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Luminescence spectra of lanthanides in the vacuum ultraviolet spectral region have revealed interesting
features for 4"—4f""15d (f-d) transitions. For TH", Dy**, Ho®**, EF", and Tni" in LiYF,, weakf-d
bands are present in the excitation spectra at lower energy than the usually observed-strbagds. The
weakness of the bands is explained by the spin-forbidden character of transitions frof! ireuhd state to
these 4"~ 15d states. For Ef and Tnt*, upon excitation in the higher energeti€"4 '5d states two kinds of
f-d emission are observed: fast spin-allowed emission with a decay time in the order of ns, and slow spin-
forbidden emission with a decay time in the orderusf. These two types df-d emission are also found for
Er** and Tn?" in other fluoride host4.S0163-182609)11239-

I. INTRODUCTION ous papers. Already in 1966 the lowést absorption bands
for all trivalent lanthanide ions in CaFRwere reported by
In the past few years, optical spectroscopy of lanthanidé.oh.” Synchrotron radiation was used to stuthd transi-
ions in the vacuum ultraviolet spectral regigUV; \ tions for the first time in the seventifsLater, high-
<200nm,E>50000cm?) has become an important field resolution absorption spectra for all trivalent lanthanides in
of research. The fact that the VUV spectroscopy of lan-CaF, were presented by Szczurek and Schlesifglso
thanides has remained a largely unexplored region for desther fluoride hosts, e.g. LiYjr LaF;, YF; and BaYFg,
cades is due to experimental difficulties and lack of applicahave been used to investigate fhe spectroscopy of a num-
tions. Especially the latter point has changed recently. Nevber of lanthanides in the VUY* An important feature,
luminescent material§phosphors that emit visible light spin-forbiddenf-d transitions, was overlooked in all these
upon VUV excitation are required for mercury-free fluores-studies. In the high-resolution excitation spectra reported
cent lamps and plasma display panéitsr flat TV’s).%2In  here for the lanthanides with a more than half-filleidshell,
both cases, a noble gas dischargeg., xenon generates weak bands are observed at the longer-wavelength side of
VUV radiation, which has to be absorbed by the phosphorsthe well-known strondg-d bands. These weak bands are as-
For these applications, the intraconfiguration@arity-  signed to transitions to the lowest™ 5d state, which has
forbidden 4f"—4f" transitions(further calledf-f transi-  a higher spin quantum number than thi€ 4round state. As
tiong) are of importance. We have investigated the previ-a consequence these transitions are spin forbidden, which
ously unknown 4" energy levels in the VUV for a number explains its weakness in comparison to the previously ob-
of lanthanides and the possibilities to achieve visible quanserved fully allowedf-d bands. For T&" (4f8) this spin-
tum efficiencies higher than 100% upon VUV excitatich. forbidden transition has been observéahd assigneda
Next to 4f"—4f" transitions, knowledge and understandingnumber of times, as it is situated in the U:*' As far as we
of the interconfigurational #'—4f"~15d (f-d) transitions are aware, Jargensen and Brinen were the first to assign the
is needed for several reasons. These transitions are parispin-forbiddenf-d transition for THlII) aqua iong? To the
allowed, and therefore suitable for efficient absorption ofbest of our knowledge, it was never reported before fot'Ln
VUV radiation from the noble gas discharge in mercury-freewith n>8. In this paper, we report and discuss the presence
lamps and plasma display panels. A well-known applicatiorof spin-forbidden f-d transitions for TB*, Dy3"(4f°),
of the strongf-d absorption of lanthanides is in blue lamp Ho*"(4f19), EF*(4f1), and Tni*(4f1?).
phosphors with E&f, e.g., BaMgAl0;7:EW*". Potential The existence of the high-spirf% 15d state has impor-
applications for which VUVf-d emission can be used are tant consequences for thied luminescence of Bf and
tunable VUV lasers and scintillator materials. The first solid-Tm*". Because the emission from the lowe$f'4a'5d state
state VUV laser was based on thed emission of Nd" in is spin forbidden, the decay time is in thes range. Next to
LaF.° For scintillation crystals, the luminescence propertiesthis slow spin-forbidden emission, fast spin-allowed emis-
of Ce" are widely studied because of the short decay timesion from the higher-energeticf3 15d state with a decay
of the f-d emission of C&" (usually in the UV.5 Because of time in the order of ns is observed. This situation is compa-
the success of Gé-doped materials, investigation of tiied rable with the phosphorescence and fluorescence occurring
emission of other lanthanides is interesthg. in organic molecules from the triplet and singlet state, re-
In this paper, VUVf-d excitation and emission spectra spectively. These observations were reported by us before
for a number of trivalent lanthanides incorporated in fluo-for EF* in LiYF ;.22 In this paper, the results are extended to
rides are reported. We have found new features offtlie  other lanthanides with a more than half-filled ghell and to
transitions in these spectra, which were not noticed in previother host lattices.

0163-1829/99/6(15)/1082(011)/$15.00 PRB 60 10820 ©1999 The American Physical Society



PRB 60 SPIN-ALLOWED AND SPIN-FORBIDDEN 4"—4f""15d . .. 10821

Il. EXPERIMENT

(@ | > 28+1=7

The doped LiYE, YF3, and Lak samples measured were ] Ls)
polycrystalline powders or single crystals. In case a single
crystal was used it is indicated in the text. The crystals were _
grown in a glassy carbon crucible using the vertical Bridg-
man method in a nitrogen atmosphé&réo prevent oxygen
contamination, the crystal-growth chamber was flushed with
Sk for about 30 min during melting of the dry starting _
materials?® Polished, transparent piecesypically 4x 4
X2 mm) were used for the measurements. The powder
samples were prepared either by conventional solid state
technique3 (only for LiYF, doped with E¥* and HG™"), or — - — -
by grinding of a crystalline sample obtained from the melt as 180 200 220 240 260
described above. The concentration of the rare-earth dopant Wavelength (nm)
in the crystal-growth melt was 0.5, 1, or 2%. The phase )

