrecht, The Netherlands

~Received 17 May 1999!

Luminescence spectra of lanthanides in the vacuum ultraviolet spectral region have revealed interesting
features for 4f n↔4 f n215d ( f -d) transitions. For Tb31, Dy31, Ho31, Er31, and Tm31 in LiYF4, weak f -d
bands are present in the excitation spectra at lower energy than the usually observed strongf -d bands. The
weakness of the bands is explained by the spin-forbidden character of transitions from the 4f n ground state to
these 4f n215d states. For Er31 and Tm31, upon excitation in the higher energetic 4f n215d states two kinds of
f -d emission are observed: fast spin-allowed emission with a decay time in the order of ns, and slow spin-
forbidden emission with a decay time in the order ofms. These two types off -d emission are also found for
Er31 and Tm31 in other fluoride hosts.@S0163-1829~99!11239-6#
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I. INTRODUCTION

In the past few years, optical spectroscopy of lanthan
ions in the vacuum ultraviolet spectral region~VUV; l
,200 nm, E.50 000 cm21) has become an important fiel
of research. The fact that the VUV spectroscopy of la
thanides has remained a largely unexplored region for
cades is due to experimental difficulties and lack of appli
tions. Especially the latter point has changed recently. N
luminescent materials~phosphors! that emit visible light
upon VUV excitation are required for mercury-free fluore
cent lamps and plasma display panels~for flat TV’s!.1,2 In
both cases, a noble gas discharge~e.g., xenon! generates
VUV radiation, which has to be absorbed by the phosph
For these applications, the intraconfigurational~parity-
forbidden! 4 f n↔4 f n transitions~further called f - f transi-
tions! are of importance. We have investigated the pre
ously unknown 4f n energy levels in the VUV for a numbe
of lanthanides and the possibilities to achieve visible qu
tum efficiencies higher than 100% upon VUV excitation.3,4

Next to 4f n↔4 f n transitions, knowledge and understandi
of the interconfigurational 4f n↔4 f n215d ( f -d) transitions
is needed for several reasons. These transitions are p
allowed, and therefore suitable for efficient absorption
VUV radiation from the noble gas discharge in mercury-fr
lamps and plasma display panels. A well-known applicat
of the strongf -d absorption of lanthanides is in blue lam
phosphors with Eu21, e.g., BaMgAl10O17:Eu21. Potential
applications for which VUVf -d emission can be used ar
tunable VUV lasers and scintillator materials. The first sol
state VUV laser was based on thef -d emission of Nd31 in
LaF3.

5 For scintillation crystals, the luminescence propert
of Ce31 are widely studied because of the short decay ti
of the f -d emission of Ce31 ~usually in the UV!.6 Because of
the success of Ce31-doped materials, investigation of thef -d
emission of other lanthanides is interesting.6

In this paper, VUV f -d excitation and emission spectr
for a number of trivalent lanthanides incorporated in flu
rides are reported. We have found new features of thef -d
transitions in these spectra, which were not noticed in pre
PRB 600163-1829/99/60~15!/10820~11!/$15.00
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ous papers. Already in 1966 the lowestf -d absorption bands
for all trivalent lanthanide ions in CaF2 were reported by
Loh.7 Synchrotron radiation was used to studyf -d transi-
tions for the first time in the seventies.8 Later, high-
resolution absorption spectra for all trivalent lanthanides
CaF2 were presented by Szczurek and Schlesinger.9 Also
other fluoride hosts, e.g. LiYF4, LaF3, YF3, and BaY2F8,
have been used to investigate thef -d spectroscopy of a num
ber of lanthanides in the VUV.10–18 An important feature,
spin-forbiddenf -d transitions, was overlooked in all thes
studies. In the high-resolution excitation spectra repor
here for the lanthanides with a more than half-filled 4f shell,
weak bands are observed at the longer-wavelength sid
the well-known strongf -d bands. These weak bands are a
signed to transitions to the lowest 4f n215d state, which has
a higher spin quantum number than the 4f n ground state. As
a consequence these transitions are spin forbidden, w
explains its weakness in comparison to the previously
served fully allowedf -d bands. For Tb31 (4 f 8) this spin-
forbidden transition has been observed~and assigned! a
number of times, as it is situated in the UV.19–21As far as we
are aware, Jørgensen and Brinen were the first to assign
spin-forbiddenf -d transition for Tb~III ! aqua ions.19 To the
best of our knowledge, it was never reported before for Ln31

with n.8. In this paper, we report and discuss the prese
of spin-forbidden f -d transitions for Tb31, Dy31(4 f 9),
Ho31(4 f 10), Er31(4 f 11), and Tm31(4 f 12).

The existence of the high-spin 4f n215d state has impor-
tant consequences for thef -d luminescence of Er31 and
Tm31. Because the emission from the lowest 4f n215d state
is spin forbidden, the decay time is in thems range. Next to
this slow spin-forbidden emission, fast spin-allowed em
sion from the higher-energetic 4f n215d state with a decay
time in the order of ns is observed. This situation is com
rable with the phosphorescence and fluorescence occu
in organic molecules from the triplet and singlet state,
spectively. These observations were reported by us be
for Er31 in LiYF4.

