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Vacuume-ultraviolet spectroscopy and quantum cutting for G&** in LiYF ,
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A systematic spectroscopic study of thé”4energy levels of GY in LiYF, in the vacuum-ultraviolet
spectral region (50 000 —70 000 ch) is reported. Using energy-level calculations, all observed spectral lines
could be assigned to free-ion term symb@eluding term symbols with unusually highandJ, e.g., a2Qys
level around 67 000 cit). From the®G; levels around 50 000 cnt quantum cuttingor two-photon lumi-
nescence, photon-cascade emissisbserved: the emission of a red photon due to®Bg—°P; transition
is followed by the emission of an ultraviolet photon due to ffRy—8S,, transition.
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I. INTRODUCTION gives the highest efficiency of all noble gases, but it is still
less efficient than the conventional mercury discharge. The
In the past decades experimental and theoretical work bghosphors used in mercury discharge fluorescent tubes have
scientists like Dieké, Carnall et al,? and many others has quantum efficiencies close to 100%. Therefore, to make a
provided an overview of the ¥4 energy levels of all rare- mercury-free fluorescent tube competitive, a phosphor with a
earth ions in the infrared, visible, and ultraviolet spectralquantum efficiency higher than 100% is required. In other
region. Energy-level calculations up to 50 000 Cmhave  words, more than one visible photon should be obtained per
been performed for all rare-earth ions and most of the energgbsorbed VUV photon. One of the challenges is to find such
levels have been observed experimentally. a VUV phosphor, a so-called quantum cutter. The high en-
In spite of the large number of papers ofi"4energy  ergy of the VUV photons from a xenon dimer discharge
levels of rare-earth ions, reports ofi"denergy levels in the makes it possiblgin theory to obtain quantum cuttingor
vacuum-ultraviolet spectral regiadivUV; E>50 000 cm?, two-photon luminescence, photon-cascade emigsiorihe
A<<200 nm are scarce. For the strong parity allowed visible. For rare-earth ions the phenomenon of quantum cut-
4f"—4f"~15d transitions on the other hand, the spectra inting is known*!? but based on the current knowledge no
the VUV region have been studied for most rare-earth ions irefficient quantum cutter in the visible is possibfe.
LaF;, Cak, and LiYF,, starting with the pioneering work by Our research program on finding an efficient quantum cut-
the group of Yer?:* Only for a few rare-earth elements some ter involves three stages. First, the energy levels in the VUV
4f" levels in the VUV have been calculated and/orregion will be resolved for a number of rare-earth ions. Next,
observed ™ One can think of two reasons for this lack of it will be investigated if efficient visible quantum cutting
effort in the VUV region on 4"—4f" transitions:(1) Itis  from one of the VUV levels is possible. Finally, promising
difficult. Measurements on the wegharity forbidden intra-  ions will be incorporated in various host lattices to find a
configurational 4"—4f" transitions require special setups stable VUV phosphor with a higfclose to 200% quantum
for luminescence spectroscopy in the VUV and calculationfficiency in the visible. The first ions to be investigated will
including levels above 50 000 crhrequire larger matrices. be those ions that are able to give an efficient emission in the
Furthermore, the measurements on tlie-44f" transitions  visible, either directly or after energy transfer, e.g.,35m
can be complicated by the difficulty of discriminating them EU**, G&*, Ho>", and EF*. To resolve the energy levels in
from parity-allowed 4"—4f""1 n’l background bands. the VUV region the lanthanides are incorporated in fluoride
Two-photon absorption spectroscopy has been used succesattices(e.g., LiYF, and Lak). In these host lattices the op-
fully to overcome this problen? but to date this has not posite parity state$4f" 5d and charge transfethat can
been extended into the VUMW2) There are no applications interfere with the energy levels of the%configuration are
that require knowledge on thef %levels of rare-earth ions in  at the highest possible energies.
the VUV. To investigate if efficient quantum cutting in the visible
The latter point has changed recently. The development atan be achieved, the emission spectra under VUV excitation
phosphors for excitation in the VUV has become an impor-will be analyzed. For efficient quantum cutting in the visible
tant new challenge in the field of luminescent materials retwo conditions must be fulfilled. First, to get emission from a
search. VUV phosphors are required for application inhigh-lying energy level, the gap to the next lower level
mercury-free fluorescent tubes and in plasma display panelshould be large enough to prevent multiphonon relaxation.
In these devices a noble-gas discharge generates VUV radi&econd, the branching ratiae., the way the total emission
tion. The xenon dimer discharge, which yields a broad bandnhtensity is divided over the various transitions in the IR,
in the VUV with the maximum at 172 nnixenon dime),  visible, and UV spectral regigrmust be appropriate. This