25+1=9
7 HS)

245 250 255 260

Intensity

2nd 25+1=9
order (HS)
|

p_urity qf all samples_ was checked _by X-ray diffraption analy- af 5d
metry S (o tne lanthanide o In Y1 th ste symmery 5 W4 —
forggg Ce?(tgl)(()arr]irlrsne%ts were per_formed at the DESY_ Synchro- HS 4f75d At_ —T_ _t_ —T_ —1_ JT_ —TY f_
Staton of HASYLAB. Wit ths setup ightresouion evei- =545 F-4-4++4+-+4 4

tation spectra in the range 100—250 nm were recorded. Emis-
sion spectra could be measured with either a channelplatg
deteCtO_r(_VUV/UV) ora phot_omultiplier tubgUV/visible). excitation spectrum monitoringf4(°D ,— F5) emission(545 nm
Reflectivity measurements in the VUV range were per- 19k, recorded with a tunable laser set(p.Schematic electron
formed by scanning the excitation and VUV emission mono-onfigurations for the ground stat€S), the lowest-energetic high-
chromator synchronously. Next to that, time-resolved measpin 4f75d state (HS), and the higher-energetic low-spirf %d
surements were carried out using a time-to-amplitudestate(LS) for Th3*.
converter. An upper limit to the measuring range was im-
posed by the time between the positron bunches in the syn-
chrotron. The bunch separation time was at maximups1 r}ll' 101, 182, 177, and 173_ nm and severa_l more at shorter
(single bunch mode which means that decay times of at wave7length (ot shown, whlch+are. all assigned to fgi
maximum a fewus could be determined. The lower limit —4f'5d (f-d) transitions on B Itis similar to the exci-
was approximately 100 ps, which is the time resolution oftation spectrum previously reported fortin LiYF ,.*" The
the multichannel plate. The temperature of the sample couldi-d excitation band at 211 nm consists of a zero-phonon line
be varied between 10 K and room temperature in a coldand a vibronic sideband. The observation of fine structure
finger liquid-helium cryostat. Further details on the setup arean be explained by the restricted relaxation in the excited
given elsewheré.Excitation spectra were corrected for the 4f"~15d state due to the relatively weak electron-lattice
intensity of the synchrotron radiation and the transmission otoupling for lanthanides in LiYE The weak coupling mani-
the excitation monochromator. fests itself also in the fact that tHed excitation bands are
For high-resolution excitation spectra around 250 nm arrelatively narrow. A similar fine structure has been reported
excimer-laser-pumped dye laser equipped with a frequencyhefore for C&" in LiYF,.?® A detailed discussion on the
doubling crystal was used. This setup consisted of a Lambdgn-154 structure of TB™ as well as other lanthanides in
Physik LPD 3QOO tunable dye Iaser_, which was pumped by iYF , will be given in a forthcoming papér.
Lambda Physik LPX 100 XeCl-excimer laser. The dye Cou- st the longer-wavelength side of the band at 211 nm in

marine 307 was used to obtain a tunable range from 490 to;
. . Fig. 1(a), several weak bands are observed. Most of them can
520 nm, which was frequency-doubled by a Lambda Physik,. assigned to second order bands of thé'Thd excita-

E]E(r-l)ti C(;ystfgtlgg'oelisﬁzgf)r:?elxﬁ gg%i‘?nll?rérogl?;? I;'_ﬁteru'tions at 125, 120, and 116 nthThe very weak band around
P q 9 Y . 255 nm and the sharp line at 257 nm, however, cannot be

emission was detected with a Jobin Yvon HR 1000 mono-"". . ' o
chromator and a cooled Hamamatsu R928 photomultiplie?ss'gned to second order excitations, since no excitations are

tube. The spectra were corrected for the excitation intensitf"€Sent between 126 and 129 AfThe inset of Fig. ta)
as a function of wavelength by measuring the UV light out-Shows a high-resolution excitation spectrum recorded with

FIG. 1. (a) Excitation spectrum of LiYE:Th®*" 1% monitoring
8(°D,—"F5) emission(545 nm at 10 K. Inset: high-resolution

put with a power meter. the laser setup. This spectrum proves that these features
around 255 nm are indeed a first order excitation, since this
Ill. RESULTS AND DISCUSSION spectrum can not contain second-order bands in this region,

as there is no VUV excitation light. The sharp line at 257 nm

and the band between 252 and 257 nm are assigned to a
In Fig. 1(a), the f-d excitation spectrum of LiYETb®*" is  spin-forbiddenf-d transition. This assignment is explained

presented. The spectrum shows strong excitation bands wafth the schematic spin configuration diagrams in Figp)1

3.1.f-d excitation for Ln3* in LiYF ,
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In the ground-state # configuration(GS), the maximum
number of unpaired parallel spins is 6, which results in a
total spin quantum numbe3=3 and therefore, a spin mul-
tiplicity 2 S+1=7. When one electron is promoted to the 5
shell, it can orient its spin in two ways: either parallel with
the 7 remaining 4 electrons, giving rise to a high-spin state
(HS) with S=4 and B+1=9, or antiparallel, yielding a
low-spin state(LS) with S=3 and S+ 1=7. According to
Hund's rule, the high-spin state will be lower in energy. - S A
Thus, the transition from the ground state to the lowest 140 150 160 170 180 190 200
4f75d state will be spin forbidden and therefore, relatively Wavelength (nm)
weak compared to the higher-enerfpd excitations, which
are spin allowed. Based on these considerations, the sharp ® |
line at 257 nm and the weak band around 255 nm are as-
signed to the zero-phonon line and the vibronic sideband of
the spin-forbidderf-d transition, respectively.