22 In this paper, the results are extended
other lanthanides with a more than half-filled 4f shell and to
other host lattices.
10 820 ©1999 The American Physical Society
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II. EXPERIMENT

The doped LiYF4, YF3, and LaF3 samples measured wer
polycrystalline powders or single crystals. In case a sin
crystal was used it is indicated in the text. The crystals w
grown in a glassy carbon crucible using the vertical Brid
man method in a nitrogen atmosphere.3 To prevent oxygen
contamination, the crystal-growth chamber was flushed w
SF6 for about 30 min during melting of the dry startin
materials.23 Polished, transparent pieces~typically 434
32 mm) were used for the measurements. The pow
samples were prepared either by conventional solid s
techniques3 ~only for LiYF4 doped with Er31 and Ho31), or
by grinding of a crystalline sample obtained from the melt
described above. The concentration of the rare-earth do
in the crystal-growth melt was 0.5, 1, or 2%. The pha
purity of all samples was checked by x-ray diffraction ana
sis. LiYF4 has the inverse scheelite structure with site sy
metry S4 for the lanthanide ion.24 In YF3 the site symmetry
for the cation is Cs.25

The experiments were performed at the DESY Synch
tron in Hamburg~Germany! using the HIGITI experimenta
station of HASYLAB. With this setup high-resolution exc
tation spectra in the range 100–250 nm were recorded. E
sion spectra could be measured with either a channelp
detector~VUV/UV ! or a photomultiplier tube~UV/visible!.
Reflectivity measurements in the VUV range were p
formed by scanning the excitation and VUV emission mon
chromator synchronously. Next to that, time-resolved m
surements were carried out using a time-to-amplitu
converter. An upper limit to the measuring range was i
posed by the time between the positron bunches in the
chrotron. The bunch separation time was at maximum 1ms
~single bunch mode!, which means that decay times of
maximum a fewms could be determined. The lower lim
was approximately 100 ps, which is the time resolution
the multichannel plate. The temperature of the sample co
be varied between 10 K and room temperature in a co
finger liquid-helium cryostat. Further details on the setup
given elsewhere.3 Excitation spectra were corrected for th
intensity of the synchrotron radiation and the transmission
the excitation monochromator.

For high-resolution excitation spectra around 250 nm
excimer-laser-pumped dye laser equipped with a frequen
doubling crystal was used. This setup consisted of a Lam
Physik LPD 3000 tunable dye laser, which was pumped b
Lambda Physik LPX 100 XeCl-excimer laser. The dye Co
marine 307 was used to obtain a tunable range from 49
520 nm, which was frequency-doubled by a Lambda Phy
BBO1 crystal. The sample was cooled in an Oxford Inst
ments OptistatCF-V liquid-helium cold-finger cryostat. The
emission was detected with a Jobin Yvon HR 1000 mo
chromator and a cooled Hamamatsu R928 photomultip
tube. The spectra were corrected for the excitation inten
as a function of wavelength by measuring the UV light o
put with a power meter.

III. RESULTS AND DISCUSSION

3.1. f -d excitation for Ln 31 in LiYF 4

In Fig. 1~a!, the f -d excitation spectrum of LiYF4:Tb31 is
presented. The spectrum shows strong excitation band
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211, 191, 182, 177, and 173 nm and several more at sho
wavelength ~not shown!, which are all assigned to 4f 8

→4 f 75d ( f -d) transitions on Tb31. It is similar to the exci-
tation spectrum previously reported for Tb31 in LiYF4.

17 The
f -d excitation band at 211 nm consists of a zero-phonon
and a vibronic sideband. The observation of fine struct
can be explained by the restricted relaxation in the exc
4 f n215d state due to the relatively weak electron-latti
coupling for lanthanides in LiYF4. The weak coupling mani-
fests itself also in the fact that thef -d excitation bands are
relatively narrow. A similar fine structure has been repor
before for Ce31 in LiYF4.

26 A detailed discussion on the
4 f n215d structure of Tb31 as well as other lanthanides i
LiYF4 will be given in a forthcoming paper.27

At the longer-wavelength side of the band at 211 nm
Fig. 1~a!, several weak bands are observed. Most of them
be assigned to second order bands of the Tb31 f -d excita-
tions at 125, 120, and 116 nm.27 The very weak band aroun
255 nm and the sharp line at 257 nm, however, canno
assigned to second order excitations, since no excitations
present between 126 and 129 nm.27 The inset of Fig. 1~a!
shows a high-resolution excitation spectrum recorded w
the laser setup. This spectrum proves that these feat
around 255 nm are indeed a first order excitation, since
spectrum can not contain second-order bands in this reg
as there is no VUV excitation light. The sharp line at 257 n
and the band between 252 and 257 nm are assigned
spin-forbiddenf -d transition. This assignment is explaine
with the schematic spin configuration diagrams in Fig. 1~b!.

FIG. 1. ~a! Excitation spectrum of LiYF4:Tb31 1% monitoring
4 f 8(5D4→7F5) emission~545 nm! at 10 K. Inset: high-resolution
excitation spectrum monitoring 4f 8(5D4→7F5) emission~545 nm!
at 10 K, recorded with a tunable laser setup.~b! Schematic electron
configurations for the ground state~GS!, the lowest-energetic high
spin 4f 75d state ~HS!, and the higher-energetic low-spin 4f 75d
state~LS! for Tb31.
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10 822 PRB 60R. T. WEGH AND A. MEIJERINK
In the ground-state 4f 8 configuration~GS!, the maximum
number of unpaired parallel spins is 6, which results in
total spin quantum numberS53 and therefore, a spin mul
tiplicity 2S1157. When one electron is promoted to the 5d
shell, it can orient its spin in two ways: either parallel wi
the 7 remaining 4f electrons, giving rise to a high-spin sta
~HS! with S54 and 2S1159, or antiparallel, yielding a
low-spin state~LS! with S53 and 2S1157. According to
Hund’s rule, the high-spin state will be lower in energ
Thus, the transition from the ground state to the low
4 f 75d state will be spin forbidden and therefore, relative
weak compared to the higher-energyf -d excitations, which
are spin allowed. Based on these considerations, the s
line at 257 nm and the weak band around 255 nm are
signed to the zero-phonon line and the vibronic sideband
the spin-forbiddenf -d transition, respectively.

Figures 2~a!–2~d! show the f -d excitation spectra of
LiYF4 doped with Dy31(4 f 9), Ho31(4 f 10), Er31(4 f 11), and
Tm31(4 f 12), respectively. The wavelength ranges display
were chosen in such a way that in energy they are as wid
for LiYF4:Tb31 in Fig. 1~a!. The four spectra in Fig. 2 hav
a number of similarities. In all cases, several strongf -d ex-
citation bands are observed, some of which exhibit fi
structure. Low-resolution spectra of the strongf -d bands
have been reported before for these lanthanides
LiYF4.

