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High-resolution 4"-15d— 4f" emission spectra in tHeacuum ultraviolet are reported for G& PP*, Nd®*,
Er*, and Tn# in LiYF, and YPQ, host lattices. The positions and intensities of the zero-phonon lines are
calculated and compared to the high-resolution emission spectra. For the thulium samples gated detection has
been used to distinguish between the spin-forbidden and spin-alloffietbd— 4f" emissions. Luminescence
lifetimes for the spin-forbidden #2-15d— 4f" emissions are calculated and compared with experimentally
observed lifetimes. A good agreement between experiment and theory is found, demonstrating the validity of
the model developed for thef¥'5d and 4" states of lanthanide ions.
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I. INTRODUCTION a high-resolution #~15d—4f1! emission band for
LiYF ,:Er.

More than a century of spectroscopy of lanthanide ions In the present work we report high-resolutioi"45d
has involved detailed studies of the intraconfigurational— 4f" emission spectra for various lanthanide ions in LiYF
4f"— 4f" transitions. Most of the aspects of these transitionsand YPQ. This allows a more detailed study of the positions
are currently understood quite well. Models have been develand intensities of the zero-phonon lines, together with the
oped for the energy-level structure and transition probabilifine structure caused by vibronic transitions in the emission
ties, and with the rapid increase of computer power, it isspectra. #"15d— 4f" emission is expected for &g Pr*
presently possible to explain and predict the optical spectraid®*, Er**, and Tn?* in LiYF, and YPQ, except for
of lanthanide ions. An illustrative example is reported in Ref.YPQ,: Tm®* where the charge transfer band is situated below
1 where the possibility for emission from tH®, level of  the 4f115d band. The other lanthanide ions do not show
holmium was predicted on the basis of calculations before itf"15d — 4f" emission due to the presence df 4evels just
was observed. below the lowest #715d state, allowing fast nonradiative
For interconfigurational # < 4f"15d transitions the situ- decay to the #' levels. This work will focus on the
ation is different. One of the reasons for this is the fact thauf"15d— 4f" emission spectra of €& P*, Nd®*, Er¥*, and
these transitions are mainly situated in the ultraviolet andrm®* in LiYF, and YPQ. High-resolution emission spectra
vacuum ultraviolet region, and were studied thoroughly onlyare reported and compared with the calculated spectra.
during the last two decades, triggered by an increased inter-
est in the high-energy excited states of lanthanide ions. The
possible application of lanthanide ions in new phosphors Il. THEORY
combined with the availability of high-intensity sources of o1 .
VUV radiation like the synchrotron has greatly contributed 1h€ 4" "5d energy levels can be calculated by using an

to the knowledge of thef15d levels of all lanthanide ions €xtended version of the model for thé"&onfigurations:°
in a number of host lattices. The 4" energy levels are calculated using a parametrized

Recently van Pietersoet al. have shown that it is pos- Hamiltonian that contains parameters for the electron inter-
sible to calculate the energies of"4-4f"15d transitions actions and crystal-field parameters which describe the inter-

using an extension of the model used fdf 4evels by in-  &ction of the ion and its ligands.

cluding crystal field and spin-orbit interactions for thd 5 N short, the Hamiltonian is written as

electron and the Coulomb interaction between thewd 5 H(FF) = HA(FF) + Hee(FF), (1)
electrons’® The model developed by van Pietersatral. for

the energies of #7'5d states relies mainly on high- where the atomic paft{,(ff) contains electronic interactions
resolution 4"— 4f""15d excitation spectra for experimental (Coulomb and spin-orbit The crystal field interactions are
verification. Emission spectra could only be recorded with arepresented by (ff).

poor spectral resolution. Recently, Chen al® reported The full expression fofH{,(ff) is
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— K + + + The termAg(fd) defines the energy difference between
HaAlT) % FDID + {TD AT + a(fOLLL + 1) the 4" ground state and the barycenter of th 45d ex-
_ cited state. Adjusting this value does not influence the split-
+ B(fG(Gy) + Af)G(Ry) + 2 T'(FHOG(Ff) ting of the 5l levels, it shifts them all by the same energy.
: Emissions from the #7'5d excited state to the f4
+ 3, PKER)p(FF) + > MI(FHm(FF), (2) ~ 9round states are allowed electric dipole transitions, and it is
K i possible to calculate the matrix elements of the electric di-
) ) ) pole operator for these transitions. ElectronsdmBbitals do
with k=2,4,6,i=2,3,4,6,7,8, and=0,2,4. TheCoulomb  haricipate in the chemical bond between the lanthanide ion
interaction is parametrized by tHe& parameters{(ff) de- and its ligands. As a result, {2 4f"15d transitions are
fines the spin-orbit interaction. The two- and three-body corgharacterized by a much stronger electron-phonon coupling
relations are parametrized by ff), B(ff), y(ff), andT'(ff).  than 4" 4f" transitions. Typical Huang-Rhys factors for
Higher-order magnetic interactions are parametrized byfn., 4f"154 transitions range from 1.5 to 5. This causes