Figures 2a)—2(d) show the f-d excitation spectra of
LiYF, doped with Dy*(4f°), Ho*" (419, EF*(4fY), and
Tm3*(4%?), respectively. The wavelength ranges displayed
were chosen in such a way that in energy they are as wide as . . : , : :
for LiYF,:Tb®" in Fig. 1(a). The four spectra in Fig. 2 have 130 140 150 160 170
a number of similarities. In all cases, several stréng ex- ' Wavelength (nm)
citation bands are observed, some of which exhibit fine
structure. Low-resolution spectra of the strofigd bands {
have been reported before for these lanthanides in
LiYF .. 1% In all four spectra weak bands are present at the
longer-wavelength side, which all show vibrational structure
very similar to that of the strong excitation bands. As’Dy
Ho®*, Er', and Tni" all have a more than half-filled f4
shell, a higher maximum number of unpaired parallel spins
than in the ground state can be obtained when an electron is
promoted to the & shell. Therefore, the bands around 184 130 140 150 160 170
and 193 nm for Dy" and around 163 nm for Ho, Er*, Wavelength (nm)
and Tnt" can all be assigned tb-d transitions to the high-
spin states, which are spin forbidden and thus weak. The spin (@
multiplicities of the high-spin and low-spinf4~15d states
to which thef-d transitions observed take place are given in
Fig. 2.

In the excitation spectrum of LiYEDy*" a broad band
due to an impurity is observed between 187 and 200 nm.
Therefore, an excitation spectrum in the region 175-200 nm
obtained for a single crystal of LiYfDy*" is also given
(insed. This spectrum shows that two similar weak bands are 130 140 150 160 170
present, which are both assigned to spin-forbidflehtran- Wavelength (nm)
sitions. Although Dy" is the only lanthanide ion for which
we have observed this, the presence of t@omore spin-

—
QO
=~

Intensity

Intensity

(2
A

Intensity

Intensity

FIG. 2. (a) Excitation spectrum of LiYF:Dy*" 1% monitoring

9,4 6 cai . P
forbidden f-d transitions at lower energy than the spin- 41 C "oz Hig2) emission(575 nm at 10 K. Inset: Excitation
spectrum of a 1% single-crystal sample monitoring all visibfé 4

a_lllovyed ones .Can occur. ThelSstate is Sp“t by the CrYStal —4f° emission at 9 K; the wavelength scale corresponds with the
f'eld. n up to five levels, but because of lnEelraCIIOn Wlth theIower spectrum(b) Excitation spectrum of LiYF:Ho®*" 1% moni-
partially filled 4f shell, the number of #”75d states is  y5ing a1l visible 41°— 4f1° emission at 9 K(c) Excitation spec-
higher for lanthanides witm>1. For all these #"'5d  um of LiYF,:EP* 2% monitoring 41(*S,,—%1,5,) emission
states the spin of the electron in the Brbital can have two (551 nm at 10 K. (d) Excitation spectrum of LiYETm3* 1%
orientations, giving rise to a high-spin and a low-spin statemonitoring 4f’5d(HS)—4f'2(3Hg) emission(170 nm at 12 K.

If the energy difference between the two lowest high-spinThe sloping curve towards longer wavelengths is due to stray light.
states is smaller than the difference between the lowest high-

spin and low-spin state, two spin-forbiddénd transitions The present observation of spin-forbidden transitions

will be observed. Apparently, for BY in LiYF, this is the  for heavy lanthanides could be expected in analogy with the
case. In the excitation spectrum shown in the inset also somesults reported 30 years ago for®Tb®=2! It is surprising
weak sharp lines corresponding fef transitions are ob- that they have not been reported before to our knowledge. In
served. These will be discussed in a paper on theldvels  fact, a careful analysis df-d spectra of the heavier trivalent
of Dy** in the VUV. lanthanides in a few publications shows that the weak bands
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corresponding to spin-forbiddefrd transitions can be ob-
served. However, the weak bands were either not understoqay | E*
because of the intermediate oscillator strength betwfeén

" . 10
andf-d transition$'*2and therefore erroneously ascribed to e
interactions between lanthanide idispr no attention was T =% SMge 2 Mgy SFee DSy

given to them-®’

For the light lanthanidesn=7) no weak spin-forbidden
f-d transitions at lower energy than the strdng bands are
expected. In the #' ground state all # electron spins are 1 4f'%sd

Intensity

parallel, so the maximum number of parallel spins can not b _()lils) ORI x 10
higher for the 4"~ '5d state. As a consequence, the spin 192 1T

multiplicity for the lowest-energetic #'~15d state will be : . ; . . .

the same as for the ground state. In agreement with thi 150 170 190 210 230 250

expectation, we have observed sharp onsets for the fir: Wavelength (nm)

strong f-d excitation bands for CGé(4fl), PrP*(4f?),
Nd®*(41%), and Sm*(4f%, and no weak spin-forbidden
f-d bands are present on the longer-wavelength Sider
Yb3* (413 a weak spin-forbidderi-d excitation band just
as for the other heavy lanthanides can be expected. Neve
theless, it cannot be observed as fhd excitations are ob-
scured by the charge transfer transition, which is situated
lower energy’®

The excitation measurements shown in this section wer
performed on powder samples, because for single crysta
the relative intensities of the-d bands change and the fine
structure is obscured. This can be explained by saturation ¢
the strongf-d excitation transitions, which plays a role in 140 15 166 1706 180
the single crystals due to the longer optical path length com Wavelength (nm)
pared to powder samplé3Most of the emission measure-
ments on Et* and Tn?" in LiYF,, which will be treated in
the next section, were performed on single crystals.

3+

(o) | Er
4f1:’5d (HS)
=5

[} .
Intensity

4f135d (LS)
—>hs2

FIG. 3. (a) Emission spectrum of LIYEErP* 2% (single crys-
tal) upon 4%l ,5,)—4f1%d excitation (140 nm at 7 K.
(b) Closeup of the excitatiorfleft, Ao,=551nm) and emission
(right, A gxc=140 nm) spectra of LIYREEP" at 10 K.