10,17 In all four spectra weak bands are present at
longer-wavelength side, which all show vibrational structu
very similar to that of the strong excitation bands. As Dy31,
Ho31, Er31, and Tm31 all have a more than half-filled 4f
shell, a higher maximum number of unpaired parallel sp
than in the ground state can be obtained when an electro
promoted to the 5d shell. Therefore, the bands around 1
and 193 nm for Dy31 and around 163 nm for Ho31, Er31,
and Tm31 can all be assigned tof -d transitions to the high-
spin states, which are spin forbidden and thus weak. The
multiplicities of the high-spin and low-spin 4f n215d states
to which thef -d transitions observed take place are given
Fig. 2.

In the excitation spectrum of LiYF4:Dy31 a broad band
due to an impurity is observed between 187 and 200
Therefore, an excitation spectrum in the region 175-200
obtained for a single crystal of LiYF4:Dy31 is also given
~inset!. This spectrum shows that two similar weak bands
present, which are both assigned to spin-forbiddenf -d tran-
sitions. Although Dy31 is the only lanthanide ion for which
we have observed this, the presence of two~or more! spin-
forbidden f -d transitions at lower energy than the spi
allowed ones can occur. The 5d state is split by the crysta
field in up to five levels, but because of interaction with t
partially filled 4f shell, the number of 4f n215d states is
higher for lanthanides withn.1. For all these 4f n215d
states the spin of the electron in the 5d orbital can have two
orientations, giving rise to a high-spin and a low-spin sta
If the energy difference between the two lowest high-s
states is smaller than the difference between the lowest h
spin and low-spin state, two spin-forbiddenf -d transitions
will be observed. Apparently, for Dy31 in LiYF4 this is the
case. In the excitation spectrum shown in the inset also s
weak sharp lines corresponding tof - f transitions are ob-
served. These will be discussed in a paper on the 4f 9 levels
of Dy31 in the VUV.
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The present observation of spin-forbiddenf -d transitions
for heavy lanthanides could be expected in analogy with
results reported 30 years ago for Tb31.19–21 It is surprising
that they have not been reported before to our knowledge
fact, a careful analysis off -d spectra of the heavier trivalen
lanthanides in a few publications shows that the weak ba

FIG. 2. ~a! Excitation spectrum of LiYF4:Dy31 1% monitoring
4 f 9(4F9/2→6H13/2) emission~575 nm! at 10 K. Inset: Excitation
spectrum of a 1% single-crystal sample monitoring all visible 4f 9

→4 f 9 emission at 9 K; the wavelength scale corresponds with
lower spectrum.~b! Excitation spectrum of LiYF4:Ho31 1% moni-
toring all visible 4f 10→4 f 10 emission at 9 K.~c! Excitation spec-
trum of LiYF4:Er31 2% monitoring 4f 11(4S3/2→4I 15/2) emission
~551 nm! at 10 K. ~d! Excitation spectrum of LiYF4:Tm31 1%
monitoring 4f 115d(HS)→4 f 12(3H6) emission~170 nm! at 12 K.
The sloping curve towards longer wavelengths is due to stray li
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PRB 60 10 823SPIN-ALLOWED AND SPIN-FORBIDDEN 4f n↔4 f n215d . . .
corresponding to spin-forbiddenf -d transitions can be ob
served. However, the weak bands were either not unders
because of the intermediate oscillator strength betweenf - f
and f -d transitions11,12and therefore erroneously ascribed
interactions between lanthanide ions,11 or no attention was
given to them.16,17

For the light lanthanides (n<7) no weak spin-forbidden
f -d transitions at lower energy than the strongf -d bands are
expected. In the 4f n ground state all 4f electron spins are
parallel, so the maximum number of parallel spins can no
higher for the 4f n215d state. As a consequence, the sp
multiplicity for the lowest-energetic 4f n215d state will be
the same as for the ground state. In agreement with
expectation, we have observed sharp onsets for the
strong f -d excitation bands for Ce31(4 f 1), Pr31(4 f 2),
Nd31(4 f 3), and Sm31(4 f 5), and no weak spin-forbidden
f -d bands are present on the longer-wavelength side.27 For
Yb31 (4 f 13) a weak spin-forbiddenf -d excitation band just
as for the other heavy lanthanides can be expected. Ne
theless, it cannot be observed as thef -d excitations are ob-
scured by the charge transfer transition, which is situate
lower energy.28

The excitation measurements shown in this section w
performed on powder samples, because for single crys
the relative intensities of thef -d bands change and the fin
structure is obscured. This can be explained by saturatio
the strongf -d excitation transitions, which plays a role i
the single crystals due to the longer optical path length co
pared to powder samples.29 Most of the emission measure
ments on Er31 and Tm31 in LiYF4, which will be treated in
the next section, were performed on single crystals.

3.2. f -d emission for Er31 and Tm31 in LiYF 4

Figure 3~a! shows the low-temperature emission spectr
in the VUV/UV region of Er31 in LiYF4 upon excitation into
one of the higher-lying low-spin 4f 105d states. In this spec
trum a number of emission bands are present, which are
assigned tof -d transitions. For proper assignment of the
bands, a close up of the excitation and emission spectru
the region 140–180 mm is given in Fig. 3~b!. This excitation
spectrum was recorded with a higher resolution than
spectrum in Fig. 2~c!, and therefore, more fine structure
observed. In the emission spectra no fine structure can
seen. This is due to the rather poor resolution of
VUV/UV emission monochromator~1 nm at best!. The
strong emission band at 167 nm is assigned to the trans
from the high-spin 4f 105d state ~sextet state! to the 4f 11

ground state 4I 15/2. The Stokes shift is about 1.
3103 cm21, which is a relatively small value for anf -d
transition. This is due to the weak electron-lattice coupl
and is similar to values measured forf -d emission from
other lanthanides in LiYF4.