0163-1829/97/5@1)/138418)/$10.00 56 13841 © 1997 The American Physical Society



13842 WEGH, DONKER, MEIJERINK, LAMMINMAKI, AND HOLSA 56

II. EXPERIMENTAL

%G1ar2 A singl | of LiYE:Gd** ing th
9 single crystal of LiYR: was grown using the

50— 11/2,9/2,5/2 Bridgman method. The crystal-growth melt contained 5
7 mol % of GF'. The crystal was grown in a vitreous carbon
crucible in a nitrogen atmosphere using a Philips PH 1006/13
high-frequency furnace. To obtain a crystal free of oxides,
the crystal-growth chamber was flushed for several minutes
with SF;.1® By this methal a 4 cm-long crystal with a 1.5 cm
diameter was obtained. A polished, transparent piece of 2
6 mm thick was used for the measurements. The powder
_ °Dyjp7/2,3/2,52 sample of LiGdg:Eu*" was prepared by firing stoichio-
404 — 9p metric mixtures of LiF, Gdk, and Euk at 550 °C in a nitro-
gen atmosphere. The samples were checked by x-ray-
6| diffraction analysis and found to be single phase. Lj¥4Rd
= 112152132 LiGdF, have the inverse scheelite structure, space group
AE T 72 14, /a. The site symmetry for the lanthanide ion i 'S
(103 cm™ ]| 6 For low resolution spectroscopic measurements with ex-
P70 citation in the VUV, a Spex 1680 spectrofluorometer
gg equipped with 0.22 m double monochromators was adapted
for VUV measurement® The excitation source was a
D,-lamp (Hamamatsu L1835, 150 Wfitted with a Mgk
window. The light was focused by two Mghenses on the
entrance slit of the excitation monochromator, which con-
10+ tained VUV coated gratings blazed at 150 (2200 g/mm
and Al mirrors coated with Mg/ ARC 1600. The emission
monochromator was equipped with gratings blazed at 500
nm (1200 g/mn). The signal was detected with a cooled
Hamamatsu R928 photomultiplier tube. The sample position
could be optimized in all directions. The spectral resolution
of this apparatus was approximately 0.5 nm. Before record-
0 887/2 ing the spectra, the Plamp housing, excitation monochro-
mator, and sample compartment were flushed for at least 15
h with dry N, to remove air. By this method, excitation spec-
tra could be recorded in the region 150—350 nm and emis-
sion could be measured in the region 250—-800 nm. Excita-
tion spectra were corrected for the lamp intensity and the
will be determined experimentally. With the aid of Judd- transmission of the excitation monochromator by using so-
Ofelt theory the theoretical maximum quantum efficiency indium salicylate as a standafthe absorption and quantum
the visible region can be calculated. efficiency are assumed to be constant in the energy range
In this paper the results on &din LiYF, are presented. investigated®® All low resolution measurements were per-
The schematic energy-level diagram of6d4f’) as far as  formed at room temperature.
it was known up until now is given in Fig. 2Every free-ion The high resolution excitation measurements were carried
level (3S*1L ), which is denoted by a single horizontal bar, OUt using synchrotron radiation and the equipment of the
is in reality split into several Stark levels by the crystal field. HIGIT! experimental statiof? of the Synchrotronstrahl-
In the first part of the paper the excitation spectrum in the!ngslabor HASYLAB at DESY, HamburgGermany. Al
region 50 000—80 000 cht is reported. An overview of the low-temperature spectra and emission spectra in the VUV

positions of energy levels in the VUV spectral region is pre_reglon were also recorded with this experimental setup. The