MI(ff) and PX(ff). most of the intensity to show up in the vibronic bands of the
The crystal-field splitting of the # states is determined emission spectra. In our model, a Gaussian shape of the vi-
by bronic band is assumed, due to the superposition of coupling
_ " ® with several vibrational modes. The energy-level calculations
Her(ff) = kE By(fFH)Cq (), (3 provide the positions of the zero-phonon lines of the emis-
q

sions, and Gaussian-shaped bands are superimposed on those

where theBy(ff) parameters define the radially dependentlines. The energy difference between the zero-phonon line

part of the one-electron crystal-field interaction (ffy ~ and the maximum of the Gaussian band can be estirhated

are the many-electron spherical tensor operators for the 4 oM the 4 — 5d band in the excitation spectrum of Ce

configuration. For configurations concerningelectrons the The rad|a_1t|ve trans’mon pr_obablllty from the initial state

values ofk are restricted to 2, 4, and 6. The applicable valueg’) ra tO the final state/'T'¢ is given by

of g depend on the site symmetry of the lanthanide ion in the 1 4ne®(Egg)\? 1

host lattice. Rare-earth ions in Li,Foccupy sites withS, AED)=_—— 3<—) —Se(#'tq'Ty).  (8)
. . TEQ 3hcC E Jtq

symmetry with only a small deviation fro,4 symmetry.

D,q is the exact site symmetry for rare-earth ions in Y,PO In this equatione, is the vacuum permittivityn is the refrac-

For D,q symmetry the allowed values foq are 0 and +4. tive index, o is the angular frequency of the emission,
To expand the well-known model for the calculation of (E,,./E)? is the local field correction, andy, is the degen-
4f" energy levels to #15d configurations extra contribu- eracy of the excited state. We used a refractive index of 1.46
tions involving thed electron have to be includédlhese are  for LiYF, and 1.75 for YPQwhich is a good approximation
the spin-orbit interaction for the electron, the crystal-field for the average value af in the wavelength region of the
interactions of thed electron, and the Coulomb interaction emissions studie®l.The local field correctiohis given by
between the #electron and the Gelectron. The addition to  [(n2+2)/3]2 The total electric dipole streng®, is the sum

the Hamiltonian is of its components
H(fd) = Ha(fd) + Ha(dd) + Hce(dd). (4) Sot=S&t§+S, 9)
The atomic Hamiltonian is written as where
Ha(fd) = Ae(fd) + X Fi(fd)fi(fd) + X Gl(fd)g;(fd), Sy= S S TiylerChy Ty
K ! ——
® + (v'TeplerCil vl gyl (10
HAldD = LsolddDAsd(dd). © 5= 3 [ TrferGiilyd?. (1D
with k=2 and 4,j=1,3,5.Ffd) and G/(fd) are the direct Y6 ¥d

and exchange Slater parameters, respectively, for the Cou- The summation in Eq410) and(11) is over the squared
lomb interaction between thitelectron and the #electrons.  transition dipole moments from the excited stat€s, to the

{so(dd) represents the spin-orbit interaction for thé &lec-  final statesy'T;. C! is a spherical tensor operator as defined

tron. . _ ~inRefs. 10 and 11. The lifetime of the emissions was calcu-

The & levels are also split by the crystal field. This is Jated by taking the inverse of the spontaneous transition
parametrized by cH(dd): probability A(ED). Radial integral§5d|r|4f) were calculated