13,26 At longer wavelengths the
emission bands corresponding to transitions from the se
4 f 105d state to4I 13/2 ~186 nm!, 4I 11/2 ~198 nm!, 4I 9/2 ~208
nm!, 4F9/2 ~225 nm!, and 4S3/2 ~244 nm! can also be ob-
served. However, the emission bands at 159 and 176
cannot be assigned to transitions from the sextet state. As
be seen in Fig. 3~b!, the 159-nm emission band is shifte
some 1.53103 cm21 to lower energy relative to the lowes
spin-allowedf -d excitation band. This shift is approximate
od
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equal to the Stokes shift for the 4f 105d(HS)→4 f 11(4I 15/2)
emission, and therefore the 159-nm emission band is a
signed to the transition from the low-spin 4f 105d state~quar-
tet state! to the 4I 15/2 ground state. The weak band at 176 nm
is assigned to the emission from the quartet 4f 105d state to
the 4I 13/2 multiplet of Er31.

The schematic configurational coordinate diagram in Fi
4 illustrates this situation. Upon excitation in the low-spin
4 f 105d states of Er31, there are two competing decay pro
cesses: eitherf -d emission from the lowest-energetic quarte
4 f 105d state occurs, or nonradiative decay to the sext
4 f 105d state occurs, which is also called intersystem cros
ing. From the sextet statef -d emission takes place, which is
spin forbidden and thus expected to be slow. The emissi
from the higher-lying quartet 4f 105d state is spin allowed
and therefore relatively fast, so that it can compete with no
radiative decay. In addition, nonradiative relaxation from th
quartet to the sextet state is hampered by the fact that o
electron spin has to change its orientation. That this is ess
tial for the occurrence of emission from the low-spin 4f 105d
state, is illustrated by a comparison with thef -d emission of
Ce31 in LiYF4. Although the energy difference between th
two lowest 5d states of Ce31 ~some 73103 cm21) ~Ref. 30!
is much larger than the energy difference between the lo
spin and high-spin 4f 105d states of Er31, upon excitation in
the higher 5d states of Ce31 only emission from the lowest-

FIG. 3. ~a! Emission spectrum of LiYF4:Er31 2% ~single crys-
tal! upon 4f 11(4I 15/2)→4 f 105d excitation ~140 nm! at 7 K.
~b! Closeup of the excitation~left, lem5551 nm) and emission
~right, lexc5140 nm) spectra of LiYF4:Er31 at 10 K.
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10 824 PRB 60R. T. WEGH AND A. MEIJERINK
5d level is observed. The efficient nonradiative relaxation
due the fact that the 5d states of Ce31 all have the same spin
multiplicity (2S1152).

The situation for Er31 is very similar to the luminescenc
behavior in organic molecules afterp→p* excitation. From
the singlet excited state, either fast~spin-allowed! emission
to the singlet ground state can occur~fluorescence!, or inter-
system crossing to the lower-lying triplet excited state c
occur, which is followed by slow~spin-forbidden! emission
~phosphorescence!. The presently observedf -d lumines-
cence provides an inorganic analog of this well-known o
servation of fluorescence and phosphorescence in org
systems.

To provide further evidence that the model in Fig. 4
correct, three experiments were performed: selective exc
tion and emission spectra, luminescence decay curves,
time-resolved emission spectra were recorded. Selective
citation spectra monitoring emission at 176 nm, which w
assigned to spin-allowedf -d emission, and 186 nm, which i
mainly spin-forbidden emission, are given in Fig. 5~upper
and lower curve, respectively!. In agreement with the mode
in the excitation spectrum of the 176-nm emission band o
the spin-allowedf -d excitation band at 154 nm is presen
The absence of the weak excitation band around 163
shows that this emission cannot be excited in the se
4 f 105d state. Note that the background increase towa
longer wavelengths is caused by scattered excitation l
close to the monitored emission wavelength. In the excita
spectrum of the 186-nm emission band both spin-allow
and spin-forbiddenf -d excitation bands are observed, as e
pected. The feature at 158 nm may be due to excitation to
4 f 11 level 2F(2)5/2, which is located at this energy.27 Next
to these excitation spectra, we recorded an emission s
trum for selective excitation into the sextet 4f 105d state at

FIG. 4. Configurational coordinate diagram for Er31 in LiYF4

explaining the observedf -d emission bands. ISC5intersystem
crossing. Note the break in the energy scale.
s
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162 nm. In this spectrum, not shown here, the spin-allow
emission band at 176 nm originating from the quartet 4f 105d
state is absent. The luminescence decay curves recorde
the 159 and 167 nm emission band are shown in Figs.~a!
and 6~b!, respectively. The decay curve of the 159-nm ba
is clearly single-exponential and a decay time of 4.5 ns w
obtained, which is in agreement with the spin-allowed~and
parity-allowed! character of this transition. For the 176-n
emission band the same decay time was measured as fo

FIG. 5. Selective excitation spectra for LiYF4:Er31 0.5% moni-
toring the spin-allowed 4f 105d(LS)→4 f 11(4I 13/2) emission at 176
nm ~upper curve! and the spin-forbidden 4f 105d(HS)
→4 f 11(4I 13/2) emission at 186 nm~lower curve!, both at 10 K. The
sloping increase towards longer wavelengths in the upper curv
due to stray light.