. . HIGITI experimental station is situated at the DORIS storage
sented and compared with energy-level calculations per- ; . . .
ring and a wiggler is used to enhance the beam intensity to

formed for G.&' The second part of the paper discusses, ;i3 photons(sec mrad0.1% bandwidth (energy range
quantum cutting for G&. Up until now, only emission to 5-30 eVJ. The excitation light was dispersed thréug 1 m

the °Sy;, ground state has been reported forGdncluding  \yadsworth monochromator with a holographic Mgated

the °G,—®S;;, emission around 200 nm, which has been| grating blazed at 150 nnf1200 g/mm. An estimated
found in several host latticé$ These emissions are all in the photon flux of 161 photons(A sed was obtained at the
ultraviolet region. However, on the basis of the energy-leveEamme_ The ultimate spectral resolution was about 0.3 A.
scheme of G#" one can expect a visible emission in the The area of the beam spot at the sample was less than
orange/red due to théG,;—°P; transition, followed by 1 mn? The pressure in the monochromator and the sample
emission of a second photon from tA@; level. It will be  chamber was maintained below 0mbar. The temperature
shown that quantum cutting and visible emission can indeedf the sample could be varied between liquid helium and
be observed for G in LiYF,. room temperature. The emission could be measured in dif-

30

FIG. 1. Energy-level scheme in the range 0—50 000cior
Gd®" in fluoride latticegRef. 2). Note the break in the energy scale.
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TABLE |. Experimentally observedG; energy levels for Gt

in LiYF,, compared with calculated energy levels for’'Gih LaF,
555G 8. _8G (Ref. 2. The last column gives the theoretical number of Stark
e T 7277 829121112 levels for every®G; term.
_ Eexp_(cm‘l) _ Ecaccm™) No. of
§ (LiYFy) Multiplet (LaRy) levels
2 49022 5G4, 49160 4
49087 49225
49174 49243
~49236 49284
194 196 198 200 202 204 49373 Gu1r2 49545 6
Wavelength (nm) 49456 5Gy, 5
49529 5Gs, 3
FIG. 2. 8s,,—%G; excitation spectrum of LiYEGd" 5% 49596
monitoring ®P5,,—8S;/, emission(311.0 nm at 9 K. 49680
] o 49766
ferent ways, depending on the emission wavelength. For the 49811 49860
region 300-700 nm a 0.2 m monochromatéwcton Re- 50431 6Gyp 50486 2
search Corporation VM502; 600 g/mnmwith a cooled 50500 50568
Hamamatsu_R943—02 photomultiplier tube was used. The 51148 5G 1 51310 7
light was guided from the sample chamber to the entrance
; . . 51190 51357
slit of the monochromator by an optical fiber. VUV/UV
L . 51216 51382
emission was detected using a Hamamatsu 1645U-09 Chan-
: 51261 51402
nelplate detector attached to a 0.4 m Seya-Namioka mono- 51337 1414
chromator with a holographic Al-MgFgrating blazed at 150 51369 51436
nm (1200 g/mm. The spectral resolution of both detection 51483

systems is>1 nm.

@This value is determined from tH& ;—®P; emission spectrum of
IIl. VACUUM-ULTRAVIOLET SPECTROSCOPY LiYF,:Gd®" in Fig. 5 (see text

In Fig. 2 the 8S,,—°G; excitation spectrum of
LiYF ,:G®* monitoring ®P,,,—8S;,, emission(311.0 nm at
9 K is shown. The spectral resolution was limitedit A due
to the relatively low intensity of #-4f transitions. The po- :
sitions of all lines measured are tabulated in Table I. Thél€termined. . .
lines correspond to transitions to various Stark levelS®@f From Table | follows that for the’Gyy,, "Ggp, and
terms. The observation of these lines is not unique. Absorp-C13:z Multiplets almost all Stark levels were found experi-
tion spectra for LagGd®* down to 200 nm have been re- mentally. The lines between 49 300 and 49 900 &mwhich
ported previously by Carnadit al2 Energy-level calculations correspond — to  8S;,—%Gy1p,  8S7,—~%Ggp,  and
by Carnallet al. for the 6G; levels for Gd* in LaF; are  S;,—°Gsy, transitions, cannot be assigned unambiguously.
included in Table I for comparison. The agreement betweefhe multiplets °G;y,, ®Ggp,, and 8Gg), are too close in
the calculations for Gtf in LaF; and the presently observed energy to distinguish and assign all overlapping Stark levels.
levels for Gd" in LiYF, is good, considering the fact that Another reason for missing energy levels in the excitation
Gd®" is incorporated in different host lattices. For Gdn spectrum can be a very low transition probability.