using Cowan’s prograrf.
Herdd) = X BY(dd)C(dd), 7
kq . EXPERIMENT

wherek is limited to 2 and 4, whilg can be 0 or +4 foD,g Microcrystalline powders of YPQdoped with 1%R3*
symmetry. (R=Ce,Pr,Nd, Er, Tmwere prepared by firing a mixture of
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Y,0; (99.99%, the correspondingR,0O5; (99.99%, and  structure is present. In order to have a better agreement be-
(NH4),HPO;, in air at 1350 °C for 3 h. A YPQ crystal tween the measured and calculated splitting of tfierdul-
doped with 2% of N&" was grown at the Oak Ridge Na- tiplets, we refitted the parameter values for the calculation of
tional Laboratory as described in Ref. 12. A microcrystallinethe 4" levels to the experimental values for the energy levels
powder of LiYF, doped with 0.1% P was prepared by reported for P¥ (Ref. 13 and 14 N* (Ref. 14 and 1§
firing a mixture of Y, LiF, and Prh in stoichiometric ratios  Er3* (Ref. 16 and 1Y and Tn#* (Ref. 18 in LiYF, and
(with a 10% excess of LiFin a flow of ultrapure nitrogen at ypQ,. Due to the continuous improvements in the model
600 °C. N _ and computer programs for the energy-level calculations, it
LiYF 4 single crystals containing 1% —4% Bfions were 5 hossible to obtain a significantly better agreement between

grown using a Philips PH 1006/13 high-frequency fumaceye caiculated and observed energy levels than with the pa-
with LiF, YF3, andRF; as the starting compounds. The Crys- aeter values reported previoudly!® Since the positions

tal growth melt contained a 15% excess of LiF. The reactantgf the zero-phonon lines depend strongly on the positions of

were mixed and transferred to a vitreous carbon crucible. "@He 4" final states, the use of better parameter values gives a

order to remove water and oxygen the sample was heatebetter agreement between the calculated and experimentally
overnight at 300 °C in a flow of ultrapure nitrogen. Subse- " .
g P 9 observed #"15d— 4f" emission spectra. The improved val-

uently the temperature was raised to 550 °C ang \8&s o . .
d y P 6 dles for the fitting parameters are summarized in Table I.

introduced in the reaction chamber for 30 min to remove th . . L
last traces of water and oxygen. During the rest of the Syn_Parameters that were kept fixed in the fitting procedure are

thesis a nitrogen atmosphere was maintained. The sampjedicated in brackets. For?b”ran_d Nd* in LiYF 4 and EP* In
was heated until melting was observed. Next, the sample waoth LiYF, and YPQ correlation crystal-field interactions
cooled to room temperature in 10 h. were also taken into account since it helped to improve the

Both the LiYF, and YPQ samples were checked for quality of the fit. For other cases the inclusion of correlation
phase purity by recording a powder diffractogram using &crystal-field parameters did not give a significant improve-
Philips PW1729 x-ray diffractometer using Cut¢adiation. ~ment and no values for the correlation crystal-field param-
All samples were single phase. eters are included in Table I. .

Emission measurements were performed at liquid helium_As far as we know, the crystal-field levels of tff&;;, and
temperatures using a cold-finger type Oxford Instrument$F, States of C& in LiYF, are not reported in the litera-
liquid helium flow cryostat, equipped with MgRvindows.  ture. Using the high-resolutionf#*5d— 4f" emission spec-
The excitation source consisted of a TuiLaser ExciStar S-20t/um (see the next sectignfive of the seven crystal-field
F, laser producing 1-mJ pulses of approximately 10 ns ateévels could be determing@, 216,{547, 2221, 2316, 2430,
157 nm using fluorine and 10-mJ pulses at 193 nm using aAnd{316Q cm™, respectively; the predicted energies of the
argon/fluorine mixture, both with a repetition rate of 100 Hz.two unobserved levels are indicated in curly bracasd
Emission spectra were recorded using a 0.55 m Jobin Yvowere used to fit new parameter values for the calculation of
TRIAX 550 monochromator with a 3600 lines/mm grating the ground-state levels. In the fit of the excited configuration
blazed for the VUV. The emission was detected using @parameters, the value ¢ftdd) was kept fixed at the free-ion
Hamamatsu R166UHP or R7154 solar blind photomultipliervalue of 1082 and the crystal-field splitting of thelevels
tube for the VUV and UV emissions up to 300 nm. The was taken from the excitation spectrum reported by Reid
spectral response of the system in the UV and VUV is no@l.*®
known which makes it impossible to correct the measured The parameter values for the calculation of the excited
emission spectra for the spectral response. However, basdéd™*5d configurations are listed in Table II. THed Cou-
on the typical response curves for the grating and photomullomb interaction parameteR(fd) andG/(fd) are the values
tiplier, we expect a flat response between 170 and 250 nmeported by Cowal! reduced to 75% for Bt and N&* and
and a strong decrease in sensitivity below 165 nm. Emissioto 67% for EF* and Tn#* (Refs. 2 and B The spin-orbit
between 300 and 700 nm was detected using a Hamamatsoupling represented b§(dd) and the crystal-field param-
R928 photomultiplier tube, in combination with a etersBX(dd) for the LiYF, host lattice were obtained from
1200-lines/mm grating blazed at 400 nm. For the emissionhe fit performed for C& by van PietersoA.For the YPQ
spectra of thulium-doped samples, gated detection was pefost lattice the ground-state levels of Xeaeported for
formed using a Stanford Research SR400 boxcar averageruPO, (Ref. 20 and the 8l excited-state energies reported
Luminescence lifetime measurements were performed usin@r YPO, (Ref. 2 were used to obtain an “exact” fit, since
a Tectronix 2440 digital oscilloscope. the number of energy levels is equal to the number of param-