FIG. 6. Luminescence decay curves for LiYF4:Er31 2% ~single
crystal! of ~a! the spin-allowed 4f 105d(LS)→4 f 11(4I 15/2) emission
at 159 nm and~b! the spin-forbidden 4f 105d(HS)→4 f 11(4I 15/2)
emission at 167 nm, both at 10 K. The dots form the experime
curve, the line is the fit curve. Note the different scaling of bo
intensity and time.
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PRB 60 10 825SPIN-ALLOWED AND SPIN-FORBIDDEN 4f n↔4 f n215d . . .
159-nm emission, so these emissions indeed originate f
the same state. The decay curve of the 167-nm emis
band in Fig. 6~b! was recorded in the maximum time rang
of 1 ms. It is clear that the curve decreases slightly with
this time period, which indicates that the decay time of t
emission is in thems range. It can also be seen that the cu
is not single exponential: a rise time of the order of a f
tenths of ams is present. This rise time has the followin
origin. As was mentioned above, Er31 has a 4f 11 level
@2F(2)5/2# at about 63 300 cm21 above the ground state~158
nm!, which is in between the sextet and the quartet 4f 105d
state@see Figs. 2~c! and Fig. 4#. Upon excitation in the quar
tet 4f 105d states of Er31 in LiYF4, nonradiative decay to the
sextet state proceeds via this2F(2)5/2 level. We have found
that in LiYF4:Er31, next to spin-allowed and spin-forbidde
f -d emission, also emission from the2F(2)5/2 state occurs.
This f - f emission, which will be treated in detail in anoth
paper,27 has a decay time of some tenths of ams, depending
on temperature. The initial rise in the decay curve of
167-nm emission band corresponds with this value, as
sextet 4f 105d state is fed by the decay from the2F(2)5/2
state. Taking this into account, a decay time of 3ms was
obtained from a double-exponential curve fit. This relative
long decay time agrees with the assignment of the 167
emission band to a spin-forbidden transition.

Finally, time-resolved emission spectra for th
LiYF4:Er31 2% single-crystalline sample were record
upon excitation into the 4f 105d state at 140 nm at low tem
perature~not shown!. In the spectrum obtained using a tim
gate of 5 ns and no delay, the 167-nm band, which w
assigned to a spin-forbidden~slow! emission, has nearly van
ished relative to the 159-nm band. The emission at 176
only a shoulder in Fig. 3~a!, is clearly present in this spec
trum detecting only fast emission. The emission spectr
obtained using a delay of about 100 ns and a gate of a
350 ns shows a very strong 167-nm band. The 159-
176-nm bands are absent. All these observations confirm
assignments to spin-allowed and spin-forbiddenf -d emis-
sions.

The emission spectrum of LiYF4:Tm31 for f -d excita-
tion, which is shown in Fig. 7, is similar to thef -d emission
spectrum of LiYF4:Er31 @Fig. 3~a!#. This is not surprising
because for Tm31 in LiYF4 the lowest low-spin and high
spin 4f 105d states are situated at the same positions as

FIG. 7. Emission spectrum of LiYF4:Tm31 1% ~single crystal!
upon 4f 12(3H6)→4 f 115d excitation~143 nm! at 7 K.
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Er31 ~Sec. 3.1!. The strongest emission band in Fig. 7 at 1
nm corresponds to the transition from the high-spin 4f 115d
state ~quintet state! to the 4f 12 ground state3H6 , and is
therefore spin forbidden. The spin-forbidden emissions fr
the quintet 4f 115d state to the3F4 and 3H5 multiplets are
observed at 184 and 194 nm, respectively. The emiss
bands at 161, 175, 184~partly!, and 199 nm are assigned t
the spin-allowed transitions from the low-spin 4f 115d state
~triplet state! to 3H6 , 3F4 , 3H5 , and 3H4 , respectively. Just
as for Er31, the Stokes shifts for the 4f 115d(HS)
→4 f 12(3H6) and 4f 115d(LS)→4 f 12(3H6) emissions are
similar, in this case approximately 1.73103 cm21.

Luminescence decay curves were recorded for the th
highest-energetic Tm31f -d emission bands. The curves fo
the 161- and 168-nm emissions are presented in Figs.~a!
and 8~b!, respectively. The emission at 161 nm decays sin
exponentially with a decay time of 16 ns. The same va
was obtained for thef -d emission band at 175 nm, showin
that both emissions are spin allowed and originate from
triplet 4f 115d state. As can be seen in Fig. 8~b!, the decay
curve of the 168-nm emission band decreases slightly wi
1 ms, just as the curve of the 167-nm emission for Er31 in
LiYF4 @Fig. 6~b!#. In contrast with Er31, the decay curve of
this f -d emission band of Tm31 in LiYF4 exhibits no initial
rise. Indeed, there is no 4f 12 level situated in between th
two lowest 4f 115d states, as there was for Er31 in LiYF4.
The only 4f 12 level of Tm31 in the VUV region is 1S0
around 75 000 cm21, which is much higher than the lowes
4 f 115d states.31 Thus, the quintet 4f 115d state is fed directly

FIG. 8. Luminescence decay curves for LiYF4:Tm31 1% ~single
crystal! of ~a! the spin-allowed 4f 115d(LS)→4 f 12(3H6) emission
at 161 nm and~b! the spin-forbidden 4f 115d(HS)→4 f 12(3H6)
emission at 168 nm, both at 10 K. The dots form the experime
curve, the line is the fit curve. Note the different scaling of bo
intensity and time.
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by the nonradiative relaxation from the lowest triplet sta
which is so fast@Fig. 8~a!# that this rise cannot be observe
in Fig. 8~b!. This difference between Tm31 and Er31 is sche-
matically depicted in Fig. 9. The experimental decay curve
Fig. 8~b! could be fit to a single-exponential curve, whic
gave a decay time of 8ms. This value shows that the assig
ment of the 168-nm emission to a spin-forbiddenf -d transi-
tion is correct.

For both LiYF4:Er31 @Fig. 3~a!# and LiYF4:Tm31 ~Fig.
7!, it can be seen that for spin-forbidden as well as sp
allowed transitions the emission to the ground state is
strongest. The transitions to higher 4f n levels are much
weaker@except for spin-allowed emission for Tm31 where
the transition to the first excited 4f 12 state (3F4) is also
strong#. However, there is a clear difference between E31

and Tm31 in relative intensities of total emission from th
low-spin and the high-spin 4f n215d state. For Tm31 the
total spin-allowedf -d emission intensity relative to tota
spin-forbiddenf -d emission intensity is much higher tha
for Er31. We have calculated the ratios of spin-forbidden
spin-allowed emission intensity, further denoted
R(HS/LS)em, from the f -d emission spectra. The values a
given in Table I, together with the measured decay tim
For Er31 in LiYF4 R(HS/LS)em is approximately 11,
whereas for Tm31 R(HS/LS)em is about 3, both at low tem
perature. Next to that, the low-temperature decay time m