3.2.f-d emission for EF* and Tm*" in LiYF ,

Figure 3a) shows the low-temperature emission spectrumequal to the Stokes shift for thef #5d(HS)— 4f(*1 5
in the VUV/UV region of EF* in LiYF , upon excitation into  emission, and therefore the 159-nm emission band is as-
one of the higher-lying low-spin #%d states. In this spec- signed to the transition from the low-spiri ¥5d state(quar-
trum a number of emission bands are present, which are afet state to the #I 15, ground state. The weak band at 176 nm
assigned tdf-d transitions. For proper assignment of thesejs assigned to the emission from the quartét’8d state to
bands, a close up of the excitation and emission spectrum ighe 4| ,,,, multiplet of EF*.
the region 140180 mm is given in Figi8. This excitation The schematic configurational coordinate diagram in Fig.
spectrum was recorded with a higher resolution than thg jjystrates this situation. Upon excitation in the low-spin
spectrum in Fig. &), _an_d therefore, more fine structure is 4¢105¢ states of E}, there are two competing decay pro-
observed. In the emission spectra no fine structure can Be,qqeq: eithefr-d emission from the lowest-energetic quartet

seen. This is due to the rather poor resolution of theytiogy giate occurs, or nonradiative decay to the sextet
VUV/UV emission monochromatofl nm at best The 10 o .
4f-5d state occurs, which is also called intersystem cross-

strong emission band at 167 nm is assigned to the transition o .
from the high-spin 41%d state (sextet stateto the 4f'1 ing. From the sextet stated emission takes place, which is

ground state *l,c,. The Stokes shift is about 1.5 spin forbid(_jen anq thus expectgd to be s_Iow. _The emission
x10°cm™L, which is a relatively small value for ah-d from the hlgher-ly|.ng quartet #%d _state is spin allqwed
transition. This is due to the weak electron-lattice coupling®"d therefore relatively fast, so that it can compete with non-
and is similar to values measured ferd emission from radiative decay. In addition, nonradiative relaxation from the
other lanthanides in LiYF'32® At longer wavelengths the duartet to the sextet state is hampered by the fact that one
emission bands corresponding to transitions from the sextétl€ctron spin has to change its orientation. That this is essen-
4119 state to*l 3, (186 nm, *l 14, (198 nm), *l4, (208  tial for the occurrence of emission from the low-spift%d

nm), *Fg (225 nm), and Sy, (244 nm can also be ob- state, is illustrated by a comparison with thel emission of
served. However, the emission bands at 159 and 176 ni&€*" in LiYF,. Although the energy difference between the
cannot be assigned to transitions from the sextet state. As cawo lowest 5 states of C& (some 7 10°cm™?) (Ref. 30

be seen in Fig. &), the 159-nm emission band is shifted is much larger than the energy difference between the low-
some 1. 10°cm™! to lower energy relative to the lowest spin and high-spin #%d states of Et", upon excitation in
spin-allowedf-d excitation band. This shift is approximately the higher 5l states of C& only emission from the lowest-
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4§'%5d (LS)

Er* em 176 nm
70 4£'%5d (HS)
] 2z
ISC----\J-- ‘2
9
60 =
j ] em 186 nm
1 204 -l ¢
— 1€]]<
- o g T T T g T v
g ©f|©e 150 155 160 165 170
o 1 Wavelength (nm)
=
w 104 Yoo FIG. 5. Selective excitation spectra for LiYfEr" 0.5% moni-
toring the spin-allowed #%d(LS)—4f(*l 5, emission at 176
nm (upper curvgé and the spin-forbidden f4%d(HS)
—4f1%(% ,5,,) emission at 186 nrflower curve, both at 10 K. The
sloping increase towards longer wavelengths in the upper curve is
due to stray light.
0 Q-

162 nm. In this spectrum, not shown here, the spin-allowed
FIG. 4. Configurational coordinate diagram for*Eiin LiyF, ~ €mission band at 176 nm originating from the quartef’ad
explaining the observed-d emission bands. IS€intersystem State is absent. The luminescence decay curves recorded for
crossing. Note the break in the energy scale. the 159 and 167 nm emission band are shown in Figs. 6
and Gb), respectively. The decay curve of the 159-nm band

. .. L .. is clearly single-exponential and a decay time of 4.5 ns was
5d level is observed. The efficient nonradiative relaxation is y sing P Y

. . ~obtained, which is in agreement with the spin-alloweadd
due .th(.a fact that thebstates of C&" all have the same spin parity-allowed character of this transition. For the 176-nm
multiplicity (2S+1=2).

A 4 - . emission band the same decay time was measured as for the
The situation for Et* is very similar to the luminescence

behavior in organic molecules after— 7* excitation. From (g |
the singlet excited state, either faspin-allowed emission 3
to the singlet ground state can oc¢fluorescencg or inter- T 10° |
system crossing to the lower-lying triplet excited state can§ "~ §
occur, which is followed by slowspin-forbidden emission &
(phosphorescenge The presently observed-d lumines-

cence provides an inorganic analog of this well-known ob-
servation of fluorescence and phosphorescence in organi

102=E

Intensity

systems. 7
To provide further evidence that the model in Fig. 4 is  10° p 0 ; s T Y 160
correct, three experiments were performed: selective excita: Time (ns)

tion and emission spectra, luminescence decay curves, an
time-resolved emission spectra were recorded. Selective ex
citation spectra monitoring emission at 176 nm, which was ®)
assigned to spin-allowefd d emission, and 186 nm, which is
mainly spin-forbidden emission, are given in Fig({pper
and lower curve, respectivelyin agreement with the model,

in the excitation spectrum of the 176-nm emission band only
the spin-allowedf-d excitation band at 154 nm is present.
The absence of the weak excitation band around 163 nm £
shows that this emission cannot be excited in the sextel™
411054 state. Note that the background increase towards 1
longer wavelengths is caused by scattered excitation light
close to the monitored emission wavelength. In the excitation
spectrum of the 186-nm emission band both spin-allowed g, 6. Luminescence decay curves for LYER* 2% (single
and spin-forbidderf-d excitation bands are observed, as eX-crysta) of (a) the spin-allowed #°5d(LS)— 4f1Y(*l ,5;) emission
pected. The feature at 158 nm may be due to excitation to thg 159 nm and(b) the spin-forbidden #°5d(HS)— 4%l 1)
41 level F(2)s),, which is located at this energy.Next  emission at 167 nm, both at 10 K. The dots form the experimental
to these excitation spectra, we recorded an emission speecurve, the line is the fit curve. Note the different scaling of both
trum for selective excitation into the sextef*#5d state at intensity and time.