LiYF, the barycenters of th€G-,,, °Gs,, and 6G,5, mul- Figure 3 shows the excitation spectrum in the region 140—
tiplets are 98, 70, and 140 crh lower in energy, respec- 200 nm of LiYF,:Gd®" monitoring ®P;,—8S;,, emission at
tively. The crystal-field splittings for these multiplets are, on9 K. The 8S;,—°G3, lines are included to be able to com-
average, larger for LIYEGA®* than for Lak:Gd®*. Both  pare the intensities in Fig. 3 with th#S,,—°®G excitation
observations are in agreement with what can be expected fepectrum in Fig. 2. In the spectrum, 40 lines due fo44

Gd®" on a smaller site[rys+(VIIl) =1.02 A, r z+(IX) transitions could be observed, which have not been observed
=1.22 A].?! Free-ion levels shift to lower energies for rare- or calculated before. The corresponding energies are given in
earth ions substituted on smaller sites due to a slight decread@ble Il. In order to assign these lines, we performed energy-
in electron repulsior(increase in overlap with ligand orbit- level calculations with the matrix-diagonalization and least-
als). The crystal-field splitting is well known to increase with squares-refinement programeeL?? The parameters for
decreasing ion-ligand separations. The number of Stark levGd®" in LaF; from Ref. 2 were used since the parameters for
els for every multiplet(Table I, last columhis equal for ~Gd** in LiYF, are not known. As was shown above, a small
LiYF, and Lak. This is due to the relatively low site sym- shift (some 100 cri}) to lower energies is expected for the
metry for the rare-earth ion in both latticéS, and G, re-  free-ion levels of G&" in LiYF, in comparison to Gt in
spectively, which means that all degeneracy is lifted by theLaF;. The parameters used are given in Table Ill. Only free-

crystal field except Kramers’ degeneracy. It was not possible
to perform energy-level calculations for LiYFsd® be-
cause the energy-level parameters needed have never been
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FIG. 3. VUV excitation spectrum of LIYEGH* 5% monitor-
ing ®P;,—8S,,, emission(311.0 nm at 9 K. The spectrum is split
into two parts to make all lines visible. THS;,,—°H 3, lines at

168 nm are present in both parts for intensity comparison. For as-

signments, see Table II.

ion parameters were used, in other words, the crystal-fi
parameter8{ were kept zero. In this way for eveRP 'L,
multiplet the barycenter of the Stark levels was obtaine
The resulting free-ion energy levels are shown in Table
The crystal field was not taken into account in the calcul
tions since the energy differences between several free-
levels are small. As a consequence, most of the single lit
or groups of lines can only be assigned to a group™ofL ;
multiplets (denoted in Table Il by).

All calculated energy levels are assignedto L ; terms.
One has to realize that for most multiplets in this higt
energy region, mixing of sever&P" 1L ; terms(mostly with
samelJ) is important. For example, the term that has tt
largest contribution in the free-ion level calculated :
55732 cm?is 6Gg,, but the terms*H(3)g, and *H(2)g),
also have a large contribution. The consequence of mixing
the levels is that in some cases the s&¥ie'L ; term has the
largest contribution in two different calculated levels. This
the reason that sonte* XL ; values, which are marked by ar
asterisk in Table Il, occur twice in the assignments.

The highest-energetic excitation line measuréat
67 024 cml) can be assigned to the transition to @,
multiplet. To our knowledge, this is the first observation ¢
an ion in aQ state, which corresponds to a total orbite
guantum numbeL equal to 12. This extraordinarily high
value ofL can only be obtained for ions witff, f7, or f8
configuration. Values higher than 12 are not possible for i
traconfigurational states.

The number of observed excitation lines in Fig. 3 is on
a small fraction of the total number of theoretically expecte

energy levels in this region, which is the sum of the numbe. _
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TABLE Il. Experimentally observed energy levels in the range
52 000-67 50@m* for G&" in LiYF,, compared with calculated
free-ion energy levels fod®" in LaF,. The last column gives the
theoretical number of Stark levels for evety'iL; term. The as-
terisks mark?S* 1L ; terms which occur twicéfor explanation, see
texd.

