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4f"—4f"~15d transitions of the heavy lanthanides: Experiment and theory
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The 4f"—4f"~15d(fd) excitation spectra of the heavy lanthanides{TDy*", Ho*", EF*, Tm**, and
Yb®") incorporated in LiYR, CaRk, and YPQ are investigated in the ultraviolet and vacuum-ultraviolet
spectral regio{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 thel&ctron can be clearly
observed. Fine structurgero-phonon lines and vibronic lineis observed for the transition to the lowest 5
crystal-field component, for both the high-spin and low-dpiitbands. Energy-level and intensity calculations
are performed by an extension of the commonly used model for energy-level calculatioifsstéités. A good
agreement between experimental and simulated spectra is obtained, using parameters that desatibe the 5
crystal-field splitting(from the spectra of G&), the parameters for the splitting of thé™4 * core (from the
literature on energy-level calculations fof4state$ and parameters for the spin-orbit coupling of the 5
electron and the Coulomb interaction betwednafhd 5 electrons(from atomicab initio calculations using
the computer code of CowariTo improve the agreement between the model and experimentgdtlceyStal-
field parameters were adjusted slightly to correct for the decreasing crystal-field strength for the heavier rare
earths due to the lanthanide contraction. Tk 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.
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I. INTRODUCTION An important difference in the spectra of the heavy (
>7) lanthanides as compared to the light(7) lanthanides
Recently, much progress in the calculation of fleen-  is the observation of low-intensity bands on the low-energy
ergy levels has been made. Calculations onfthievels of  side of the excitation spectra. The presence of spin-forbidden
Pt (Ref. 1) and Cé*, PP*, and Nd* (Ref. 2 in LiYF, fd transitions have been known for a long time foTi§Ref.
have been reported. In the preceding paper we reported &h. Recently, these spin-forbiddefd bands have also been
extensive overview of théd excitation spectra of the light identified for all other heavy lanthanide ions. For the light
lanthanides §<7) incorporated in YPQ CaF, and LiYF, lanthanidesi{<7) spin-forbidden transitions are expected at
(Ref. 3. It was shown that the structure in the excitation higher energy tha_n the spm_—all_owed transitions and cannot be
spectra could be explained by extension of established mod€arly observed in the excitation spectra. The occurrence of
els for the 4" configuration by including crystal-field and oth spin-forbidden qnd spln—aI.Iovx_/éd transitions compli-
spin-orbit interactions for the b electron and the Coulomb cates thefd structure in the excitation spectra of the heavy
interaction between thefdand 5 electrons. lanthanides and detailed calculations are needed to account
. 1 . for all observed bands. On the other hand, the splitting be-
In this paper, study of thef4™*5d energy levels is ex-

o tween the low-spiriLS) and high-spin(HS) fd state provides
3
tended to the heavy lanthanide ions fThDy*", Ho™".  ayira information. The LS-HS splitting is mainly caused by

ECT, Tm'?, and Y,W)- The fd excitation spectra of the {he Coulomb interaction between thé dlectrons and thes
rare-eartiRE) ions incorporated in YPQ Cak,, and LiYF,  glectron. The LS-HS splitting for the heavy lanthanides in a
are reported. The choice of these host lattices is determingghst |attice is reduced in comparison with the free-ion situa-
by the wide band gap, which makes it possible to obstdve tion. Due to the nephelauxetic effect the interaction between
excitation bands up to high energies. In addition, due to thene (delocalized 5d electron and the #1 core is reduced.
weak ion-lattice coupling, fine structugero-phonon lines Experimental observations on the LS-HS splitting make it
and vibronic lineg in the fd spectra can be observed. By possible to estimate the reduction of the freefahinterac-
recording excitation spectra using synchrotron radiationtion parameters from the theoretical values calculated with
high-resolution excitation spectra are obtained over the fulCowan’s atomic physics computer program.

range of interes100—275 nm Identification of the zero-
phonon lines will give exact information on the energies of
the electronic transitions and makes a comparison with
energy-level calculations possible. It will be demonstrated An extensive description of the model has been given in
that the energy levels and transition intensities of tH8 4 an earlier papérand the preceding paper. To calculate the
—4f"~15d transitions for the heavy lanthanides can be sat4f"~15d energy levels the established theoretical models for
isfactorily explained by extension of the standard model for4f" energy levels are extended to include the splitting of the
energy-level calculations off4 states. 5d state(by the crystal-field and the spin-orbit couplirend

1. MODEL
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the interaction between thef% * and & configuration.

In our calculations we used f4 crystal-field
parametefs® and 4" atomic paramete?sfrom the litera-
ture. If no data in the literature were available on thi¢' 4
crystal-field parameters for a certain rare-earth ion in a host
lattice, the crystal-field parameters of a neighbor ion in the
same host lattice were useab initio 4f" atomic parameters
were calculated for both the free-iorf'4and 4"~ 15d con-
figuration. In comparison with our previous pagersome
improvements of the model are included here. The' 4
atomic parameters are predicted to be slightly larger in the
4f"~15d configuration than in the # configuration(~1.06 120 140 160 180 200 220
times. This can be understood in terms of increased Cou- wavelength (nm)
lomb interaction for the contractedf% * core. To take this
effect into account, we multiplied the literaturd 4atomic (b)
parameters by a small fact¢t.06) for the excited 4"~ 15d
configuration. For the-d interaction parameters we used
atomic(Coulomb and spin-orbjitparameters calculated from
standard atomic computer program$he atomic Coulomb
fd parameters were reduced to approximately 67% of thez
calculated value to correct for delocalization of the &lec-
tron over the ligandgnephelauxetic effegt which will re-
duce thef-d coupling parameters in comparison to the free-
ion situation'® As was indicated in the introduction, the — o
experimentally observed HS-LS splitting makes it possible to 2;,6 2é8 2&) 2,1,2 2('54 2:36 2elss 2;0 272
make a good estimate of the reduction. Ttk &ystal-field wavelength (nm)
parameters were obtained from fits to the*Cespectrum - )
and were reduced slightl{5—9%, from TB* to Tm®") to FIG. 1. (a) Excitation spec7trum for YP©doped with 1% TB"
correct for the decreasing crystal-field strength observed fofecorded monitoring théD,— ’F5 emission at 544 nm at 6 K. The

the heavier lanthanide ions due to the lanthanide contractiorf®!d liné shows the excitation spectrum measured at the DESY
synchrotron, the dotted line represents the calculated spectrum. Po-