nsity (103 counts)
]
)

200 400 600 800
Time (ns)

o4
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% (a)
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FIG. 7. Emission spectrum of LIYFTm3" 1% (single crystal 2 ]
upon 4f*2(°Hg) —4f115d excitation(143 nnj at 7 K. 3

© 4

NS ]

159-nm emission, so these emissions indeed originate from 3 1%
the same state. The decay curve of the 167-nm emissior £
band in Fig. 6b) was recorded in the maximum time range £

of 1 us. It is clear that the curve decreases slightly within

this time period, which indicates that the decay time of this 5 : 200 o0 oo 500

emission is in theus range. It can also be seen that the curve Time (ns)

is not single exponential: a rise time of the order of a few

tenths of aus is present. This rise time has the following  FIG. 8. Luminescence decay curves for LiYFm** 1% (single
origin. As was mentioned above, ¥rhas a 4! level  crysta) of (a) the spin-allowed #'5d(LS)—4f**(°He) emission
[2F(2)s,] at about 63 300 ciit above the ground stat@58 ~ at 161 nm and(b) the spin-forbidden #15d(HS)—4F1%(3H,)
nm), which is in between the sextet and the quarté]togd emission at_168_ nm, b(_)th at 10 K. The dot_s form the e_xperimental
state[see Figs. &) and Fig. 4. Upon excitation in the quar- curve, the Ilne_ is the fit curve. Note the different scaling of both
tet 4f195d states of E¥' in LiYF,, nonradiative decay to the "Mtensity and time.

sextet state proceeds via tHiE(2)s, level. We have found

that in LiYF,:Er**, next to spin-allowed and spin-forbidden Ef* (Sec. 3.]. The strongest emission band in Fig. 7 at 168
f-d emission, also emission from tH# (2)s, State occurs.  nm corresponds to the transition from the high-spit*ad
This f-7f emission, which will be treated in detail in another state (quintet statg to the 4f'2 ground state®Hg, and is
paper;” has a decay time of some tenths ofis, depending therefore spin forbidden. The spin-forbidden emissions from
on temperature. The initial rise in the_decay curve of theypo quintet 415d state to the®F, and 3Hs multiplets are
167-nm emission band corresponds with this value, as thghsered at 184 and 194 nm, respectively. The emission

10 i
sextet 4°%d state is fed by the decay from i (2)s, bands at 161, 175, 18artly), and 199 nm are assigned to

state. Taking this into account, a decay time of.8 was the spin-allowed transitions from the low-spiri’45d state

obtained from a double-exponential curve fit. This relatively, : 3 3 3 3 .
. . . triplet state to *°Hg, °F,, °Hs, and°H,, respectively. Just

| h th f the 167-nM 6» 4, Hs 4

ong decay time agrees with the assignment of the 167-n as for EP", the Stokes shifts for the f4'5d(HS)

emission band to a spin-forbidden transition. 12,3 1 12,3 o
Finally, time-resolved emission spectra for the 747 "("He) and 475d(LS)—41™("Hy) eml|SS|ons are

LiYF,:EP" 2% single-crystalline sample were recordedSimilar, in this case approximately xn0°cm %,
upon excitation into the #9d state at 140 nm at low tem- Luminescence decay curves were recorded for the three
perature(not shown. In the spectrum obtained using a time highest-energetic TAif-d emission bands. The curves for
gate of 5 ns and no delay, the 167-nm band, which waghe 161- and 168-nm emissions are presented in Figs. 8
assigned to a spin-forbiddéslow) emission, has nearly van- and 8b), respectively. The emission at 161 nm decays single
ished relative to the 159-nm band. The emission at 176 nngxponentially with a decay time of 16 ns. The same value
only a shoulder in Fig. @), is clearly present in this spec- was obtained for thé-d emission band at 175 nm, showing
trum detecting only fast emission. The emission spectrunthat both emissions are spin allowed and originate from the
obtained using a delay of about 100 ns and a gate of aboutiplet 4f1!5d state. As can be seen in Fig(bB the decay
350 ns shows a very strong 167-nm band. The 159- andurve of the 168-nm emission band decreases slightly within
176-nm bands are absent. All these observations confirm the us, just as the curve of the 167-nm emission fof 'Ein
assignments to spin-allowed and spin-forbidded emis-  LiYF, [Fig. 6(b)]. In contrast with Et", the decay curve of
sions. this f-d emission band of TAT in LiYF, exhibits no initial

The emission spectrum of LiYETm®* for f-d excita- rise. Indeed, there is nof#? level situated in between the
tion, which is shown in Fig. 7, is similar to tHed emission  two lowest 41'5d states, as there was for¥rin LiYF,.
spectrum of LiYR:Er*" [Fig. 3@]. This is not surprising The only 4f'? level of Tn¥" in the VUV region is S,
because for THY in LiYF, the lowest low-spin and high- around 75000 cm', which is much higher than the lowest
spin 4f19d states are situated at the same positions as fo#f'’5d states’* Thus, the quintet #*'5d state is fed directly
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sured for the spin-allowed emission of LiYAim>" is much
longer than that of LiYE:Er" (16 vs 4.5 ns, see Table. |
These differences can be explained by the presence of the
2F(2)s, level for EP" in between the high-spin and low-
spin 4f105d states. This is clarified using the energy level
diagram in Fig. 9, which schematically shows the processes
that occur upon excitation in the low-spiri"% 15d states for
Er* and Tnt'. The 4f"~15d states are given as broad hori-
zontal bars to distinguish them fronf2levels(narrow hori-
zontal bars Radiative and nonradiative transitions are
shown as straight and wavy arrows, respectively. For sim-
plicity emission is drawn as an arrow to th&"4ground state,
although emission to the otherf% levels also occurs. For
4112 (3Hg) Tm®*, from the low-spin 4'5d state two processes occur:
Erd+ Tm3+ radiative decay to the variousf# states and nonradiative