eters varied. The fAparameters found are similar to those
reported for LUPQ. The & parameter values are similar to

IV. RESULTS AND DISCUSSION the values obtained by van Pieterson, excgpit), which
A. Parameter values was kept fixed at the free-ion value of 1149 dmwhereas
we obtained a/(dd) of 1188 cm™.
The zero-phonon lines in thef%5d— 4f" emission The crystal-field parameter values for®én LiYF ,, ob-

spectra originate from transitions from the lowedt™45d  tained by fitting the experimentally observed energy levels
state to the different crystal-field levels of thE'4inal levels.  (see above were systematically reduced across the lan-
For every zero-phonon line a vibronic sideband with finethanide series following the work of van Pietersairal,?* to
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TABLE |. Parameter value§n cm™) used for the &" energy-level calculation of G& Pr*, Nd®*, ER*, and Tni* in LiYF , and YPQ.
Parameters that were not varied are listed in brackets.

ce PR Nd3+ Er* Tms*

LiYF, LiYF, YPO, LiYF, YPO, LiYF, YPO, LiYF,
Eavg 1517 10204 9999 24413 24105 35806 35569 18022
F2(ff) 69025 67991 72667 71872 97449 96567 102215
F4(ff) 50580 50031 52737 51793 68539 68144 72060
FO(ff) 33326 32961 35817 35591 56051 53393 51366
a(ff) [23.00 21.30 21.49 19.87 18.27 19.97 18.20
B(ff) -649 -683 -585 -606 [-580] [-632] -686
Wff) [1371] [1371] 1424 1445 [1416] [1800] [1820]
T2(ff) 331 [299] [486] [400] [400]2
T3(ff) 43 [35] [43] [43] [43]
T4(ff) 84 [59] [81] [73] [73]
T(ff) -324 [-285] [-327] [-271] [-271
TI(ff) 387 [337] [300] [308] [308J2
T8(ff) 322 [305] [346] [299] [299]2
L(FF) 628 750.1 742.1 870.1 876.3 2374 2364 2633
B3(ff) 316 541 73 400 329 306 210 354
Bg(ff) [-1150 -1093 324 -1122 273 -581 81 -631
Bj(ff) -1264 -1327 -856 -1272 -758 -917 -670 -851
BS(ff) [-89] -45 -1278 -28 -1226 -6 -704 -171
BS(ff) -821 -1165 7 -1093 -89 -637 -61 -627
Mo(ff)P [2.00] 0.99 0.66 211 391 5.48 4.67
P,(ff)C 215 220 162 284 579 802 720
D2(ff) -15.9 4.9 5.3
D4(ff) 8.8 10.1 4.0 -1.02

3Only for the excited #5d configuration.

®M, andM, parameter values were included with the rafiés/ M,=0.56 andM,/Mq=0.31.

P, and Pg parameter values were included with the ratitygP,=0.5 andPg/P,=0.1.

correct for changes in the crystal field caused by the lan{see previous paragraphThe parameter values for YRO

thanide contractiof.In addition, the spin-orbit parameter were systematically modified across the lanthanide series us-
values were systematically increased across the lanthanidieg the same scaling factors as for LiY.F
series. In contrast, all the excited configuration crystal-field The Ag(fd) values were adjusted to set the calculated en-

and spin-orbit parameter values were fit for®Ce YPO,

ergy of the zero-phonon line for the lowest"4'5d — 4f"

TABLE Il. Parameter valuegn cm™) used for the #"15d energy-level calculation of G& PP*, Nd®*, ErR*, and Tn¥* in LiYF, and