sitions of the calculated electronic states are indicated by sticks to
the horizontal axis. The height of the sticks is proportional to the
In this section the experimentally recorded excitationcalculated intensity(b) Excitation spectrum for YPQdoped with
spectra of the various heavy lanthanides in YPOaR, and 1% Tb’* recorded monitoring théD4—>7F5_em_ission at 544 nm at
LiYF, are reported and discussed. The experimental tectf K at the SPI_EX, sh0W|_ng the energy region in which the transition
niques used to prepare the samples and the equipment us@dhe high-spirfd state is observed.
to record the spectra are the same as those described in the
preceding articlé. To explain the experimentally observed 1. Experiment
spectra er_1erg_y—|eve| calculations have bee_n performed for YPO, Figure 1a) shows the excitation spectrum of
mostions in LiYk, Cak, and YPQ. A comparison between ypg, goped with 1% TB*. A number of broad bands are
the meas_ured and calculated spectra is made :_ind d'scusﬁgjserved with maxima at 223 nfA), 217 nm(B), 209 nm
fqr each ion separately. In the subsequent section a gener, ), 200 nm(D), 184 nm(E), 179 nm(F), 173 nm(G), and
dlscqssmp of energy-level cglcula}tlons for the heavy lan-g1 nm (H). The lower-energy part of the spectrum is in
thanides in the three host lattices is presented. good agreement with the high resolution spectra reported for
YPO,:Tb®" by Hoshina'! At about 144 nm the YP©host
lattice excitation edge is observed, which indicates that en-
The ground configuration of the ¥b ion is 4f8. The ergy transfer from the host lattice to ¥'bis possible or that
excited configuration is #5d*, in which the 4 shell is  host lattice defect emission is monitored simultaneously at
half-filled. Because the lowest excited 4evel within the this wavelength(540 nnj. It is known that YPQ shows a
4f7 configuration is located at very high energg2000 broad defect emission band with a maximum at 440Am.
cm ! for G&®"), the fd excitation spectrum of T9 is ex-  Excitation over the band gap of the YRChost (\
pected to be quite similar to that of &e(4f°5d* configu-  =144nm) gives TB" 4f"—4f" line emission on top of a
ration in the excited stateshowing excitation bands corre- broad defect emission, which shows that energy transfer
sponding to the differentd states. However, the interaction from YPQ, to Tb®" is inefficient. Because the tail of the
between the sevenflectrons and thedbelectron will give  defect emission is monitored at 540 nm and becausg Tb
rise to a more complicated spectrum. As discussed in Sec. gmission is observed around 540 nm upon excitation over the
spin-forbiddenfd transitions can be expected in addition to band gap, the band edge is observed in the excitation spec-
spin-allowed transitions. trum in Fig. a). Comparison with the excitation spectrum

intensity (arb. units)
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of YPO,:Ce" (Ref. 3 shows that bands A, E, F, G, and H
correspond to the spin-allowed transitions to the five 5
crystal-field components. The crystal-field splitting for’Tb

in YPO, is somewhat smaller than for &e (about 3—5%
smallep. This is explained by the slightly smaller ionic ra-
dius of the TB" ion (1.18 A in VIII coordination vs 1.28 A
for C€" in VI coordination), which reduces the crystal-
field strength. Additional bands between 190 and 218 nm
(B—D) are observed in the excitation spectrum of Tland

not in the C&" spectrum. These bands are due to interaction
of the 4f electrons with the 8 electron.

intensity (arb. units)

- | LT AT | = |
Just as was observed for the light lanthanitigse lowest- 120 140 160 180 200 220

energyfd excitation bandA) of Tb®" shows fine structure. It wavelength (nm)

consists of a zero-phonon line at 224.3 nfy) and a vi-
bronic side band. For the transitions to the higher enedyy 5 b)
levels no fine structure was observed. The electronic origins
of these transitions are thought to be broadened due to photc
ionization to the conduction band.

For RE ions with more than sevenf Zlectrons, spin-
forbidden(high spin fd bands can be observed in addition to
the already mentioned spin-allowédw spin) fd transitions.
Figure Xb) shows the lowest energy H8 excitation band of
YPO,:Tb*". The spectrum agrees with the high-resolution
spectrum reported by Hoshina for the spin-forbiddigtran- . .
sition for TB** in YPO,.* Just as for the lowest-energy spin- 245 250 o5 260 265 270
allowed transition, fine structure is observed. It consists of a wavelength (nm)
zero-phonon line at 268.7 nm (K)Sand a vibronic side
band. The progression is similar to vibronic patterns ob- FIG. 2. Excitation spectrum for powdered Ga&oped with
served for the LSd bands of the light lanthanidésThe 0.1% TB" recorded monitoring théD ;— "F4 emission at 388 nm

energy separation between the ti3ransition and the H&d at 10 K. The solid line in(@ shows the excitation spectrum mea-
transition of T8* (A,—HS)) is 7370 cmt sured at DESY, the dotted line represents the calculated spectrum.

Transitions to the higher-energy HSl ®rystal-field com- (b) Excitation ?pe.Ctruméfor a 7C @Ferys_tal_ doped with 0.1 T8
ponents are expected to have a much lower intensity than t;[‘ﬁecorded monitoring theD,— ‘F5 emission at 544 nmteb K at

LS fd bands, because they are spin forbidden. The ban ﬁgehfpms;::?g ;gi:r?z;gy region in which the transition to the
between 190 and 218 nifbands B, C, and Dcan be ex- '
plained by transitions to states arising from interactions beaddition to single-ion sites. In an absorption spectrum, all
tween the 47 core and the 8 electron(see below. sites will be observed, while in an excitation spectrum a
CaF,. Figure Za) shows the excitation spectrum of the single type of site can be selectively measured by choosing a
Tb** emission for Cafdoped with 0.1% T#". To minimize  proper emission wavelength. The presently chosen emission
the influence of saturation due to the relative high dopanwavelength(388 nm corresponds to a transition from the
concentration, the single crystal was powdered. Unlike othePD3 level (°D3— ’Fg). In cluster sites this emission will be
Cak, crystals discussed in this work, this crystal was notefficiently quenched by cross relaxation and orly, emis-
grown in the presence of Nacharge compensation ions and sion is observed for T9 cluster sites. As a result only the
therefore a different distribution of sites can be expected thamxcitation spectrum of single ion sites is obtained by mea-
for the other RE ions in CaFdiscussed in this paper. For suring the excitation spectrum for emission at 388 nm.
CaF, crystals slowly cooled to room temperature in the ab- The 5d states are split by the crystal-field and spin-orbit
sence of a charge compensat®y, andC,, sites are known coupling. The band at 215 nfA) shows fine structure and is
to dominate® For the smaller heavy lanthanid€s, sites  assigned to the transition to the lower-enef@ylevels. The
are predicted to be more staBfeETIR spectra of our crystal broad band at 154 nrfB) is assigned to transitions to the
show that the trigonal site is indeed dominant. higher-energy’T, levels. Splitting of the?’E and T, bands
The excitation spectrum of the $b emission at 388 nm due to lowering of the site symmetry from cubic@ga, and
shows only a few bands with maxima at 215 ), 154 nm  spin-orbit coupling results in a broadening of the band, rather
(B), 132 nm(C), and 125 nm(D). This spectrum differs from than the observation of separate bands.
the absorption spectrum reported in Ref. 15, where many The transition to the lowest energlyS) fd band(band A
bands between 160 and 200 nm were observed. THé Th shows fine structure and consists of a zero-phonon line at
concentration used in Ref. 15 is similar to o@s1%), but  216.23 nm fA;) and a vibronic side band. The energy sepa-
the absorption spectrum of a crystal was measured. At corration betweem; and A} is about 470 cm' and may be
centrations higher than 0.05%, cluster sites exist in,GaF explained in terms of phonon frequencies corresponding to

HS,

HS,'

intensity (arb. units)
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local modes involving the T8 ion, such as the local breath- A
ing mode oscillations of the eight fluoride ions surrounding
the RE ion?! The position of the zero-phonon link; (at
216.23 nm does not agree with the position of the®Tfd
zero-phonon line reported in the literatu(217.07 nm.*®
However, FTIR measurements showed that in our crystal
Cs, is the dominant site, whereas in Ref. 15 absorption of
C,, sites was reported.