FIG. 9. Schematic energy level diagrams fofEand Tn#" in decay to the high-spin #4'5d state, with probabilities

LiYF,, showing the radiative and nonradiative processes leading t§Vr(LS) andW,,, respectively. From the high_—spirrfhl5d N

W, (HS). Thus, the competition between radiative and non-
radiative decay from the low-spin state determines the rela-
tive intensities of spin-allowed and spin-forbiddem emis-
sion. For Ef*, the presence of théF(2)s, level allows for

4f115d (LS)E
4f1 1 (2|:5/2) |
4f105d (HS) &

4f115d (HS)

Wi(BFsp) o=
W(LS) W,(HS) W(LS) W,(HS)

YVvY Y VY

<

af1t (y50) X

by the nonradiative relaxation from the lowest triplet state
which is so fas{Fig. 8@a)] that this rise cannot be observed

I b e
n F!g. 8(b). Th's dnffere_nce between T%.ﬁ and EP" is sche- . nonradiative decay from the low-spinf#5d state to the
m_atlcally depicted n Fig. 9. The experlmen'gal decay curve Irhigh-spin state in two steps, via ti{€(2)s, level. From the
Fig. 8(b) COU|d. be fit to a s!ngle-exponenual curve, Wh'Ch high-spin state only radiative decay occurs as the energy gap
gave a decay time of ﬂs_. T_hls value s_hows _that the assign- o the next lower 41 level [2D(2)s] is some 5000 c-27
?O?]n}:;?;é%_nm emission to a spin-forbidded transi- 4000 for nonradiative relaxation from the low-spin
. 10 . . .

For both LiYF,:Er* [Fig. (@] and LiYF,: Tm®" (Fig. Asz 5d state.V|e_1the2.F(2)5/2 state is the opsgrvatlon of vyeak

: : : . 2F(2)s, emission lines. ThéF(2)s, emissions, of which
7), it can be seen that for spin-forbidden as well as SPNihe strongest lie in the UY are very weak relative to spin-
allowed transitions the emission to the ground state is th% 9 ' y P

strongest. The transitions to highef"™4levels are much orbidden f'.d gmission. Th.erefore, in appro>.<i'mation
weak?ar[except for spin-allowed gmission for Pmwhere R(HS/LS)em is directly determined by the competition be-

- ) . . tween radiative and nonradiative decay from the low-spin
the transition to the first excitedf# state ¢F,) is also 41194 state, just as for TAT. With thisyinformation thep
strong. However, there is a clear difference betweer'Er S ' L '
and Tr* in relative intensities of total emission from the radiative and nonradiative decay rates can be calculated. The

low-spin and the high-spin 4 15d state. For TrA" the intensity ratio of spin-forbidden to spin-allowefdd emis-

total spin-allowedf-d emission intensity relative to total sion is equal to:
spin-forbiddenf-d emission intensity is much higher than W,
for E**. We have calculated the ratios of spin-forbidden to R(HS/LS)emzw—. (N
: gy ) . +(LS)

spin-allowed emission intensity, further denoted as

R(HS/LS)e,, from thef-d emission spectra. The values are The measured decay time of the spin-allowfed emission
given in Table I, together with the measured decay times#(LS) represents the total decay from the low-spin state,
For EP' in LiYF, R(HS/LS),, is approximately 11,
whereas for Tm" R(HS/LS)., is about 3, both at low tem-

. —= = +W,, .
perature. Next to that, the low-temperature decay time mea- 7(LS) Wiai(LS) =Wr(LS)+Woy @

TABLE |. f-d emission data for Bf and Tn?" in LiYF, and YFR;: measured decay times of spin-
allowed f-d emission[7(LS)] and spin-forbidderf-d emission[ r,(HS)], ratios of spin-forbidden to spin-
allowed f-d emission intensityf R(HS/LS). ], and calculated radiative decay times of spin-allovwed
emission[ 7,(LS)]. The experimental error is some 10%, except fgiHS) (~20%). [n.m.] denotes: not

measured.
7LS) (n9 (HS,L9enm 7(LS) (ny 7:(HS) (u9)
at 10 K at 300 K at 10 K at 300 K
LiYF ,:EF* 4.5 4.5 11 15 60 3
LiYF . Tm®" 16 9 3 5 60 8
YF5:Er* 55 0.6 6 >50 40 [n.m]
YF3:Tm3* 22 9 2 8 70 [n.m]
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By substituting Eq.(1) in Eq. (2) W,(LS) andW,, can be

3+

calculated @ | F
1 o
Wi(LS)= R(HS/LS et 1 . 7(LS)’ @ > | ~*1572 g >Ny SYgr —Fop -84
g
R(HSILS 1 £
( Jem (4) = |4«

" R(HSILS gt 1 7(LS) 17 ws)

4 4 4
=g =gz =l

For LiYF,EP" at low temperature, W (LS)=2.2
x10%s ™1, so the values calculated fav,(LS) andW,, are
1.9x10°s ! and 2.0<10°s ™%, respectively. In the same e T —
way, for TnP" Wi(LS)=6.3x10's L, giving W,(LS) 150 170 Warelength (o) 2%0 250
=1.6x10"s ! and W,,=4.7x10°s *. W,(LS) for EF*

and Tnt" are similar, as expected. Frowi,(LS) the radia-

tive decay time of the spin-alloweftd emissionr,(LS) is ®) | Tm*

estimated to be some 60 ns, which is also included in Table

l. W, is much larger for Ef" than for Tn?" as the energy 4fugd -

gap that has to be bridged to the next lower lejthle . (—>3)He %, *H,

2F(2)g, level and the high-spin ##'5d state, respectively

is much smaller for BY". This explains whyR(HS/LS),, is -4f1|_1g>d

higher for EF* compared with Tr#i*, and the shorter decay LsH)G O, M, oM, S'G,

time of the spin-allowed-d emissionr(LS) for Er**. 7
Emission spectra and luminescence decay curves for Er

and Trt" in LiYF, were also recorded at room temperature

(not shown. The decay times of the spin-allowéed emis- : ‘ . : : _ :

sion and theR(HS/LS),, values found are included in Table 150 170 190 210 230 250

|. For both samples the intensity of spin-forbiddenl emis- Wavelength (nm)

sion relative to the spin-allowed emissioq has increas_ed COM- o5 10, (@) Emission spectrum of YEER* 1% upon

pared with the spectra at 10 K. The relative increase is Stron4fll(4|15/2)"4f105d excitation (136 nm at 11 K. (b) Emission

ger for Tn?*, whereR(HS/LS),, goes from 3 to 5, than for spectrum of YE:Tm®* 1% upon 4'%(3H,)—4f!l5d excitation