Eep(cm™) E g lem™) No. of
(LiYF,) Multiplet (LaF;) levels
52277 5Gqp* 52 420 4
52351
52554
52706 °F 1 52719 1
53631 SF 53779 2
53717
54002 °F 1 54277 6
54168 5G 5™ 54353 3
54330 Fop 54552 5
54 475 5Fs, 54687 3
54 546 Fan 54745 4
54693
54822
55559 { 5Ggp* 55732 5
55 661 N 55862 9
55779
56 189 { H(2)7p 56 220 4
56 300 *D(6)s, 56252 2
56 808 ‘H(2) 131 56 945 7
56 880 “Nion 57 061 10
57091 3 SHy, 57169 3
57162 4D(6) 1y, 57183 1
N 57329 12
*H(2) 12 57451 6
*Naua 57 606 11
58018 °H s 58139 8
58 119 °H.p 58 140 4
58214 L(2) 13 58254 7
58 551 Y ‘L(2)n* 58298 9
58 665 ‘L(2)1sn 58323 8
N 58 577 6
\ ¢H, 58 632 5
59 613 °H 3, 59676 7
59 730
‘L(2) 10 60172 10
KD yp 60242 6
60 794 F (4o 60 831 5
61 181 F(4)7p* 61204 4
62348 F(d)sp 62389 3
SL(2) 62536 9
K1)y 62 721 7
K(1)1sn 62 900 8
63 437 ‘H(4) 14 63432 6
63743 ‘H(4)gp 63703 5
63 881 ‘H(4)7, 63747 4
64 103 4G (6)sp 63938 3
4F(4)3, 63 981 2
45(2) 3, 64210 2
64392 ‘H(4) 13 64521 7
64 487 { G (S 64 595 6
64746 “G(6)g 64710 5
4G(6), 65 266 4
65 402 (4) 65 384 6
4G (5)en 65 462 5
() 13, 65 984 7
414y 66 225 6
66 366 I(4)gp 66313 5
66 529 ‘G(5)sp 66 425 3
66 720 (D)5 66 620 8
AF(4)5p0* 66910 4
67 024 200 67 141 12
2G(0) 1 67 765 4
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in the last column in Table II. This is due to the large number
of 25T1L,; multiplets in a relatively small energy region, as
already discussed. The resolution was too low to distinguisl T~
levels with an energy difference smaller than approximately
70 cmi %, especially in the higher energy part of Fig. 3. As a
result, in most cases the experimental excitation energies | 1
Table Il correspond to transitions to a number of levels rathe
than to one energy level.

Taking the considerations described above into accoun
the conclusion from the results in Table Il is that the agree:
ment between the experimental and calculated levels is goo

The energy regions where excitation lines are found in Fig. {
coincide with the energy regions where levels are calculatec ]
In many cases the positions observed are 100—200 cm . .

lower than the calculated energies, which is in agreemer 15 120 s 130 135

. . . ; elength (nm)
with the shift to lower energy expected for &dn LiYF, in
comparison to Lag: oo . FIG. 4. VUV excitation spectrum of LiYEGd** 5% monitor-

For the scope _of our resea_rch it is important that in thqng 6p.,,,—8S,,, emission(311.0 nm at 9 K.
150-200 nm region the maximum energy gap fromfa 4
level to the next lower level is approximately 1200¢in  cesses will generally be small compared to the probability
This means that in almost all host lattices, @Gibn excited  for the multiphonon-relaxation process. However, if the
in this region will decay nonradiatively by multiphonon re- number of steps in the nonradiative decay becomes large, the
laxation to the®G; levels around 200 nm. relative probability for the other processes will increase. This

A few #'1L; terms calculated in the means that at high excitation energies the chance of reaching
52 000—67 500 cm' region were not observed at all, appar- the 5G levels via multiphonon relaxation can become very
ently due to a too low transition probability. It should be small. This could explain why we did not observe any
mentioned that the Gd 47 energy levels extend till above 4f7-4f7 transitions above 67 500 cth in excitation mea-
150 000 cm*,* although no 47-4f7 transitions were ob- surements. This hypothesis could be verified by absorption
served above 67 500 crh in our experiments. A possible or reflection spectroscopy, in which relaxation processes do
explanation for this is the following. The multiphonon relax- not play a role. Note that in Fig. 3 an overall trend of de-
ation to the®G; levels will involve an increasing number of creasing intensity of the f4-4f7 transitions with increasing
steps for excitation at higher energies. At every step the mulexcitation energy can be observed, which supports our expla-
tiphonon relaxation will have to compete with other pro- nation for the absence off4-4f” lines in the excitation
cesses like energy transfer to killer centers. Since the maxipectrum above 67 500 crh
mum energy gap betweenf 4evels in the VUV region is In a preliminary papéf we presented an excitation spec-
approximately 1200 cit, the possibility for these other pro- trum of LiYF,:Gd®" measured on the spectrofluorometer de-

scribed in Sec. Il, but without flushing with ,NPeaks ob-
TABLE lIl. Free-ion parameters for Gd in LaF; (Ref. 2 used  served at 190.6, 189.2, and 187.2 nm were erroneously