YPO,.

ce* Pt Nd®* Ert* Tmd3*

LiYF, LiYF, YPO, LiYF, YPO, LiYF, YPO, LiYF,
Ag(fd) 43773 50966 47021 56684 52772 89762 86822 94218
F2(fd) 22703 22703 22543 22543 19724 19724 19639
F4(fd) 11321 11321 11188 11188 9358 9358 9275
FS(fd) 9677 9677 9608 9608 8038 8038 7991
G3(fd) 8370 8370 8284 8284 6848 6848 6789
G>(fd) 6518 6518 6442 6442 5292 5292 5240
Z(dd) [1087 1149 1188 1216 1257 1768 1821 1839
B3(dd) 4673 4626 4763 4598 4734 4290 4417 4252
Bg(dd) -18649 -18463 2221 -18351 2208 -17120 2060 -16971
Bj(dd) -23871 -23632 -22568 -23489 -22431 -21914 -20927 -21723
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) Calculation 454 — Calculation
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T
Experiment

Intensity (arb. units)
Intensity (arb. units)
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FIG. 1. Calculated and measured emission spectra of FIG. 2. Calculated and measured emission spectra of
LiYF,:Cée¥* 1% with excitation at 157 nm at 10 K. In the upper LiYF4:Pr®* 0.1% with excitation at 157 nm at 10 K. See also Fig.

spectrum, the bars give information on the positions and intensitied-

calculated for the zero-phonon lines, while the spectrum is obtained . . o
by superimposing a Gaussian bar(dffset 600 cm®, width  figure. Fine structure is observed for all emission bands ex-

1000 cmt) on the zero-phonon lines which have been given acept for the highest-energy emission. No clear vibronic pro-
width of 20 cntl. The same procedure is used in Figs. 2-9. gression can be observed in the emission spectrum. The in-
tensity ratios of the emission lines are in excellent agreement
emission equal to the experimentally observed zero-phonoWith the ratios shown in the simulated spectrum. There is a
line in the emission spectrum. very good agreement for the calculated and observed inten-
sities of thefd emission bands to the differenf2multiplets:
. for all transitions the band calculated as intense bands are
B. Emission spectra strong, weak bands are weak and the relative integrated in-
1. Cerium tensities agree within 20% between experiment and calcula-
The high-resolution &—4f emission spectrum of t_ion. F(_)r _the relati\_/e intensities of in_div_idual zero-phonon
LIYE .- C&* 1% with 193 nm excitation at 10 K is shown in lines within a certain multiplet the vanqtpns are somewhat
4 larger. For example, for thfad—>3H6 transition not all calcu-

Fig. 1. The spectrum shows two broad emission bands W'trll ted zero-phonon lines are observed. The experimentally ob-

;hzeo Zr(])lgnhrﬁst/-virifr:ggorr:,;)%rﬁ)gg?gr;mlils?s(?zn f?gmzt%igéfel aNerved energies .of thid emission banlds coinpidp with the
o the Iowést—ener crvstal-field components of ﬂh‘% calculated energies, except for the— “G, emission band.

2 9y cry po /2 The calculated position of the emission to the, levels
and °F7, Stzges of cer2|um. The energy d|ffe[enc<_a ObserVeqsituated at 272 nm, however, is too low. It is known for
g Fst;vesehrl,\}vhs 515(/52 :ir:r?ulzzg d:jegf ‘llsf Ianiiii)gnibch:?rtﬁ 10f qertain Ianthan_ide_ions I_ike Prthat the one-electr_on_ crystal-
LIVE .- Ce* based on the & parameters reported by van field parametrization gives an accurate description of the

4 5 P 'ep vy crystal-field levels for most multiplets, but not for all of
Pletersqr_et al” and the 4 parameters Obt"?“”e" from a fit to them?? Therefore we also included th&function correlation
the positions of théFs,z and 2F7,2 crystal-field components crystal-field parameter®X for k=2 and 4 using the func-
in the measured emission spectrum. The parameter values fﬁgns as reported by Loq and RéHThe inclusion of two-
tphheoﬁ?)lr(leilﬁggrlcr?(areslgljsetst%?nT;glerLc?vr\]/g gbls’nisuzzﬁh\i;r%ﬁélectron correlation crystgl-field interactions was shown_ to
lines. The low intensity of the highest-energy zero-phono ﬁnprpve the calculated s_,pl|t_t|ng of the anomaloqsly behaving
line in the experimental spectrum is due to resonant reap’fyultlplets?3 but even with inclusion of correlation crystal-

ield interaction parameters, the calculation model predicts

sorption of this emission. the position of thelG4 at a somewhat different energy. The
2 Praseodvmium parameter values used for the calculation are summarized in
' y Tables | and Il.