Er**, whereR(HS/LS),,, changes from 11 to 15. The decay (141 nm at 10 K.

time of thef-d emission from the low-spin state has short-

ened for Tni", whereas for Ef" it has not changed signifi- Sion bands which we assign to spin-forbidded emission.

cantly. Through the same procedure as was followed for th&lext to that, the emission bands are broader than emissions

low-temperature measurements, the following values foe observed originating fromf&* levels like 2F(2)s,. This
W,(LS) and W,, are calculated: 1410’s ! and 2.1 Provides evidence that the slow component of the VUV

X10°s ! respectively for EY*, and 2<10’s ™! and 9 emission in LiYR:Er* and _Li\_(F4:Tm3+ is spin-forbidden
X 107 s71, respectively for Ti". As expected, the radiative f-d emission and not-f emission. . _
decay rate is not dependent on temperature. The larger in- EF'" and Tni* are the only heavy lanthanides for which
crease for the nonradiative decay rate for3fncompared f-d emission takes place. The other lanthanides with a more
with ErP* can be understood from the fact that for I'nthe  than half-filled 4 shell for which a spin-forbiddei-d tran-
nonradiative relaxation involves one gap of about 2Sition was observed in excitation (Th Dy**, and Hd™)
X 10*cm ! that can be bridged by 4 phonofifhe maxi- have 4" levels jus_t beloyv the high—spinfﬂflsc.i state and
mum phonon energy in LiYFis about 560 cm® (Ref. 32].  in between the hlgh-spl_n and lowest low-spin state. As a
For EF* nonradiative relaxation occurs in two steps of 1 consequence, nonradiative decay followedfb emission
x10%cm™ %, each involving 2 phonons. Sint#,, is propor- ~ OCCUrs and neither spin-allowed nor spin-forbiddérd
tional to (n+1)P, n being the phonon occupation number €Mission can be observed.
and p the number of phonons involvéd the stronger tem-
perature dependence is indeed expected for the higher order
process. To investigate if spin-allowed and spin-forbiddénd

The same observation of two kinds of emission fof'Er  emission can occur for other hosts than Liy e have stud-
and Tn?" in LiYF, as described here was reported veryied the f-d transitions in YR:EP', YF;:Tm®", and
recently*® Similar VUV emission spectra and luminescenceLak,;:Er*. The low-temperature emission spectra for pow-
decay times in the same order of magnitude were found. Theer samples of Ef and Tnt* in YF; upon excitation into
interpretation in Ref. 18 is different: the slow emissigrs  higher-lying low-spin 4"~ 15d states are shown in Figs.
decay tim¢ was assigned to a parity-forbiddénf emission.  10(a) and 1@b), respectively. These spectra are similar to the
It was not specified which high-lying f4 levels were in-  emission spectra of Ef and Tn?* in LiYF, [Figs. 3a) and
volved. As was described above, for Tithere are no #2 7, respectively, regarding position as well as relative inten-
energy levels in this region, and for¥rthe high-lying 41! sities of the various bands. Consequently, the emission bands
levels were studied by us and found not to cause the emisre assigned in the same way as for Li¥& transitions from

Intensity

3.3.f-d emission for Er** and Tm3* in other fluorides
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the high-spin and low-spinf4~'5d state, as can be seen in to be emitted for nonradiative decay in YFowering its
Fig. 10. The bands at 166 and 158 nm fofEand 166 and  probability compared to the 4-phonon emission in LiYF
160 nm for Tni* correspond to the spin-forbidden and spin- The R(HS/LS)er, values for YREFP" and YR:Tm®" from
allowedf-d transitions to the #" ground state, respectively, the spectra in Fig. 10 are 6 and 2, respectivdigble .
and the remaining bands are dueftal transitions to 4"  From these values and the decay times of the spin-allowed
excited states. For Tih the separation between the spin- emission, the following values fow,(LS) and W, were
allowed and spin-forbidden emission 15 (160 and 166 calculated using Eqgs(3) and (4): 2.6x10's * and 1.6
nm) is slightly smaller compared with LiYF It should be  x10s ! for EP" and 1.5<10°s ! and 3.0<10"s ! for
noted that some of the bands in the spectrum of EB* are  Tm3*, respectivelyW,(LS) and the corresponding radiative
partly due to®F(2)s, emission, which appears to be some-decay timer,(LS), which is also given in Table I, is about
what stronger in Yk than in LiYF,.?’ the same as for LiYE whereadw,, is smaller than in LiYEg