The band corresponding to the transitions to tEelevels
at 154 nm(B) does not show fine structure, which is ex-
plained by assuming that these levels are located in the con-
duction band. Fast photoionization to resonant levels in the 120 140 160 180 200 220 240 260
conduction band causes Heisenberg broadening of the elec wavelength (nm)
tronic origins of these transitions and explains the absence of
fine structure. However, at 132 and 125 fimands C and D
again two structured bands are observed. The energy SEPAIRS inset a high-resolution excitation spectrum for LiYFo®* is
tion betweenC, andA, is about 28 000 cm' and between  gnown recorded monitoring theD ,— ’Fs emission at 544 nm at
D, andA, is about 33000 cnt. The reappearance of fine 1g k using a tunable laser setup.
structure suggests that the bands around 132 and 125 nm
correspond to transitions to states involving the Iowes’t-Spectrum which are not observed in the spectrum of
energy §l state and high-energy excited states in tHfé 4 LiYF 'Ce?,‘+ (bands B, D, and E arise from the interaction
core. The splittings betwee@,-A; and D;-A; match the of thé.4f electrons wi’th t’he 8 electron
splittings °S-°P and °S-%I for the 4" core quite closely. The lowest energy LSd band(A) shows fine structure
The reappearance .Of fine.structure.is observed.ir) other SYZhd consists of a zero-phonon line at 213.4 (indicated
tems as weII_anq will be discussed in more detail in Ref' 16A1) and a vibronic side band. The vibronic structure is not

In the excitation spectrum of powdered Gatoped with

0.1% TB*, no bands due to spin-forbidden transitions arewe” resolved. For transitions to the higher energly Sates

) . ; fine structure disappears, as is usually observed. Just as for
observed. Apparently, the intensity of these high-sfin Th®* in CaR, fine structure reappears in the high-energy

bands is too low to be observed for the powdered sample,. o : S s
Figure 2b) shows the excitation spectrum of a GaFo>" eggggf\/;gﬁnvsmlgg é}smc.ués?e:jmijr:cgg‘d 1aebove, this surprising

0, 1 - n-
e o S 1 o Shener0] B, Mos of h Lands o helwenergy S of h specru
; . -are second order bands of the transitions measured at shorter
around 260 nm. It consists of a zero-phonon line and a vi-

bronic side band. The resolution of the spectrum is not Ver)\évavelengths In the spectrum. An exception is the low inten-
high, zero-phonon line HS(at 260.9 nm is observed as a Ity peak at 257 nnfHS). In the inset of Fig3 a high reso-

shoulder on the more intense line HShe vibronic replica lution excitation spectrum recorded with a tunable laser
H P setup is given. The electronic origin of the lowest energy

HS, is at about 475 cm higher energy and is assigned to spin-forbidden transition to the HSf45d state (HS) is ob-

the breathing mode oscillations of the fluoride ions surround—served at 257.25 nm. The energy difference between the low-
: + . . .

ing Tb** (Ref. 15. The energy separation bePyeen the 1ow-gin and high-spird state is 7995 cmt, similar to the split-

est energy LS and Hfl excitation band of TH" in Cak is ting observed in YP@and Cab,.

calculated from the positions of the zero-phonon lines in
Figs. 2a) and 2b) and is about 7920 cnt. This is similar,
although slightly larger, to the energy separation between the 2. Model
LS and HSfd bands in YPQ. The structure observed in the excitation spectra of the
LiYF,. Figure 3 shows the excitation spectrum of theTh®*" emission in YPQ, Cah, and LiYF, is very similar.
Tb®*" °D,—’F5 emission at 545 nm in powdered LiYF The splitting of the Bl state is observed, similar to the struc-
doped with 1% TB". A large number of bands are observed.ture observed for G&. The crystal-field splitting is slightly
The lowest-energy spin-allowed excitation band is located reduced in comparison with €& In addition, extra bands
at 212 nm(A). From analysis of the spectrum of €eancor-  are observed arising from interaction between ttié dore
porated in LiYF, it is known that due to th&, site symme- and the 8l electron. This interaction gives rise to high spin
try and the spin-orbit coupling thedbstate is split into five and low spin 475d states. The splitting between the lowest
levels. Comparison of the spectrum of Liy:Fb®" with that  energy HS and LS state is just below 8000 ¢rfor Th®" in
of C€" in LiYF,,3 shows that the bands with maxima at 211 all three host lattices.
nm (A), 182 nm(C), 160 nm(F), 154 nm(G), and 151 nm Energy level calculations as outlined in Sec. Il were per-
(H) can be assigned to the spin-allowed transitions to the fivéormed. In general, the energy level calculations require as
5d crystal-field components. The crystal-field splitting is input parameters the crystal-field and spin-orbit parameters
slightly reduced compared to the splitting observed fot'Ce for the 5d electron, the parameters for the splitting of the
due to the smaller ionic radius of ¥h Other bands in the 4f""! core and parameters for Coulomb interaction of the

<_A1

250 260

intensity (arb. units)

FIG. 3. Excitation spectrum for LiYFdoped with 1% TB&*
recorded monitoring théD ,—’F5 emission at 544 nm at 10 K. In
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70x10° shown 'ghat a reduction of tHed interaction parameters leads
T esse——— to a significantly better agreement between theory and
65 | experiment The observation of high-spin and low-spid
bands makes it possible to obtain a good estimate for the
reduction of the-d interaction parameters for the heavy lan-
thanides. From Fig. 4 and similar figures for the other lan-
thanides, we found that a reduction of the calculated param-
50 - eters to about 67% gives the best overall agreement between
the observed and calculated HS-LS splittings. This is in line
with the value of 74% which was found to give the best
00 0'2 0'4 ole ols 1N agreement between experiment and model for (thegep
' ' oA ' ' Nd** ion in LiYF, (Ref. 3.
In view of the similar covalency of LiYfand Cak (both
_ FIG. 4. splitting of the five 45d crystal-field states of W in  flyoride host latticesa similar reduction of thé-d interac-
LiYF,. The parametef represents thed interactions as explained tjgp parameter67%) was used for CaF The YPQ host
in the text. On the leftA=0) the parameters for these interactions |arice is more covalent and therefore the delocalization of
gteej%:othzgrf(r)ezni(ir?n the righk £ 1) they have the values calcu- ho 54 glectron over the ligands will be larger than in the
' fluoride lattices. From the smaller splitting between the high-
spin and low-spin states of ¥bin YPO, as compared to
and d electrons. The 8 crystal-field parameters are taken LiYF, (7370 cm ! in YPO, vs 7995 cm? in LiYF,), a re-
from the analysis of the G& spectrum and are reduced duction of thef-d interaction parameters to 60% of the cal-
slightly (approximately 5% to account for the weaker culated free ion values was estimated for the lanthanides in
crystal-field experienced by ?b as compared to Gé due  YPO,.
to the lanthanide contraction. The observed crystal-field The calculated spectra are shown as the dotted line in
splitting for the lanthanides decreases gradually by about 9%igs. 1a), 2(a), and 3. All parameters used in the calcula-
through the series from €& to Tm*". In this paper, the tions are summarized in Table I. For GaFb®" parameters
reduction of the crystal field parameters is assumed to bdetermined for cubic symmetry are used for consistency with
continuous between Ge and Tn?" and the parameters are the parameters used for the other RE ions in this péges
obtained by extrapolation assuming a 9% reduction foielow). Since the deviation of th€;, symmetry from cubic
Tm®*. For the splitting of the &'~ ! core, parameters were symmetry is relatively small no large errors are introduced.
taken from the literature of thef4 ion (4f8 for Tb®" spec-  The agreement between experiment and model is good. Both
tra) and were multiplied a factor 1.086ee Sec. )l The pa- spin-allowed and spin-forbidden transitions are predicted by
rameters for thd-d Coulomb interaction were estimated us- the theory. In the spectra of ¥hin YPQ, and LiYF, [Figs.
ing Cowan’s codé, but were reduced to 67% of the 1(a) and 3, the splitting of the high-energydbcrystal-field
calculated free ion value in order to predict a correct splitingcomponent$bands E and F in Fig.(&) and bands F, G, and
between the high spin and low spin state. The reduction facH in Fig. 3], is not well reproduced. This was also observed
tor was estimated in the following way. for the light lanthanidesand is partly due to the fact that the
Figure 4 shows the splitting of the fivedScrystal-field 5d crystal-field splitting for these higher-energy crystal-field
states as théd interaction parametef$=¥(fd),G!(fd)] are  components cannot be reproduced by the fits for YR&*
increased from zero to the values predicted for the free iomnd LiYF,:C€e**. This discrepancy was thought to be a result
according to Cowan’s prograiThe parameter A used as the of distortions in the excited staté.All other excitation
horizontal axis of the graph multiplies ted parameters bands, including the bands showing fine structure around 130
calculated for the free ion value. Whei=0, which corre- nm in the spectra of CaETb®" and LiYF,:Th®", are well
sponds to setting thied interaction parameters equal to zero, reproduced by the energy-level calculations, with the excep-
five 5d crystal-field levels are observed. As A is increasedtion of band | in Fig. 3. The origin of this band is not clear.
from 0 to 1 the Coulomb interaction between the dlec- In view of the large width, this rather weak band may be
trons and the 8 electron splits the #5d states in high-spin  related to a defect or impurity, and not to b
and low-spin states. When we compare the splitting of
11700 cm* for A=1 between the LS and HS states of the B. Dy**
lowest 4f'5d level in Fig. 4 with the experimentally ob-
served splitting of about 8000 crh between the high-spin
and low-spinfd state, it is clear that th&l parameters pre- YPO,. Figure 5 shows the excitation spectrum of YO
dicted for the free ion should be reduced in order to reprodoped with 1% Dy" (4f°) monitoring the *Fg,—°H s,
duce the experimentally observed energy difference betweegmission at 478 nm. The spin-allowéstionset is observed at
both states. A reduction of thed interaction parameters for 176.69 nm A;). The host lattice excitation edge is observed
ions in a lattice is expected: due to the nephelauxetic effecit 144 nm(C). Transitions to the higher-energy crystal-field
the & orbitals will be partly delocalized over the ligands, components are expected between 140 and 151 nm, but are
thus reducing the interaction with theé 4ore. In our previ- not observed in the spectrum. Probably the competing ab-
ous paper on théd levels of the light lanthanides it was sorption by(defects in the host lattice is too large.