Energy (eV)
10.50 10.00 9.50

Intensity

for the calculations in Table II. assigned to #-4f transitions on G&. We now know that
the structure in this region of the spectrum is due to the
Value absorption of the excitation light by oxygénh.
Parameter (in cm™) In Fig. 4 the excitation spectrum of LiYEGd®" in the

115—-135 nm region monitoringP-,,—8S;,, emission at 9 K

Electron repulsion is given. The excitation band with a sharp edge at 127 nm is

2

:; 2(5) ggg assigned to. host-lattice absorpt.ipn. The pand has a high in-
Fo 44776 tensity relative to the #4f transitions in Figs. 2 and 3. The

) _ _ assignment is based on the fact that for a number of trivalent
Spin-orbit coupling rare-earth ions in LiYFa strong excitation band around 120
4 ) _ 1508 nm was found, which was assigned to host-lattice
Two-body interaction absorptior?® The steep onset is typical for band-gap excita-
a 18.92 tion. The decrease of the intensity for energies higher than
B —600 9.85 eV (see Fig. 4 is explained as follows: because the
Y 1575 optical density is very high at higher energies, the excitation
Three-body interaction light is absorbed near the surface of the crystal, where the
T? 300 concentration of killer sites is relatively high. Therefore the
T3 42 excitation energy is lost as a result of nonradiative
T 62 processe$’ In addition, the increase in absorption coeffi-
T6 —295 cient will result in a higher dielectric constant and thus a
T’ 350 higher reflectivity. This effect will also contribute to the ob-
T8 310 served decrease in the excitation spectrum.

From the spectrum in Fig. 4 the band gap of Livikas
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TABLE IV. Assignment of the®G;—®P; emission lines for

RT Gd®" in LiYF, from Fig. 5. The numbers in parentheses correspond
_ to measured Stark levels.
Crrm s srsPa Eexp(cm™) Transition

%‘ 6(311/2,9/2. 5/2—>6P3/2 15721 267/2(1)_>ZP3/2
PCB 6 9 Gc9'7/2—>6F'5/2 15810 G72)—"P3p
= GM & *G7,—°Pys 15855 8G7/(3)— Py,
] 16 046 °G11/2,012,541)—°Pap
ﬁj | 16 100-16 240 %Grusnsh>)— Pap
16 287 5G/(1)— %P5,
560 580 600 620 640 16 340 ®Gy/2(2)—°Psy
Wavelength (nm) 16 418 8G;(3)—°Ps),
16 480 ®G/(4)—°Ps)
FIG. 5. °G;—°®P; emission spectrum of LiYEGd®* 5% upon 16 700 ®G11/0.025/62)—®Psp2
83,,,— %G, excitation(202.1 nm at 300 K. 16 740—16 820 5G 11202 54 >) — Paps
16 872 5G,(1)— 5P,
determined at 9.8 eV. An excitation spectrum in this region 16 938 6G.,(2)— P,
was also recorded at room temperature, resulting in a small 17 010 6G(3)— 5P,
shift of the band gap to 9.7 eV and a slight broadening qf the 17 077 6Go(4)— 5P,
edge. The temperature dependence of t_he energy gap is well 17 238 5G1u.omshl)— P
known for semiconductors and is explained by thermal ex- 17 298 5Gr1ip o12542)— P
pansion (_)f the ]atti}ce and temperature dependence of the 17 361 5Gyy/s ;/2 5’/£>)4>6P7/2
phonon distributiorf! 17 48017 690 5G1ris o= )— Py

IV. QUANTUM CUTTING

The energy-level scheme in Fig. 1 shows the possibilitie@nd the energies of theP, levels for LiYF,:Gd®" from Ref.
for quantum cutting in GY. The gap between th8G,, 29. As far as we are aware, this is the first observation of
level and the next lowefD levels is large (8000 cif) and  Visible luminescence from G4,
therefore the multiphonon-relaxation rate will be negligibly =~ The low-temperature emission spectryfig. 6), which
small. Quantum cutting can occur when a3Gdon excited ~ Was recorded at the DESY synchrotr(see Sec. )i shows
in the 5G; levels returns to the ground state by two subselhree lines at 592.7, 614.0, and 636.1 nm. These are assigned
quent radiative transitions, e.§G,— %P, and °P,—8S,,. 0 the emissions from the loweSG, level to the °Pyp,