FIG. 9. Schematic energy level diagrams for Er31 and Tm31 in
LiYF4, showing the radiative and nonradiative processes leadin
various types of emission afterf -d excitation.
,

n

-
e

s

s.

a-

sured for the spin-allowed emission of LiYF4:Tm31 is much
longer than that of LiYF4:Er31 ~16 vs 4.5 ns, see Table I!.
These differences can be explained by the presence of
2F(2)5/2 level for Er31 in between the high-spin and low
spin 4f 105d states. This is clarified using the energy lev
diagram in Fig. 9, which schematically shows the proces
that occur upon excitation in the low-spin 4f n215d states for
Er31 and Tm31. The 4f n215d states are given as broad hor
zontal bars to distinguish them from 4f n levels~narrow hori-
zontal bars!. Radiative and nonradiative transitions a
shown as straight and wavy arrows, respectively. For s
plicity emission is drawn as an arrow to the 4f n ground state,
although emission to the other 4f n levels also occurs. Fo
Tm31, from the low-spin 4f 115d state two processes occu
radiative decay to the various 4f 12 states and nonradiativ
decay to the high-spin 4f 115d state, with probabilities
Wr(LS) andWnr , respectively. From the high-spin 4f 115d
state only radiative decay takes place, with probabi
Wr(HS). Thus, the competition between radiative and n
radiative decay from the low-spin state determines the r
tive intensities of spin-allowed and spin-forbiddenf -d emis-
sion. For Er31, the presence of the2F(2)5/2 level allows for
nonradiative decay from the low-spin 4f 105d state to the
high-spin state in two steps, via the2F(2)5/2 level. From the
high-spin state only radiative decay occurs as the energy
to the next lower 4f 11 level @2D(2)3/2# is some 5000 cm21.27

Evidence for nonradiative relaxation from the low-sp
4 f 105d state via the2F(2)5/2 state is the observation of wea
2F(2)5/2 emission lines. The2F(2)5/2 emissions, of which
the strongest lie in the UV,27 are very weak relative to spin
forbidden f -d emission. Therefore, in approximatio
R(HS/LS)em is directly determined by the competition be
tween radiative and nonradiative decay from the low-s
4 f 105d state, just as for Tm31. With this information the
radiative and nonradiative decay rates can be calculated.
intensity ratio of spin-forbidden to spin-allowedf -d emis-
sion is equal to:

R~HS/LS!em5
Wnr

Wr~LS!
. ~1!

The measured decay time of the spin-allowedf -d emission
t~LS! represents the total decay from the low-spin state,

1

t~LS!
5Wtot~LS!5Wr~LS!1Wnr . ~2!

to
-
TABLE I. f -d emission data for Er31 and Tm31 in LiYF4 and YF3: measured decay times of spin
allowed f -d emission@t~LS!# and spin-forbiddenf -d emission@t r(HS)#, ratios of spin-forbidden to spin-
allowed f -d emission intensity@R~HS/LS!em#, and calculated radiative decay times of spin-allowedf -d
emission@t r(LS)#. The experimental error is some 10%, except fort r(HS) ~;20%!. @n.m.# denotes: not
measured.

t~LS! ~ns! ~HS,LS!em t r(LS) ~ns! t r(HS) ~ms!

at 10 K at 300 K at 10 K at 300 K

LiYF4:Er31 4.5 4.5 11 15 60 3
LiYF4:Tm31 16 9 3 5 60 8
YF3:Er31 5.5 0.6 6 .50 40 @n.m.#
YF3:Tm31 22 9 2 8 70 @n.m.#
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By substituting Eq.~1! in Eq. ~2! Wr(LS) andWnr can be
calculated

Wr~LS!5
1

R~HS/LS!em11
•

1

t~LS!
, ~3!

Wnr5
R~HS/LS!em

R~HS/LS!em11
•

1

t~LS!
. ~4!

For LiYF4:Er31 at low temperature, Wtot(LS)52.2
3108 s21, so the values calculated forWr(LS) andWnr are
1.93107 s21 and 2.03108 s21, respectively. In the sam
way, for Tm31 Wtot(LS)56.33107 s21, giving Wr(LS)
51.63107 s21 and Wnr54.73107 s21. Wr(LS) for Er31

and Tm31 are similar, as expected. FromWr(LS) the radia-
tive decay time of the spin-allowedf -d emissiont r(LS) is
estimated to be some 60 ns, which is also included in Ta
I. Wnr is much larger for Er31 than for Tm31 as the energy
gap that has to be bridged to the next lower level@the
2F(2)5/2 level and the high-spin 4f 115d state, respectively#
is much smaller for Er31. This explains whyR(HS/LS)em is
higher for Er31 compared with Tm31, and the shorter deca
time of the spin-allowedf -d emissiont~LS! for Er31.

Emission spectra and luminescence decay curves for E31

and Tm31 in LiYF4 were also recorded at room temperatu
~not shown!. The decay times of the spin-allowedf -d emis-
sion and theR(HS/LS)em values found are included in Tabl
I. For both samples the intensity of spin-forbiddenf -d emis-
sion relative to the spin-allowed emission has increased c
pared with the spectra at 10 K. The relative increase is st
ger for Tm31, whereR(HS/LS)em goes from 3 to 5, than for
Er31, whereR(HS/LS)em changes from 11 to 15. The deca
time of the f -d emission from the low-spin state has sho
ened for Tm31, whereas for Er31 it has not changed signifi
cantly. Through the same procedure as was followed for
low-temperature measurements, the following values
Wr(LS) and Wnr are calculated: 1.43107 s21 and 2.1
3108 s21 respectively for Er31, and 23107 s21 and 9
3107 s21, respectively for Tm31. As expected, the radiativ
decay rate is not dependent on temperature. The large
crease for the nonradiative decay rate for Tm31 compared
with Er31 can be understood from the fact that for Tm31 the
nonradiative relaxation involves one gap of about
3103 cm21 that can be bridged by 4 phonons@The maxi-
mum phonon energy in LiYF4 is about 560 cm21 ~Ref. 32!#.
For Er31 nonradiative relaxation occurs in two steps of
3103 cm21, each involving 2 phonons. SinceWnr is propor-
tional to (n11)p, n being the phonon occupation numb
and p the number of phonons involved,33 the stronger tem-
perature dependence is indeed expected for the higher o
process.