The luminescence decay curvemt shown recorded for  for both EF* and Tnt'. In accordance with the results for
several emissions show that the emissions assigned to spiniYF,, W,,, is much larger for YE:Er** than for YR:Tm?",
allowed f-d transitions are indeed fast, and emissions aswhich is explained by relaxation via th&(2)s, level for
signed to spin-forbidden transitions are relatively slow. De-gp3*.
cay times of 5.5 and 22 ns were obtained for the spin- The f-d emission spectra of Ef and Tn?" in YF; re-
allowed emission at low temperature of’Erand Tnt" in corded at room temperatutaot shown show almost only
YF;, respectivelyTable ). For the spin-forbiddef-d emis-  spin-forbidden emission. The spin-allowéd emission has
sion no decay times could be determined, because decaarly vanished, indicating that nonradiative decay from the
curves were recorded in a time range of only 200 ns, inow-spin to the high-spin state has become much more prob-
which no significant decay was observed. This is an indicaable than at 10 K. Indeed, the decay times measured for the
tion that the decay time is at least soms. These results f-d emission from the low-spin state are much shorter: 0.6
confirm the assignment of the emissions in Fig. 10 to spinns for EF" and 9 ns for Tm' (Table ). For YF;:Tm®*
allowed and spin-forbiddef-d transitions. Thef-d excita- R(HS/LS).,, was found to be about 8. ThR(HS/LS).,
tion spectra recorded for £r and Tn?¥* in YF; (not shown  value for YR:Er*" could not be determined because of a too
strongly resemble the spectra reported befBréust as for small intensity of spin-allowed-d emission relative to spin-
LiYF, several strong broad bands are observed, which aferbidden emission; in other words, it is much larger than the
assigned to excitations to low-spirf¥ 15d states, but no other values given in this paper. The calculated values of
vibrational fine structure is present. The lowest spin-allowedn, (LS) andW,,, for Tm®*" in YF5 at room temperature are
f-d excitation has its maximum at 147 nm for bot?*Eand  1.2x 10" s and 1x 10° s~ %, respectively, showing thaw/,,
Tm3*. This is at higher energy than for LiY;Fwhich is due is much higher than at low temperature. The stronger in-
to the larger site for the lanthanide ion because of the highetrease of the nonradiative decay rate with temperature for
coordination numbe(9 vs 8. As a consequence of the larger YF; compared with LiYR is explained qualitatively by the
ion-ligand distance the crystal-field splitting decreases, caudact that more phonons are need@ge Sec. 3)2and the
ing a shift to higher energy of the lowest% 5d level. For  stronger coupling with the lattice.
both EP* and Tn?" in YF3, the transition to the high-spin  The emission spectrum of &r in LaF; (not shown is
4f"~15d state could not be observed in excitation. The ob-different. Upon excitation into the high f4°5d states a
servation of a weak spin-forbidddnd band in the excitation strong emission band at 161 nm and in addition many
spectrum can be more difficult in comparison with LiYF weaker and narrower bands at longer wavelength are ob-
due to the lack of fine structure. served, at low as well as room temperature. No emission is

As the f-d excitations are at higher energies than inobserved at shorter wavelength. In the VUV excitation spec-
LiYF, while the emission bands are roughly at the samdrum broad bands corresponding to transitions to quartet
positions, the Stokes shifts are larger foryYFor the tran-  4f1%5d states are observed, of which the lowest has its maxi-
sition between the ground state and the lowest low-spirmum at approximately 145 nm. This is at higher energy than
4f"~15( state the Stokes shift can be calculated to be apfor YF5:Er*", in accordance with the larger lanthanide site
proximately 4. % 10°cm™* for EP* and 5.4<10°cm ! for  as L&" is bigger than ¥ (see above At 150 nm a weak
Tm®*. The value of TmM" is somewhat higher than that of band is present, which is assigned to fhé transition to the
Er**, which was also found for LiYE The larger Stokes sextet state. The 161-nm band in the emission spectrum is
shift for YF; compared with LiYF and the absence of fine assigned to the transition from the high-spift%d state to
structure indicate that the electron-lattice coupling is strongethe ground state, resulting in a Stokes shift similar as was
than for LiYF,, causing a larger offset of thef% 15d states  found for YF;:Er** (4.5x10°cm™1). A decay time of 0.4
in the configuration coordinate model. In spite of this stron-us was measured at 10 K, supporting the assignment to spin-
ger coupling, the observation of spin-allowed emissionforbidden f-d emission. The other bands correspond to
shows that from the lowest low-spin state radiative decay cafF(2)s,, emissions ¢>1 us), which are relatively strong be-
compete with nonradiative decay. The intensity of spin-cause in this case th&(2)s, level is situated just below the
allowed f-d emission relative to spin-forbidden emission at high-spin 4%d state?’ This implies that from the high-
low temperature is even stronger compared with Li¥ér  spin state nonradiative decay occurs, which explains that the
both EF* and Tn#*. This can be explained by the lower decay time of the spin-forbiddeind emission is shorter than
maximum phonon energy in %Eompared with LiYR.3*To  7,(HS) for LiYF,:EFP". No spin-allowed f-d emission
bridge the gap of about’210° cm™%, some 6 phonons have could be measured for £rin LaF,, in contrast to LiYF and
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YF,. Apparently, in Lak the probability for nonradiative Er**, and Tni" show several strond-d bands exhibiting

decay from the lowest quartetf #5d state is much higher fine structure, and a wealkd band at lower energy. The

than the radiative decay probability. weak band is a spin-forbidden transition to a high-spin
The VUV emission spectra of some more®Erand 4f"15d state, which can be expected for all lanthanides

Tm®*-doped fluoride compounds were reported in Ref. 18with a more than half-filled # shell.

For EP" and Tn?' in BaY,Fg both slow(us) and fast(ns) As a consequence of the high-spiri"4'5d state, for

emission were found, whereas for $1ES" only the slow Er** and Tn?" two types of f-d emission occur: spin-

component was observed. Based on the present results ffarbidden emission from the high-spin state with a decay

the luminescence of Ef and Tn?", the emissions can be time of someus, and spin-allowed emission from the lowest

assigned to spin-allowedast and spin-forbidderislow) f-d low-spin state with a decay time of some ns. These two types

emission. In the spectra of Eyland Tmk, which have the of f-d emission are observed for¥rand Tn#" in LiYF, as

same structure as ¥%Fonly the fast emission is present, at well as in other fluorides. The situation is analogous to the

the same positions as the spin-allowfed emission for E¥" occurrence of fluorescence and phosphorescence in organic

and Tn?* in YF; (Fig. 10. The spin-forbidderi-d emission ~ molecules.

seems to be absent due to concentration quenching, but it is
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