Figure 2 shows the calculated and the experimentally ob- Figure 3 shows the calculated and experimentally ob-
served emission spectrum of LiYAPP* 1% with excitation  served emission spectrum of YR®r* 1% with excitation
at 157 nm. The assignment of transitions is indicated in theat 157 nm. Besides sharp zero-phonon lines this spectrum
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FIG. 3. Calculated and measured emission spectra of
YPO,:Pr* 1% with excitation at 157 nm at 10 K. See also Fig. 1. FIG. 4. Calculated and measured emission spectra of
LiYF 4:Nd®* 1% with excitation at 157 nm at 10 K. See also Fig. 1.

also displays a clear vibronic structure on the emission bandas reement with the experimentally obtained spectra. The cal-
for the transitions to théH,, *H,, and®H, multiplets. The 29 P y pectra.

arameter values used for the ealculation are summarized Iculated and observed relative intensities of the three emis-
P Qlon bands and also the relative intensities of individual zero-

Tables | and Il. The intensities of the emission bands and thBhonon lines do not vary by more than 50%. In view of the

relative intensities of the zero-phonon lines of the eXper"large variations of the relative intensities, we consider this as

ment are closely reproduced in the calculated spectrum. Als good agreement. The intensity of the highest-energy zero-
the positions of the zero-phonon lines are in good agreemenﬁ.honon line of the emission to thd,, levels for both

51
Clearly, the model and the parameter values for tfHg"8d LiYF,:NG®* and YPQ:Nd® is lower in the experimental

Ao i -
states and thef4 states for P¥" in YPO, give a good de spectrum due to reabsorption. In the emission spectrum of

scription O].c th‘? actual states involved. . LiYF 4:Nd®*, a vibronic structure is visible, albeit weak. For
The main difference between the experimental and calcu-

lated spectrum is in the vibronic structure. In the model, a
vibronic Gaussian band is superimposed on the zero-phonon
line. For the 4"15d—4f" emission spectra for the lan-
thanide ions in LiYFR a broad vibronic band gives a reason-
ably good description since vibronic features are not clearly
observed. However, in the case of YP@e Huang-Rhys
factor is smaller for the #-15d — 4f" transitions which re-
sults in a higher relative intensity of the zero-phonon lines
and the observation of sharp vibronic lines corresponding to
coupling with well-defined vibrational modes. From the
analysis of the vibronic lines in Fig. 3 vibrational modes of
148 cnmt and 370 crit* can be observed. A further analysis
of the vibronic structure of thef4 15d — 4" emission bands

in YPQO, is an interesting topic for further studies.

Calculation

Experiment

Intensity (arb. units)

3. Neodymium

The spectra depicted in Fig. 4 and 5 show the calculated
and experimentally observed?d— 42 emission spectrum
of LiYF,:Nd®* and YPQ:Nd®, respectively, with excita- s oo s 2w Zs 2
tion at 157 nm at 10 K. The emissions to thg,, 11/ and Wareleiigih i)
l,5, levels are shown and indicated in the figures. For both
LiYF,:Nd®* and YPQ:Nd®* the positions and intensities of ~ FIG. 5. Calculated and measured emission spectra of
the zero-phonon lines in the simulated spectra are in goo#P0O,:Nd®* 1% with excitation at 157 nm at 10 K. See also Fig. 1.

045116-6



4f "~15d— 4f " EMISSION OF.. PHYSICAL REVIEW B 71, 045116(2005

Calculation Calculation
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FIG. 6. Calculated and measured emission spectra of FIG. 7. Calculated and measured emission spectra of
LiYF 4:Er®* 1% with excitation at 157 nm at 10 K. See also Fig. 1. YPO,:Er** 1% with excitation at 157 nm at 10 K. See also Fig. 1.