The same observation of two kinds of emission for Er31

and Tm31 in LiYF4 as described here was reported ve
recently.18 Similar VUV emission spectra and luminescen
decay times in the same order of magnitude were found.
interpretation in Ref. 18 is different: the slow emission~ms
decay time! was assigned to a parity-forbiddenf - f emission.
It was not specified which high-lying 4f n levels were in-
volved. As was described above, for Tm31 there are no 4f 12

energy levels in this region, and for Er31 the high-lying 4f 11

levels were studied by us and found not to cause the e
le

-
n-

e
r

in-

der

e

is-

sion bands which we assign to spin-forbiddenf -d emission.
Next to that, the emission bands are broader than emiss
we observed originating from 4f 11 levels like 2F(2)5/2. This
provides evidence that the slow component of the VU
emission in LiYF4:Er31 and LiYF4:Tm31 is spin-forbidden
f -d emission and notf - f emission.

Er31 and Tm31 are the only heavy lanthanides for whic
f -d emission takes place. The other lanthanides with a m
than half-filled 4f shell for which a spin-forbiddenf -d tran-
sition was observed in excitation (Tb31, Dy31, and Ho31)
have 4f n levels just below the high-spin 4f n215d state and
in between the high-spin and lowest low-spin state. As
consequence, nonradiative decay followed byf - f emission
occurs and neither spin-allowed nor spin-forbiddenf -d
emission can be observed.

3.3. f -d emission for Er31 and Tm31 in other fluorides

To investigate if spin-allowed and spin-forbiddenf -d
emission can occur for other hosts than LiYF4, we have stud-
ied the f -d transitions in YF3:Er31, YF3:Tm31, and
LaF3:Er31. The low-temperature emission spectra for po
der samples of Er31 and Tm31 in YF3 upon excitation into
higher-lying low-spin 4f n215d states are shown in Figs
10~a! and 10~b!, respectively. These spectra are similar to t
emission spectra of Er31 and Tm31 in LiYF4 @Figs. 3~a! and
7, respectively#, regarding position as well as relative inte
sities of the various bands. Consequently, the emission ba
are assigned in the same way as for LiYF4 to transitions from

FIG. 10. ~a! Emission spectrum of YF3:Er31 1% upon
4 f 11(4I 15/2)→4 f 105d excitation ~136 nm! at 11 K. ~b! Emission
spectrum of YF3:Tm31 1% upon 4f 12(3H6)→4 f 115d excitation
~141 nm! at 10 K.
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10 828 PRB 60R. T. WEGH AND A. MEIJERINK
the high-spin and low-spin 4f n215d state, as can be seen
Fig. 10. The bands at 166 and 158 nm for Er31 and 166 and
160 nm for Tm31 correspond to the spin-forbidden and sp
allowed f -d transitions to the 4f n ground state, respectively
and the remaining bands are due tof -d transitions to 4f n

excited states. For Tm31 the separation between the spi
allowed and spin-forbidden emission to3H6 ~160 and 166
nm! is slightly smaller compared with LiYF4. It should be
noted that some of the bands in the spectrum of YF3:Er31 are
partly due to2F(2)5/2 emission, which appears to be som
what stronger in YF3 than in LiYF4.

27

The luminescence decay curves~not shown! recorded for
several emissions show that the emissions assigned to
allowed f -d transitions are indeed fast, and emissions
signed to spin-forbidden transitions are relatively slow. D
cay times of 5.5 and 22 ns were obtained for the sp
allowed emission at low temperature of Er31 and Tm31 in
YF3, respectively~Table I!. For the spin-forbiddenf -d emis-
sion no decay times could be determined, because d
curves were recorded in a time range of only 200 ns,
which no significant decay was observed. This is an indi
tion that the decay time is at least somems. These results
confirm the assignment of the emissions in Fig. 10 to sp
allowed and spin-forbiddenf -d transitions. Thef -d excita-
tion spectra recorded for Er31 and Tm31 in YF3 ~not shown!
strongly resemble the spectra reported before.10 Just as for
LiYF4, several strong broad bands are observed, which
assigned to excitations to low-spin 4f n215d states, but no
vibrational fine structure is present. The lowest spin-allow
f -d excitation has its maximum at 147 nm for both Er31 and
Tm31. This is at higher energy than for LiYF4, which is due
to the larger site for the lanthanide ion because of the hig
coordination number~9 vs 8!. As a consequence of the larg
ion-ligand distance the crystal-field splitting decreases, ca
ing a shift to higher energy of the lowest 4f n215d level. For
both Er31 and Tm31 in YF3, the transition to the high-spin
4 f n215d state could not be observed in excitation. The o
servation of a weak spin-forbiddenf -d band in the excitation
spectrum can be more difficult in comparison with LiYF4
due to the lack of fine structure.

As the f -d excitations are at higher energies than
LiYF4 while the emission bands are roughly at the sa
positions, the Stokes shifts are larger for YF3. For the tran-
sition between the ground state and the lowest low-s
4 f n215d state the Stokes shift can be calculated to be
proximately 4.73103 cm21 for Er31 and 5.43103 cm21 for
Tm31. The value of Tm31 is somewhat higher than that o
Er31, which was also found for LiYF4. The larger Stokes
shift for YF3 compared with LiYF4 and the absence of fin
structure indicate that the electron-lattice coupling is stron
than for LiYF4, causing a larger offset of the 4f n215d states
in the configuration coordinate model. In spite of this stro
ger coupling, the observation of spin-allowed emiss
shows that from the lowest low-spin state radiative decay
compete with nonradiative decay. The intensity of sp
allowed f -d emission relative to spin-forbidden emission
low temperature is even stronger compared with LiYF4 for
both Er31 and Tm31. This can be explained by the lowe
maximum phonon energy in YF3 compared with LiYF4.