The G,—5P, transitions are expected in the orange/red Ps2: and °Pz;, multiplets, respectively. The resolution of
spectral region. the emission monochromator was too low to resolve the
Figures 5 and 6 show the emission spectra of Ljgf*  emissions to the different Stark levels of t_ﬁ_EJ 2mulnplets,

in the visible upon excitation in theG, levels at room tem- Which differ only a few tens of cm" in position?’

perature and 9 K, respectively. Indeed, emission is observed All emission lines measured in the room-temperature
around 600 nm. All emission lines in these spectra are assPectrum(Fig. 5), recorded on the modified spectrofluorom-
signed t0°G,—®P transitions of G&'. The energies of the ©ter (see Sec. )l and their assignments are tapulated in
emission lines agree very well with the calculated differenced able IV. As expected, the three lines observed in the low-

between the energies of the measuf&, levels (Table ) ~ temperature emission spectrum are present at the same posi-
tion and with the same intensity ratio, although the line-

widths are much smaller. This is due to the better resolution
of the emission monochromator compared to that at the
DESY synchrotron. At the high-energy side of these three
lines new emission lines show up at room temperature,
which can be assigned to emissions from thermally popu-
lated higher®G;;, and ®Gyy/ 6252 levels. Just as for the
low-temperature spectrum, the spectral resolution of the
monochromator was too low to resolve emissions to the dif-
ferent Stark levels of théP; multiplets. However, the en-
ergy differences between th¥G, Stark levels are larger
than those betweefiP; Stark levels. This resulted in the
assignment of the emission lines to transitions from different
560 580 600 620 640  9Gyp, Stark levels to®P; multiplets. For every transition in
Wavelength (nm) Table IV a number is added in parentheses, which corre-
sponds to the®G,,, Stark level from which the emission
FIG. 6. 5G4,,—°P, emission spectrum of LiYEGd®*" 5% upon  originates. The numbers increase with increasing energy of
83,,,— %G 14, excitation(194.7 nm at 9 K. the level. For emissions from tR& 1, o1, 5,levels the same

Intensity
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is observed. Due to a low emission intensity and to the fac
that only a few of these levels can be resolved in Fig. 2 a ’S7,°G,
because the energy differences are too small, it is difficult tc .
distinguish  different ®Gy1/ 92572 °P; emission lines.
Therefore, some weak emissions in Fig. 5 are assigned 1
transitions from a number of higher energeﬁGll,zvg,zys,z
levels to a®P; multiplet. This is denoted in Table IV bg>).

The assignments of the lines at 585.6 and 606.8 nn b
(17 077 and 16 480 cni, respectively to emissions from
the 6G,,,(4) level is not based on calculated differences be- 83,,°G,
tween the energies of measured levels, becaus@Ghg(4) 8,,,—D),
level was not observed in the excitation spectr(fg. 2). M
We assign these emissions on the basis of the following. Fc 200 - 750 - Py ' 290
6G4,,— P4, as well as®G,,— 8P, four lines are found, Wavelength (nm)
from which the three lowest energetic can be assigned to
emissions from the thre®G-,, Stark levels determined from  FIG. 7. (a) Excitation spectrum of LiY:Gd*" 5% monitoring
Fig. 2. The energy difference between the highest energetitG7z2— Pz, emission(592.7 nm of Gd®* at 300 K. (b) Excitation
emission line and the other three is approximately the samgPectrum of '—inE:EUS+ 0.5% monitoring °Do—F; emission
for both 8G,;,—®P5;, and 8G;,—®Pg,. Therefore the two  (990-7 nm of Eu" at 300 K.
lines mentioned above are assigned to emissions from the
8G,,,(4) level. The energy for this level determined from the lines observed in Figs. 5 and 6 do not coincide with those of
emission spectrum is included in Table I. The fact that thehese ions in Livg. .