60 —

55 —

energy (cm™)

45

1. Experiment
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TABLE |. Parameters used for energy-level calculations fot and 4" '5d configurations of TB", Dy*", Ho*", EF", and Tn?' in YPOQ,, CaR and LiYF,. Parameters for the
splitting of the 4™~ core (such as Coulomb interaction, spin-orbit interaction, and crystal-field splitting obtained from the literatfe® (4f" atomic parameters for the excited
4f"~15d state are multiplied by-1.06). Thef-d interaction parameters are calculated for the free ion using Cowan’s(Bedie5 and reduced to correct for the nephelauxetic effect. Fan'
the crystal-field splitting of the & state, parameters are obtained from the fits of th&" Gpectrd and are reduced slightly to correct for the decreasing crystal field strength in tgjla

3ld NVA

lanthanide series. Further details are provided in the text. Units are if.cm %
Tb** Dy** Ho®** Ert ™t F;PI
YPO, cak LiYF, YPO, Cak LiYF, Cak LiYF, CaFk LiYF, Cak LiYF, o

F2(ff) 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 (Ref. 9 103332 (Ref. 9 108145 (Ref. 9 108145 (Ref. 9 g

F4(f1) 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 (Ref. 9 71798 (Ref. 9 75182 (Ref. 9 75182 (Ref. 9 8

FO(ff) 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 (Ref. 9 57251 (Ref. 9 60453 (Ref. 9 60453 (Ref. 9 ;

a(ff) 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 (Ref. 9 17.79 (Ref. 9 17.26 (Ref. 9 17.26 (Ref. 9 >

B(ff) —590.9 (Ref. 9 —590.9 (Ref.9  —590.9 (Ref. 9 —633.4 (Ref. 9 —633.4 (Ref. 9 —633.4 (Ref. 9 —607.9 (Ref. 9 —607.9 (Ref. 9 —582.1 (Ref. 9 —582.1 (Ref. 9 —624.5 (Ref. 9 —624.5 (Ref. 9 %

y(ff) 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 (Ref. 9 1800 (Ref. 9 1820 (Ref. 9 1820 (Ref. 9 <

T,o(ff) 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 (Ref. 9 400 (Ref. 9 E

To(ff) 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 (Ref. 9 43 (Ref. 9 %

TA(ff) 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 (Ref. 9 73 (Ref. 9 >

Te(ff)  —395 (Ref.9 395 (Ref.9  —395 (Ref. 9 —314 (Ref. 9 —314 (Ref. 9 —314 (Ref. 9 —264 (Ref. 9 —264 (Ref. 9 —271 (Ref. 9 —271 (Ref. 9 A

T, () 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 (Ref. 9 308 (Ref. 9

Tg(ff) 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 (Ref. 9 299 (Ref. 9

s(ff) 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 (Ref. 9 2376 (Ref. 9 2636 (Ref. 9 2636 (Ref. 9

Mo(ff )2 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 (Ref. 9 3.86 (Ref. 9 3.81 (Ref. 9 3.81 (Ref. 9

P,(ff )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 (Ref. 9 594 (Ref. 9 695 (Ref. 9 695 (Ref. 9

Bé(ff ) 352 (Ref. 8 400 (Ref. 6 352 (Ref. 8 340 (Ref. 6 408 (Ref. 5 352 (Ref. 6 348 (Ref. 6

Bé(ff ) 112 (Ref. 8 —2185 (Ref. 7 —802 (Ref. 6 112 (Ref. 8 —2185 (Ref. 7 —784 (Ref. 6 —1906 (Ref. 7 —629 (Ref. 6 —1906 (Ref. 7 —820 (Ref. 6 —1906 (Ref. 7 —639 (Ref. 6

Bz(ff ) —800 (Ref. 8 —1305 (Ref. 7 —1055 (Ref. 6 —800 (Ref. 8 —1305 (Ref. 7 —951 (Ref. 6 —1139 (Ref. 7 —835 (Ref. 6 —1139 (Ref. 7 —1000 (Ref. 6 —1139 (Ref. 7 —864 (Ref. 6

BY(ff)  —848 (Ref. 9 733.6 (Ref. 7) —57 (Ref. § —848 (Ref. 8§ —733.6 (Ref.?) -7 (Ref.® —650.5 (Ref. 7) —18 (Ref. § 650.5 (Ref. 7) —134 (Ref. § 650.5 (Ref. 7) —182 (Ref. §

BS(ff) 151 (Ref.8§  —1372 (Ref.7)  —754 (Ref. 6 151 (Ref. 8§  —1372 (Ref. 7) -850 (Ref.§  —1216 (Ref. ) —673 (Ref. § ~1216 (Ref. 7) 617 (Ref.®  —1216 (Ref.?) —641 (Ref. 6

Ag(fd) 79016 81991 81899 81796 86013 85738 91322 89516 92508 92216 94783 95091

Fz(fd) 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 (Ref. 5 19724 (Ref. 5 19639 (Ref. 5 19639 (Ref. 5

F4(fd) 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 (Ref. 5 9358 (Ref. 5 9275 (Ref. 5 9275 (Ref. 5

Gl(fd) 7348 (Ref. 5 8083 (Ref. 5 8083 (Ref. 5 7294 (Ref. H 8145 (Ref. 5 8145 (Ref. 5 8089 (Ref. 5 8089 (Ref. H 8038 (Ref. 5 8038 (Ref. H 7991 (Ref. 5 7991 (Ref. H %