YPO,:Nd®*, a clear vibronic progression is observed just asselection rule, the highest emission intensity is expected for
for YPO,:PP*. Due to the presence of many zero-phononthe emission to thél,.,, ground state, which is observed in
lines, it is not possible to assign energies to vibrations unamboth the simulated and experimental emission spectra.
biguously. The parameter values used for the calculations are In Fig. 7, the calculated and experimentally observed

summarized in Tables | and II. emission spectra of YPQdoped with E?* with 157 nm ex-
citation at 10 K is shown. At this excitation wavelength, the
4. Erbium low-spin 4f194d state is populatedland after relaxation to

Gthe high-spin state, spin-forbidden emission is observed. Just
as in LiYF,, the emission from the high-spirf#5d state to

the %5/, ground state is very intense compared to the emis-
sion to the'l, 5, level. The measured intensity ratio between
the emissions to th&l,.,, and“l 5, levels differs from the
pcalculated intensity ratio. The relative intensity of the higher-
energy band is expected to increase if the spectrum could be
corrected for the wavelength dependence of the instrumental
response—resulting in a better agreement with the calculated
gpectrum. The parameter values used for the calculation are
summarized in Tables | and Il. The emission band at 170 nm
eg.hows a clear vibronic progression. The weak emissions at

(partly) due to the fact that the emission spectra could not bés.s nm are due to contqmingtion of the sample with neody-
fium. The sharp emission lines at 184 nm are due to the

corrected for the wavelength dependence of the instrumentd] , ) > 2 " )
response. Note that the observation of the wedk’sd |ntrac0nf|gura+t|onal_i¥‘ F72— 15, transition of erbium.
. 4f1%(% , ) emission band is hampered by the presence ofor YPQ,: Er®*, the influence of theJ selec_:ugn rule is also
emission bands around 180 nm and 185 nm due to a co bserved. .The. lowest calculated high-spift gd state has
tamination with Nd*. The fact that these emissions show up 1% c_:ontr|but|ons _otJ—17/2 states. Accc_)rd|_ng to thaJ
as relatively strong bands is due to the fact that at 157 nm th%electlon rule, the hlg_he§t emlssg)n Intensity Is expe(ae_d
Er** ion is excited in a spin-forbidden transition while the F:a!culated for the emission to thél5, ground state, which
Nd®* ion has a strong spin-allowed absorption band. TheS indeed observed in the spectrum.
small relative intensity of the emission band corresponding
to the 4%%5d— 4f*(*,,,) transition can be understood on
the basis of] selection rules. Transitions withJ>1 are Figure 8 shows the calculated and experimentally ob-
forbidden and appear only by means bfmixing of the  served emission spectrum of Li¥Eoped with Tni*. Using
states. The lowest calculated high-spiit®sd state has 89% excitation at 157 nm, emission is observed from both the
contributions ofJ=17/2 states. In accordance with tAd  high-spin and low-spin #5d states. The corresponding

In Fig. 6, the calculated and experimentally observe
emission spectrum of LiYEErR* with 157 nm excitation at
10 K are shown. At this excitation wavelength, only the
high-spin 41%5d state is populatefthe onset of the low-spin
excitation is at 155 nniRef. 3] and as a result only spin-
forbidden emission is observed. The emission from the hig
spin 4i19%d state to the'l,,, ground state is very intense
compared to the emission to tfig,,, level. The much higher
relative intensity of the higher-energy emission band is re
produced in the calculated emission spectrum. In fact, th
calculated relative intensity of the emission band to“thg,

5. Thulium
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FIG. 8. Calculated and measured emission spectra of FIG. 9. Calculated and measured spin-forbidden emission spec-
LiYF,: Tm3* 1% with excitation at 157 nm at 10 K. The spin- tra of LiYF,:Tm®* with excitation at 157 nm at 10 K using gated
allowed and spin-forbidden emission spectra were calculated sepdetection(delay 1us, gate 5us). See also Fig. 1.
rately and their relative intensity was set to match the experimen-