83,,,—%G,(4) excitation is not observed in the spectrumin ~ UpPoOn S'7/2—’663 excitation quantum cutting occurs be-
Fig. 2 is likely due to a too low transition probability. cause thé’G,—°P, emission is followed by théP; Sy,

The assignments of theG,— P, emission lines differ €mission. The visible quantum efficiency is low due to the
from those in Ref. 24 because the setup used for those mef!lowing two factors. First, the second photon due to
surements was not properly calibrated in the VUV region. Py—"Sy2 emission of G&" is situated around 311 nm,
Moreover, only low-resolution spectra could be recorded, reWhich is in the UV. Second, a Gd ion has several possi-
sulting in a higher inaccuracy in the positions of the, bilities to decay from théG, levels, of which the’G,—°P,
levels. transition is the only emission in the visible. Other emissions

To be able to assign the emission lines in the orange/refom the °G; levels also occur, as can be seen in Fig. 8,
spectral region unambiguously f,—°P, emission from  Which shows the UV emission spectrum of LiyBd*
G+, the possibility of emission from other rare-earth ionsUPON excitation in the®Gig, levels at room temperature.
that emit in this region has to be excluded. In Ref. 24 theAround 204 nm the emission from thG, levels to the
possibility of EF* emission at 590.6 and 614.0 nib6 938 ~ ground state is observed. The fact that fiig—®S;, emis-
and 16 287 c?, respectively was suggested. Based on the Sion around 278 nm is present in Fig. 8 shows that decay
present observations, all emission lines can be assigned feom the °G; levels to the®l ; levels also takes place. Indeed,
6G,—OP, transitions on G¥ and EG* emission can be Upon °G; excitation the®G,—°l; emission is observed in
excluded: first, all emission positions agree very well withthe near infrared, viz. around 750 nm. The emission from the
calculated positions fofG,—°P; lines. This is especially |s levels to the ground state is weak compared to the
the case for the 614.0 nm line, which is also present in the §P;—°S7, emission. However, at room temperature the
K emission Spectrun@Fig_ 6) and is as a conseguence as- nonradiative transition prObablhty of th¥ 7/2 levels of Gd*
signed to an emission from the lowe%s level. Next, there
are more E&i" emission lines in this regiofsee Ref. 2%
which are not present in Fig. 5. The clearest proof that the _
visible emission in Figs. 5 and 6 does not originate from
Eu’' is supplied by Fig. 7. In this figure the excitation spec-
tra of LiYF,:Gd®" (tracea) and LiGdR,:EW®" (traceb) are
presented, both monitoring emission in the 590-593 nn
range. For LIGd:EL*" the monitored®D,— 'F, emission
on EU* occurs after energy transfer from t@; levels of
Gd®*, and therefore the®s;,—°,, %s,,—-°D;, and
83,,—5G; transitions are present in the excitation spectrum J

8 6
Sze—L)

Intensity

6 g
P87

Intensity

'

As can be seen in Fig. 7, traee for LiYF ,:Gd®" the orange 1%G6,-%,, 6 8
emission only occurs after excitation in tf&; levels or AN /J,_:,\m
higher. This shows that this emission is not originating from 200 230 260 200 320
Eu®', but from the®G; levels of Gd*. Wavelength (nm)

Other rare-earth ions which could be present as impurities
and give emission in the region around 600 nm aré'Th FIG. 8. UV emission spectrum of LiYFGHE* 5% upon
Snt*, Dy**, and HS", but the spectral positions of the 8S,,—6G,s, excitation(194.7 nm at 300 K.
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in LiYF , to the ®Pg, levels is approximately 5 times larger V. CONCLUSIONS

than the ®1,,,—8S;, radiative transition probability’ The In this paper an overview of f4 energy levels in the

61 ,—®P; nonradiative decay results fiP;—8S;, emission. VUV spectral region for a rare-earth ion is presented. For

From this follows that almost half of the intensity of the G&®* in LiYF, a large number of # levels is observed at

6p,—853,, emission is due to decay via tifé, levels. energies higher than 50 000 cf A good agreement with
From the discussion above it is clear that the branchin alculated free-ion energy levels is obtained. Upon excitation

ratio for the visible emission is not very favorable. No quan-1 the the’G, levels around 200 nm quantum cutting oceurs:
- . y - Noquan-y,q 6. ,6p ) emission, which is in the orange/red spectral
titative analysis could be performed because the spectrum fRegion, is followed by theé’P,—8S,,, UV emission. An ef-

Fig. 8 could not be corrected for the instrumental responseficient quantum cutter in the visible region based or? Gd
Further, theU™ reduced matrix elements, which are re- alone is not possible.

quired for a quantitative Judd-Ofelt analysis, have not been
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