Gz(fd) 6305 (Ref. 5 6935 (Ref. 5 6935 (Ref. 5 6245 (Ref. 5 6973 (Ref. 5 6973 (Ref. 5 6910 (Ref. 5 6910 (Ref. H 6848 (Ref. 5 6848 (Ref. 5 6789 (Ref. 5 6789 (Ref. 5 (j

Gs(fd) 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 (Ref. 5 5292 (Ref. 5 5240 (Ref. 5 5240 (Ref. 5 (]2

s(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 (Ref. 5 1768 (Ref. 5 1839 (Ref. 5 1839 (Ref. 5 r

BZ(dd) 4494 (Ref. 3 4416 (Ref. 3 4442 (Ref. 3 4365 (Ref. 3 4332 (Ref. 3 4290 (Ref. 3 4206 (Ref. 3 I';Igl

BY(dd) 2844 (Ref.3  —41595 (Ref.3 —17623 (Ref. 3 2811 (Ref.3  —41111 (Ref.3 —17418 (Ref. 3 —40803 (Ref. 3 —17288 (Ref. 3 —40407 (Ref.3 —17120 (Ref.3  —40055 (Ref. 3 —16784 (Ref. 3 %

Bz(dd) —21217 (Ref. 3 —24858 (Ref. 3 —22558 (Ref. 3 —20970 (Ref. 3 —24569 (Ref. 3 —22296 (Ref. 3 —24385 (Ref. 3 —22128 (Ref. 3 —24148 (Ref. 3 —21914 (Ref. 3 —23938 (Ref. 3 —21484 (Ref. 3 E

M2 andM* parameters were included with the ratid$/M%=0.56 andM*/M°=0.31. g

P4 and P® parameters were included with the rat®%P2=0.5 andP® P?=0.1. 5
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FIG. 5. Excitation spectrum for YPQOdoped with 1% Dy* FIG. 7. Excitation spectrum for LiYfdoped with 1% Dy*

recorded monitoring théF ¢;,— %H 5, emission at 478 nm at 10 K.  recorded monitoring théF g,— %H 15, emission at 575 nm at 10 K.
In the inset the excitation spectrum of a 1% single crystal is shown,

The first spin-allowedd band shows fine structure and recorded monitoring all visible #— 4f° emission at 10 K.
consists of several zero-phonon line&;(to A; are indi-
cated and vibronics. The energy separation betwagrand ~ andA, is 725 cni'', betweenA; and A; 2090 cni*, and
A, is 475 cmi t and betweer; andA; it is 3290 cnil. Due  betweenA; and A, 3390 cmi’. The splittings are slightly
to the interaction between the%core and the 8 electron, ~ larger than for Dy* in YPO,.
many 4f85d levels can be expected in addition to vibronic ~ The low intensity band at 188.73 nfdenoted H§ may

lines. The distinction between vibronic lines and no-phonorbe due to a spin-forbiddefu transition. The energy differ-
lines is difficult. ence between the lowest energy LS and thisfll®and is
On the low-energy side of the spectrum excitation band$050 cni ™. In analogy with LiYF,:Dy*" (see below, a sec-
corresponding to two spin-forbidden transitions are ob-ond high-spirfd band can be expected around 195 nm. This
served, one around 200 nmot measured completely, de- band is not observed in the present excitation spectrum. In
noted HS in Fig. 5 and one around 190 nfdenoted HSin  view of the low Dy** concentratiorinecessary to avoid clus-
Fig. 5. The onset of HSis at 192.31 nm (HS. The energy ter siteg the transition to the lower-energy high-spin state
differenceA;-HS, is 4600 cm ™. may be too weak to be observed. Some of the weak sharp
CaFR,. Figure 6 shows the excitation spectrum of GaF lines between 170 and 205 nm may not be due 8 4
doped with 0.005% DY monitoring the *Fg,—°®H s, —4f85d (HS) lines, but to high-energy transitions within the
emission at 590 nm. The onset of the low-spiif3d exci- 4f° configuration. For example, the line at 188.73 nm may
tation band is observed at 172.29 nr,). Spin-allowed also be due to a transition to tHf(2),7, level®
transitions to the higherd crystal-field components are ob-  LiYF,. Figure 7 shows the excitation spectrum of the
served around 125 niiB). Dy3* 4Fg;,—®H 13, emission (at 575 nm in powdered
The lowest-energy spin-allowdd band shows fine struc- LiYF 4 doped with 1% Dy*. The LSfd onset is observed at
ture and consists of several zero-phonon lines vgtiperim- ~ 170.13 nm A;). Spin-allowed transitions to the highed5
posed vibronic bands. The structure is similar to the patterncrystal-field components are observed at 148 (@ 135
observed for DY" in YPO,. Four zero-phonon lines are in- nm (F), 132 nm(G), and 130 nm(H).
dicatedA,;—A,. The energy separation between the lidgs The lowest-energy spin-allowefd band (A) shows fine
structure and consists of zero-phonon lines &sdperim-
posed vibronic bands. The structure is similar to the struc-
ture observed in the lowest-enerffyband of Dy" in CaF,
and YPQ. Four zero-phonon lines could be identified, num-
beredA;—A,. The energy separation between the likgs
and A, is 560 cm!, betweenA; and A; 2560 cm?, and
betweerA; andA, 3480 cmi %, which is similar to the split-
tings observed in YPPand Cakh.
Around 193 and 185 nm two spin-forbiddéhtransitions
are observed. In the inset of Fig. 7 the excitation spectrum of
a 1% single crystal sample is shown in this wavelength re-
gion. The zero-phonon lines H&nd HS are observed at
194.56 and 185.44 nm, respectively. The energy difference
between the two high-spin bands is about 2500 traimilar
to the A;-A; splitting of the first low-spinfd band. The en-
FIG. 6. Excitation spectrum for Cafloped with 0.005% D¥  ergy separation between the lowest-energy LS andftHS
recorded monitoring th&F o, 5H, 3, emission at 590 nm at 10 K. band is about 7380 cnt.

intensity (arb. units)

120 140 160 180 200
wavelength (nm)
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FIG. 8. Excitation spectrum for Cafloped with 0.001% Hb
recorded monitoring all visible emissiof800—800 nmat 10 K.

FIG. 9. Excitation spectrum for LiYfdoped with 1% H&"
recorded monitoring théS,— 514 emission at 541 nm at 10 K.