34 To
bridge the gap of about 23103 cm21, some 6 phonons hav
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to be emitted for nonradiative decay in YF3, lowering its
probability compared to the 4-phonon emission in LiYF4.
The R(HS/LS)em values for YF3Er31 and YF3:Tm31 from
the spectra in Fig. 10 are 6 and 2, respectively~Table I!.
From these values and the decay times of the spin-allo
emission, the following values forWr(LS) and Wnr were
calculated using Eqs.~3! and ~4!: 2.63107 s21 and 1.6
3108 s21 for Er31 and 1.53107 s21 and 3.03107 s21 for
Tm31, respectively.Wr(LS) and the corresponding radiativ
decay timet r(LS), which is also given in Table I, is abou
the same as for LiYF4, whereasWnr is smaller than in LiYF4
for both Er31 and Tm31. In accordance with the results fo
LiYF4, Wnr is much larger for YF3:Er31 than for YF3:Tm31,
which is explained by relaxation via the2F(2)5/2 level for
Er31.

The f -d emission spectra of Er31 and Tm31 in YF3 re-
corded at room temperature~not shown! show almost only
spin-forbidden emission. The spin-allowedf -d emission has
nearly vanished, indicating that nonradiative decay from
low-spin to the high-spin state has become much more p
able than at 10 K. Indeed, the decay times measured for
f -d emission from the low-spin state are much shorter:
ns for Er31 and 9 ns for Tm31 ~Table I!. For YF3:Tm31

R(HS/LS)em was found to be about 8. TheR(HS/LS)em
value for YF3:Er31 could not be determined because of a t
small intensity of spin-allowedf -d emission relative to spin-
forbidden emission; in other words, it is much larger than
other values given in this paper. The calculated values
Wr(LS) andWnr for Tm31 in YF3 at room temperature ar
1.23107 s21 and 13108 s21, respectively, showing thatWnr
is much higher than at low temperature. The stronger
crease of the nonradiative decay rate with temperature
YF3 compared with LiYF4 is explained qualitatively by the
fact that more phonons are needed~see Sec. 3.2! and the
stronger coupling with the lattice.

The emission spectrum of Er31 in LaF3 ~not shown! is
different. Upon excitation into the high 4f 105d states a
strong emission band at 161 nm and in addition ma
weaker and narrower bands at longer wavelength are
served, at low as well as room temperature. No emissio
observed at shorter wavelength. In the VUV excitation sp
trum broad bands corresponding to transitions to qua
4 f 105d states are observed, of which the lowest has its ma
mum at approximately 145 nm. This is at higher energy th
for YF3:Er31, in accordance with the larger lanthanide s
as La31 is bigger than Y31 ~see above!. At 150 nm a weak
band is present, which is assigned to thef -d transition to the
sextet state. The 161-nm band in the emission spectrum
assigned to the transition from the high-spin 4f 105d state to
the ground state, resulting in a Stokes shift similar as w
found for YF3:Er31 (4.53103 cm21). A decay time of 0.4
ms was measured at 10 K, supporting the assignment to s
forbidden f -d emission. The other bands correspond
2F~2!5/2 emissions (t.1 ms), which are relatively strong be
cause in this case the2F~2!5/2 level is situated just below the
high-spin 4f 105d state.27 This implies that from the high-
spin state nonradiative decay occurs, which explains that
decay time of the spin-forbiddenf -d emission is shorter than
t r(HS) for LiYF4:Er31. No spin-allowed f -d emission
could be measured for Er31 in LaF3, in contrast to LiYF4 and
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PRB 60 10 829SPIN-ALLOWED AND SPIN-FORBIDDEN 4f n↔4 f n215d . . .
YF3. Apparently, in LaF3 the probability for nonradiative
decay from the lowest quartet 4f 105d state is much higher
than the radiative decay probability.

The VUV emission spectra of some more Er31 and
Tm31-doped fluoride compounds were reported in Ref. 1
For Er31 and Tm31 in BaY2F8 both slow~ms! and fast~ns!
emission were found, whereas for SrF2:Er31 only the slow
component was observed. Based on the present result
the luminescence of Er31 and Tm31, the emissions can be
assigned to spin-allowed~fast! and spin-forbidden~slow! f -d
emission. In the spectra of ErF3 and TmF3, which have the
same structure as YF3, only the fast emission is present,
the same positions as the spin-allowedf -d emission for Er31

and Tm31 in YF3 ~Fig. 10!. The spin-forbiddenf -d emission
seems to be absent due to concentration quenching, but
beyond the scope of this paper to discuss that in detail. S
marizing, for heavy lanthanides it is dependent on the h
lattice and the temperature whether both spin-allowed
spin-forbiddenf -d emission occur, and in which ratio. Fi
nally, we want to note that the spin-forbidden character
the emission from the lowest 4f n215d state makes heavy
lanthanides unsuitable for application in scintillators, whi
require a short~ns! decay time.6

IV. CONCLUSIONS

Results on the 4f n↔4 f n215d spectroscopy of heavy
trivalent lanthanides (n.7) are presented. High-resolutio
excitation spectra of LiYF4 doped with Tb31, Dy31, Ho31,
8.
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Er31, and Tm31 show several strongf -d bands exhibiting
fine structure, and a weakf -d band at lower energy. The
weak band is a spin-forbidden transition to a high-sp
4 f n215d state, which can be expected for all lanthanid
with a more than half-filled 4f shell.

As a consequence of the high-spin 4f n215d state, for
Er31 and Tm31 two types of f -d emission occur: spin-
forbidden emission from the high-spin state with a dec
time of somems, and spin-allowed emission from the lowe
low-spin state with a decay time of some ns. These two ty
of f -d emission are observed for Er31 and Tm31 in LiYF4 as
well as in other fluorides. The situation is analogous to
occurrence of fluorescence and phosphorescence in org
molecules.
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