tally observed spectrum. See also Fig. 1. values published previously by us and other gratlg8The
reason is that in previous work the lifetimes were obtained
simulated emission spectra were calculated separately arftbm luminescence decay curves measured using a synchro-
plotted with a ratio of the high-spin to low-spin emission tron. The repetition ratétypically MHz) of synchrotron ra-
intensity chosen to match the experimentally observed spectiation is determined by the round-trip time of bunches in
trum. The parameter values used for the calculations arghe ring and is too high to accurately determine lifetimes that
summarized in Tables | and Il. The calculated and measuregre us or longer. For MHz repetition rates the decrease in
intensities are in good agreement, except for the spinsignal between two pulses is limited, and the determination
allowed emission to théHg levels at 160 nm, which is of the lifetime from the fit to a single exponential is rather
weaker in the experimental spectrum. This is due to the lovinaccurate. With the presently used VUV laser with a much
sensitivity of the photomultiplier tube at this wavelength. lower repetition rate(typically 100 H2, the luminescence
The steep increase on the left-hand side of the experimentéfetimes can be accurately determined in fh&—ms range.
spectrum is a due to scattered 157-nm radiation of the laseywe therefore believe that the values for the lifetimes in Table
Using gated detection, it was possible to record an emisHI are more reliable than previously reported values.
sion spectrum for LiYE:Tm3* showing only the spin-
forbidden emissions. The spin-allowéd emission for Tm* 1
in LiYF, has a 16-ns lifetimé! and by applying gated de-
tection with a delay of lus and a gate of s, only the
longer lived spin-forbidden emissidr=5.4 us) is detected.
The resulting emission spectrum is depicted in Fig. 9 to-
gether with the calculated spin-forbidden emission spectrum.
The intensity ratios of the zero-phonon lines in the emission
spectra show a good agreement with the calculated intensi- ]
ties. >

Intensity (arb. units)

C. Luminescence lifetime measurements —
. . . 1 o 0 2 4 6 8 10 12 14 16 18 20
The lifetime of the spin-forbiddenf4~"5d — 4f" emission t (us)

was measured for Etin LiYF, and YPQ and for Tn#* in FIG. 10. Luminescence decay curve of the spin-forbidden
LiYF 4. In Fig. 10, a typical example of a luminescence decaysf1054— 41! emission at 168 nm of LiYE Tm3* with excitation
curve is shown. The luminescence decay is well described byt 157 nm at 10 K. The dots give the measured time dependence of
a single exponential with a lifetime of the order @6. The  the luminescence intensity and the drawn line gives the best fit to a
experimentally observed lifetimes are included in Table lll.single-exponential decay with=5.4 us. Note that the vertical axis
The presently reported lifetimes are somewhat different fronis a logarithmic scale.
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TABLE lIl. Radial integrals(5d|r|4f) and calculated and experi- the difference between calculated and experimentally ob-
mentally observed lifetimes for the spin-forbidden emissions ofserved luminescence decay times. For \QHB“, the short-

Er** and Tn¥* in LiYF, and YPQ. ening of the lifetime observed may also be partly due to fast
nonradiative decay from the lowest high-spift%d level to
Wavelength 7ot 7eac  (5dr[4f)? the 2F(2), level of erbium. The energy difference in the
(nm) (1) (w9 A) order of 5000 crit is approximately 5 times the maximum

phonon energy in YP@and multiphonon relaxation from

LiYF 4 Er* 167 2.4 4.2 0.304 ; 1 D) .
VPO ER* 170 10 34 0.304 the Iowesst high-spin #%d level to the °F(2),,, level is
o expected

LiYF,:Tm 168 5.4 13.1 0.291

aReference 10.

. - . V. CONCLUSIONS
Since 4"15d—4f" transitions are parity-allowed

electric-dipole transitions, it is relatively simple to calculate  High-resolution 4"15d— 4f" emission spectra of Pr

the radiative transition probability. Using E¢8) and the Nd** Er**, and Tni* in LiYF, and YPQ have been mea-
parameter values from Tables | and Il, the radiative decagured and compared with the calculated emission spectra us-
rates were determined using radial integrdid|r|4f) tabu-  ing a recently developed model fof'45d states. The emis-
lated in Table Ill. The general trend in the decay times is wellsion spectra show a well-resolved fine structure with sharp
reproduced by the calculation and also the order of magnizero-phonon lines and, especially in the YPlast lattice,
tude is correct. However, the experimentally obtained decayibronic lines. In general, good agreement between the cal-
times are a factor of 3 lower than the calculated values. It isgulations and experiment was found for the relative intensi-
at this time, not clear what causes the difference. Most probties and energies of zero-phonon lines corresponding to
ably it is related to the radial integra{Sd|r|4f). The transi-  4f"15d— 4f" transitions to the lower-energyf% states,
tion probabilities are very sensitive to small changes in thislemonstrating the validity of the model used. Luminescence
integral. The radial integrals are calculated for the free iorlifetimes for the spin-forbidden f#715d— 4f" emissions
using Cowan’s progrartf. In the crystal, the radial integral were calculated and found to be longer than the experimen-
will change due to covalency effects, and this may explairtally observed lifetimes.

*Electronic address: p.s.peijzel@phys.uu.nl and GeochemistryMineralogical Society of America, 2002
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