2. Model . .
Band A shows fine structure and consists of zero-phonon
The simulated spectra are shown as the dotted lines ilines (indicatedA;-A,) and vibronic lines. Théd onset is at
Figs. 5, 6, and 7 and the positions of electronic origins are157.5 nm @,), the energy difference betwedn andA, is
indicated by vertical lines. The agreement between experi2090 cm*. Band B also shows a pronounced structure. This
ment and model is good. The calculated splitting between thBand has an onset at 150 niB,j, the energy difference
low-spin and high-spirfd states is slightly larger than the petweenA; andB; is 3180 cm.
experimentally observed splitting. The fact that two high-  No spin-forbidden transitions are observed on the low-
spin fd states are observed on the low-energy side of th@nergy side of the lowest-energy spin-allowiddband in this
low-spin fd bands is reproduced by the calculations. Thespectrum, due to the low Ho concentration. The weak line
relative intensity of the transitions to the lowest-energy high-observed at 159 nm may be due to a transition to a high-
spin state is lower, which can explain the fact that we couldenergy 4 level of Ho*".
not observe the |0W€St-energy HS state in the excitation |_|YF4 Figure 9 shows the excitation Spectrum of the
spectrum of D" in CaF, due to the very low DY concen-  Ho3* emission at 541 nm in powdered LiYBoped with 1%
tration in this crystal. All experimentally observed bands canqg3*, A number of broad bands are observed, some of which
be assigned. The relative intensity of the spin-forbidden transhow fine structuréA, B, C, D). The low-spinfd onset is at
sitions is higher than calculated. A possible explanation is|56.0 nm @,). On the low-energy side of the spectrum, a
that the spin-selection rule is partly lifted by mechanismspronounced structure is observed in bands with maxima at
(for example, mixing of low-spin and high-spid states not 155 nm(A) and 146 nm(B). These bands consist of zero-
included in the present model. It is also possible that thg)honon lines(e.g.,A; and B;) and vibronic lines. Band A
absorption of the LS transition is saturated. It is known thaignd B are both assigned to spin-allowed transitions to states
saturation effects in the excitation spectra of rare-earth ionﬁlvolving the lowest-energy & crystal-field component. The
can be signifgcant at low concentratiof®s5%), even in pow- energy difference between the zero-phonon liAgsand B,
der samples: is 2920 cm'?, which is similar to the separatiof;-B; in
. Cak.
C. Ho Comparison of the excitation spectra of Hoin LiYF,
YPO,. In YPQ,, no H&®" emission can be observed. En- and Cak shows more similarities. The splitting of the four
ergy gaps between thef ¥ states do not exceed 5000 ¢ lowest-energy bands A-D is very similar: the energy differ-
(Refs. 18, 20. Due to the high phonon energy of phosphateences of the onset of the bands B—D and A are 3180%cm
vibrations(~1200 cm'Y) all gaps can be bridged by less than (CaF) and 2920 cm' (LiYF,) for B, 7250 cm* (CaR)
five phonons. In this case nonradiative multiphonon relax-and 6975 cm® (LiYF,) for C, and 8610 cm'® (CaR) and
ation dominates over radiative decay. Naturally, excitatior8260 cm* (LiYF,) for D. Also the fine structure within the
spectra cannot be recorded if there is no emission. bands is similar for Hd" in CaF, and LiYF,. This observa-
CaF,. Figure 8 shows the excitation spectrum for gaF tion is not surprising, since the fine structure within the
doped with 0.001% HY recorded monitoring all visible bands is due to splitting of thef4™ ! core andf-d interac-
emissiong500—800 nm A number of structured bands are tion. This will be very similar for H3" in the two fluoride
observed with maxima at 156 nfA), 147 nm(B), 141 nm  host lattices.
(C), 139 nm(D), and 131 nm(E). These bands are all as- The low intensity band with a maximum at 162 {S)
signed to transitions to excitdd levels involving the lowest- is assigned to the lowest-energy spin-forbiddigtransition.
energy § crystal-field component. Transitions to tfd,  The band shows fine structure and consists of a zero-phonon
levels are expected around 122 nm, but at these wavelengthse at 164.9 nm and a vibronic side band. The energy sepa-

(<125 nm host lattice absorption is large and as a conseration between the first LS and first H8 bands is 3470
guence the high enerdg bands cannot be observed.

cm
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FIG. 10. Excitation spectrum for YPQdoped with 1% Et" FIG. 12. Excitation spectrum for LiYfdoped with 1% Ef*

recorded monitoring théHg,— 41 15, emission at 400 nm at 10 K. recorded monitoring théSz,—*1 15, emission at 550 nm at 10 K.

D. Er®* (Cy), and 130.13 nm @,). Energy separation®;—B,

YPO,. The excitation spectrum of the Er(4f1Y) 2H,, A1~Ci, andA,—D, are 4260, 9760, and 12760 cfyre-
—4 15, emission at 400 nm in YPQdoped with 1% Et is spectively. The energy separation between the zero-phonon
shown in Fig. 10. In this spectrum only twid bands are linesA; andB; is similar to the energy difference between

) ) . . =1

observed with maxima at 160 nf) and 150 nm(B). Host  these lines for B in YPO, (4110 cm™). o
lattice excitation bands are observed at wavelengths shorter SPin-forbidderfd bf”ds are not observed in the excitation
than 144 nm. The band at 162 nm is probably due to a defecPectrum of CafzEr*", due to the low dopant concentration
in the lattice, which upon excitation transfers energy t3°Er (0-001%. The increasing intensity at wavelengths longer

or emits around 440 nm. than 160 nm is caused by scattered excitation radidtion
The lowest-energy L& band(A) shows fine structure. It SPectrum is recorded for Er emission at 167 nim
consists of zero-phonon lines and vibronic lines. Tthenset LiYF,. Figure 12 shows the excitation spectrum of the

(A,) is at 160.8 nm. Band B also shows fine structure, zeroE"" " *Sz— 115, émission at 550 nm for powdered LiYF
phonon lineB, is observed at 150.84 nm. The energy sepadoped with 2% Et". A number of broad bands are observed,
ration A;-B; is 4110 cni™. some of which show fine structure. The first spin-allovied
CaR. Figure 11 shows the excitation spectrum of thetransition is observed at 155 nfA). Transitions to higher
Er3* fd emission at 167 nm for a CaBingle-crystal doped 9d crystal-field components are observed at 140(@nand
with 0.001% E?". Structured bands are observed with 126 nm(F). Bands A and B both show fine structure. The
maxima at 155 nnfA), 146 nm(B), 135 nm(C), and 130 nm  bands consist of zero-phonon line%,(andB;) at 155.5 nm,
(D). Transitions to the #95d(2T,) levels are expected respectively, 145.7 nm. A third structured band can be ob-
around 120 nm and are not observed in the excitation speg€rved with a zero-phonon line at 135.4 ni,j. The en-

trum due to competing host lattice absorption at wavelength§79Y separation between the zero-phonon likgsndB, is
shorter than 125 nm. 4330 cm -, betweenD; andA; 9465 cm . This is similar

The lowest-energy LSd band(A) shows fine structure, O the §eparation between the no-fhonon lines of band;
the zero-phonon lind, is located at 156.05 nm. Other zero- @nd C in the spectrum of CaFEr* and suggests that the

phonon lines are observed at 146.33 nBy); 135.42 nm ©rigin of these bands in Cafand LiYF, is the same. In CaF
these bands were assigned to transitions to 4Belevels

while the transitions to théT, levels were expected at much
Aq higher energy(at about 120 nm Therefore, also in LiYE

/ these bands can be assigned to transitions to tHé&5d
states involving the lowest-energyd &crystal-field compo-
nent.

The low intensity band with a maximum at 163 nm and a
zero-phonon line at 164 nm (HSis assigned to the lowest-
energy spin-forbidderd transition of E?*. The energy dif-
ference between the transition to the LS and fdState is
3335 cm !, again smaller than the HS-LS splitting observed
for Tb®*, Dy**, and HG".

intensity (arb. units)

120 130 140 150 160
wavelength (nm) E. Tm3*

FIG. 11. Excitation spectrum for Caloped with 0.001% EF YPQ,. Figure 13 shows the excitation spectrum of the
recorded monitoring théd emission at 167 nm at 10 K. Tm®* 1D,—3H4 emission(342 nm for YPO, doped with
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FIG. 13. Excitation spectrum for YPQdoped with 1% Tra" FIG. 15. Excitation spectrum for LiYFdoped with 1% Tm"

recorded monitoring théD,—3H¢ emission at 342 nm at 10 K, 'ecorded monitoring théd emission at 170 nm at 10 K.

1% Tt The first LSfd band has a maximum at 162 nm | he first spin-allowedd band shows fine structure. It con-
A) Simi.lar to SM* (415 and EG* (4f%) (Ref. 3, the sists of some lines of low intensity, followed by more intense

charge transfefCT) state of Tr* (4f%2) is located at lower lines, similar to the observation for Thin YPQ,. The first
energy than the lowest-enerfy state in an oxide, and has a zero-phonon line is qbserved at 158.96 mX. Ba_nd B and
maximum at 171 nm. Unfortunately, the broad charge transPand C a}lso show fine structure. They start with the zero-
fer band overlaps the first L&l band and prohibits the ob- phonon_ linesB, (at 144.92 nm a_nd Cs (a_t 136.82 ”IZ‘
servation of the weak H&1 band. Below 144 nm, the YRQ  €spectively. The energy separatiéa—B, is 6090 cm™,
host lattice(HL) absorbs. In the excitation spectrum the on-Al_Cl '5_10 240 cm”. Transitions to H?{E‘ states are not
set of the host lattice absorption is observed as a steep d8PServed in the spectrum due to the lowTneoncentration.

crease. Since host lattice absorption is a competing absorgl)_- '5[)(':4- Figure 15 shows the excitation spectrum of the
tion which does not result in the emission that is monitored! ™ fd emission(at 170 nm for powdered LiYf; doped

(due to inefficient energy transfer from the host lattice to theith 1% TnP*. The spectrum consists of a number of broad
emitting fd state of Tm") the signal decreases for wave- Pands. The lowest-energy L band has a maximum at 156

lengths shorter than 144 nm. In the inset in Fig. 13 band A &M (A), transitions to higher & crystal-field components are
shown in more detail. The band shows fine structure, zero?bserved at 142 nr(C), 127 nm(F), 122 nm(G), and 120

phonon lineA; is observed at 164.0 nm. nm (H). N

Cak,. Figure 14 shows the excitation spectrum of the The spin-allowed transition to the lowest-enefgystate
Tm®* fd emission(at 166 nm for CaF, doped with 0.001% shows fine structure. THe onset(indicated by zero-phonon
Tm3'. Structured excitation bands are observed with"ne A;) is observed at 158.61 nm. The fine structure pattern

maxima at 156 nnfA), 142 nm(B), and 133 nn(C). These is similar to the patterns of the lowest-energy 3'nid band

bands are assigned to transitions t%d states involving ©OPServed in YP@Qand Cak; some lines of low intensity,

the 2E levels. Transitions to the highed&rystal-field states followed by more intense lines. This similarity between the

(2T,) are expected at wavelengths shorter than 121 nm anp@tterns in the different host lattices confirms that the struc-
. 71 . . . .

are not observed in the spectrum due to competing host lafure i due to the #= core andf-d interaction which is

-. . + . - . .
tice absorption at wavelengths shorter than 125 nm. similar for Tn?" in the different host lattices. The influence

of the host latticgcrystal-field splitting and vibrational fre-
quencieg on the structure in the lowest-energy spin-allowed
fd excitation band is less important.

On the low-energy side of band C, denoted in the spec-
trum by the zero-phonon linB,, fine structure is observed.
Also band D, at 134 nm, shows fine structure. The positions
of the structured bandselative to A are similar to the po-
sitions of bands B and C relative to A for Pmin CaFk
(where only transitions to the lowest-energg brystal-field
state were observe¢dnd are therefore assigned to transitions
to 4f115d levels involving the lowest-energydscrystal-field
component of Ti" in LiYF,. The energy separation be-
tween the zero-phonon lines, and B, is 6185 cm?, be-
tweenA; andD; 10690 cm?, very similar to the values
reported above for TAi in CaP.

FIG. 14. Excitation spectrum for CaFdoped with 0.001% The lowest-energy spin-forbiddefd transition is ob-
Tm®* recorded monitoring théd emission at 166 nm at 10 K. served at 163 nm and does also show fine structure. The

intensity (arb. units)

T T T T
120 130 140 150 160
wavelength (nm)
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state and the lowest-energy li8 state, due to the smaller
energy difference between the LS and HS states fo¥'Yb

—_~ A1

2

5 IV. GENERAL DISCUSSION

g

s High-resolution 4"—4f"~15d excitation spectra have
% cT been recorded for the heavy lanthanide ion%{) incorpo-
S HS rated in YPQ, Cak, and LiYF,. Similar to the observation
£ ! for the light (n<7) lanthanides,the transition to the lowest-

energy % crystal-field component shows fine structure. For
transitions to energy levels corresponding to higher energy

! ! ' ' ! ! 5d crystal-field components the fine structure has disap-

100 120 140 160 180 200 220
wavelength (nm) peared and broad structureless bands are observed. The ab-
sence of fine structure is explained by a fast photoionization
FIG. 16. Excitation spectrum for LuPQloped with 1% YB* process if the higher energyd5levels are located in the

recorded monitoring the charge transfer emission at 300 nm atonduction band. Heisenberg broadening of the electronic

10 K. transitions broadens the sharp zero-phonon and vibronic
lines and fine structure is lost.

zero-phonon line is observed at 164 nm (HShe energy Comparison of the fine structure observed for transitions

difference between the LS and H8 state is 2050 cit.  involving the lowest-energydlevel shows that the structure

This is the smallest energy separation between the LS arlg very similar for one type of rare-earth ion in the three
HS fd state of all heavy lanthanides discussed up to now. different host lattices. The fine structure is due to interactions

in the 4f"~1 core and the Coulomb and exchange interac-
tions between the #electrons and thedbelectron and these
are not strongly dependent on the host lattice. Differences
LUPQ,. The 4f"—4f"~15d transitions of YB* are ob- occur at higher energies due to differences in tHecBystal-
served at high energy. To measure fthexcitation spectrum, field splitting in the three host lattices.
the YB** ion was incorporated in LuPQnstead of YPQ, The crystal-field splitting becomes smaller for the heavier
because the host lattice absorption starts at higher energy ftanthanide ions as a result of the lanthanide contraction. In
LuPQ, (host lattice excitation edge LUR® 140nm, YPQ  the 4f'—5d! and 48—4f’5d® excitation spectra the dif-
~144nm). Just as for Bti, Sn?", and Tn?* the charge ferent crystal-field components can be most clearly observed
transfer(CT) absorption is at lower-energy than the lowest-due to the absence of splitting of thé"4* core (Cé*,4f°
energyfd absorption band. Figure 16 shows the excitationcore or a very large energy difference to the first excited
spectrum of LuP@Yb®" monitoring the charge transfer state of the core (TH,4f” cord. Comparison of the excita-
emission at 300 nniRef. 12. tion spectra of C& and TB™ in the different host lattices
On the low-energy side of the spectrum, the charge trandndicates that the crystal-field splitting for thed Sstate of
fer absorption band is observed with the lowest-energy maxiTh®" is about 3—5 % smaller than for €e Further analysis
mum at about 205 nm. The onset of the spin-allowWdd of the excitation spectra of the other heavy lanthanides indi-
bands is observed as a zero-phonon line at 145.24den cates a continuous decrease of the crystal-field splitting to
notedA; in the spectrum At 148.3 nm, another zero-phonon 91% of the C&" splitting for Tnt".
line is observed (HJ, which may be due to a spin- For the heavy lanthanide ions, spin-forbiddighexcita-
forbidden 4"—4f"~15d transition on YB*. The splitting  tion bands are observed in addition to spin-alloi:dands.
HS-LS would then be 1400 cm, which is in line with the  Similar to the spin-allowedd bands, the transition to the
decrease in HS-LS spliting observed from3Th(~8000 lowest-energy high-spin & crystal-field component shows
cm Y to Tm®™ (~2000 cm'?). fine structure. The energy separation between the first spin-
Cak, and LiYF,. In Cak and LiYF, no efficient UV or  allowed fd band and the first spin-forbiddefd band de-
visible Yb** emission is observed which can be monitored tocreases through the series. The observed splitting is largest
record an excitation spectrum. Absorption spectra fof'Yb for Tb®" (about 7700 cm') and decreases to about 2000
in CaF, have been reported in the literatdrethe lowest- cm™ for Tm®*. This indicates that the exchange interaction
energy 4"—4f""15d zero-phonon line was observed at between the &'~ core and the 8 electron decreases with
142 nm. At about 145 nm, structure was observed on top oincreasing nuclear charge of the rare-earth ion. Possible ex-
the broad charge transfer band. This structure may be due f@anations for the decrease in splitting between the lowest
a spin-forbidderfd transition on YB*. The energy splitting energy HS and LS states with increasing nuclear charge of
between the lowest-energy low-spin and high-sfuirband  the heavy rare earth ions are discussed in Ref. 21.
would be about 1500 cit, which is in line with the obser- To compare the experimentally observed spectra with
vation for LuPQ:Yb®'. The intensity of the transition, energy-level calculations a relatively simple model is used
which is observed on top of the charge transfer band is rathewith as input parameters thal%rystal-field parameter@s-
high for a spin-forbidden transition. A possible explanationtimated from the splitting of thed electror), parameters for
for the higher intensity is stronger mixing of the high sfin  the splitting of the 4"~ * core and parameters for the spin-

F. Yb3*+
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orbit coupling of the 8 electron and the Coulomb interac- and in order to reproduce all experimentally observed zero-
tion between the # and X electrons. The-d interaction  phonon lines, a fine-tuning of the individual parameters is
parameters are calculated using Cowan’s progréfor the ~ necessary. Up until now, we have kept the ratio of #e
free ion), but are reduced in order to correct for the delocal-parameters constant and reducedfall interaction param-
ization of the %l electron over the ligands in a solid. From eters to 67% of the calculated valter LiYF, and Cak).
the spectra of the heavy lanthanides a good estimate for thEhis is not necessarily correct. For example, fukinterac-
reduction of thef-d interaction can be obtained. Due to the tion parameters that Sugar obtained after a least square fit to
exchange interaction between thé"4! core and the 8  the 4f5d spectrum of the BF ion in the vapor state show
electron a high-spin and low-spinf% 5d state arise. The especially forF2(fd) a much smaller valif8 (about 66% of
splitting between the high-spin and low-spia states de- the calculated valyeWe have also studied the influence of
pends on thd-d interaction parameters. From the observedthe fivef-d interaction parameters on the HS-LS splitting. To
HS-LS splitting in the excitation spectrum of ¥in LiYF,,  do this, splitting of the lowest-energyl levels was calcu-
the f-d interaction parameters were estimated to be abougted as one of the#d atomic parametergeither F2(fd),
67% of the calculated values. In the spectra of the heav§*(fd), GY(fd), G3(fd), or G3(fd)] were increased from
lanthanides in Caf no spin-forbidden transitions to the zero to the values predicted for the free itaccording to
high-spin fd states were observe@xcept for Cag:Tb®") Cowan’s program, while all other parameters are kept at a
due to the low concentration of lanthanides in these crystalsonstant(free ion value. These calculations show that most
(to prevent the formation of cluster sites which occur atof the variation in the splitting between the high-spin and
higher concentrationsIn view of the similar covalency of low-spin states is caused by ti@(fd) parameters, espe-
LiYF, and Cak (both fluoride host latticesa reduction to  cially by G!(fd) and G>(fd). Until enough spectral infor-
67% of the calculated parameters was used for,CaRe mation is obtained to unambiguously identify the identity of
YPOQ, host lattice is more covalent, which increases the dethe spectral lines it is not possible to determine the values of
localization of the 8 electron over the ligands. From the the individual parameters. Polarization dependent measure-
smaller splitting between the high-spin and low-spin states ofents will provide information on the symmetry of the levels
Tb®" in YPO, as compared to LiYF(7370 cm* in YPO,, and can provide support for the assignment of experimen-
7995 cmt in LiYF,), a reduction of thd-d interaction pa- tally observed levels to calculated levels. Fof'Pin LiYF,
rameters to 60% of the calculated values was estimated fa thorough study has been perforntebiut more work on
the lanthanides in YPD other ions is necessary to be certain of the correctness of the
The agreement between the experimentally observegarameters. In addition, we have used for ti@ 45d con-
spectra and the energy-level calculations is good. The olfiguration literature values for the parametersHp(ff ) for
served structure and relative intensities of ftidransitions the same ion multiplied by a small factor1.06, based on
are reproduced by the calculations. Especially for the lowerthe ratio between the calculated values for tH845d and
energy bands, the agreement between experiment and theaty" configurations This might not be correct, but at the
is good and fine structure in the spectra is reproduced by thewoment there is not enough information in the spectra to
calculations. At higher energies there are discrepancies, egefinitively test the effect of varying these parameters.
pecially for lanthanides in LiYE This was also observed for ~ We have developed a relatively simple model to explain
the light lanthanidesand is partly due to the fact that thel5 the fd excitation spectra of the lanthanide ions. This model
crystal-field splitting for the three highest crystal-field com-requires only a small number of adjustable parameters and
ponents cannot be reproduced by the fit foP Ci LiYF,. has now been applied to successfully simulatefthexcita-
Also host lattice absorption interferes at high energies. Théon spectra through the entire lanthanide series.
presence of both high-spin and low-sjdistates is predicted

by the theory. The splitting between the high-spin and low- V. CONCLUSION
spin states decreases through the series from almost 8000
cm™ ! for Th®* to just over 2000 cmt for Tm**. There is a In this paper, an overview of thef8d excitation spectra

good agreement between the calculated HS-LS splittings anef the heavy lanthanides (¥h, Dy**, Ho**, EF*, Tm*",

the experimentally observed splittings. The calculated intenand YB**) in YPO,, CaR, and LiYF, has been given. Spin-
sity of the HS bands is often lower than experimentally ob-forbidden transitions as well as spin-allowed transitions are
served. This may be due to relaxation of the spin-selectiowbserved for all heavy lanthanides. The splitting between the
rule by a mechanism not included in our model. An alternadow-spin and high-spirfd state decreases with increasing
tive explanation for this is saturation of the absorption. It isnuclear charge of the lanthanide ion. Fine structure is ob-
known that saturation effects can be significant at low REserved for the transitions to levels involving the lowest-
dopant concentration®.5%) even in powder samplés. energy 3 crystal-field component.

Although since our previous papérsmany of the sug- The structure in thefd excitation spectra of the lan-
gested improvements to the theory have been made in thitanides is calculated using a theoretical model that extends
paper(such as decreasing the Srystal-field parameters and established models for thef configuration by including
fd Coulomb parameteysstill further improvements are pos- crystal-field and spin-orbit interactions for thel ®lectron
sible. For example, the differerfitd interaction parameters and the Coulomb interaction between thé @nd 5 elec-
F2(fd), F4(fd), GY(fd), G3(fd), andG>(fd) have a dif- trons. Calculations of the positions of thé"4'5d energy
ferent influence on the position of the calculafieldlevels, levels are compared with the experimental data. A good
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agreement is obtained between experimental and simulatdzbtween the high-spin and low-spin states decreases through
spectra using parameters for the splitting of thé &ate the series is reproduced by the theory.

(from the Cé" spectra, the 4f"~ ! splitting (from the litera-
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