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Observation, investigation, and characterization of vacuum ultrawiglé¥/' ) (~10 eV) luminescence due
to interconfigurational #-15d-4f" transitions in G&" and Li** are reported. High-resolutioi~0.5 A) VUV
emission and excitation spectra as well as decay kinetics of VUV luminescence have been measured for
LiGdF,, GdR;, LiLuF,, and LuF; crystals using synchrotron radiation. The obtained results are the direct proof
that the VUV luminescence observed from LiGdér GdF; crystals and LiLuly or LuF; originates from
4f65d-4f7 transitions in G@" and 4135d-4f14 transitions in L&*, respectively. The fine structure due to
zero-phonon and vibronic lines was well resolved in VUV emission and excitation spectra of /. i8ldéreas
the spectra of Gdfand Luk; have a smooth shape because of stronger electron-lattice coupling between the
4f"15d electronic configuration of the Gland Li?* ions and the lattice vibrations.
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Spectroscopy of parity-allowed interconfigurational scopic studies of VUV emissions from LiGgF GdF;,
4f"— 4154 transitions of trivalent rare earttRE*) ions  LiLuF,, and Luf, nominally pure and doped with €eare
in a wide band-gap matrix requires a tuneable light source imeported for the spectral range around the edge of
the vacuum ultravioletVUV). In the pioneering work of Yen  4f’-4f55d transitions in G&" and 4%-4f1%d transitions in
et al,! the potential of synchrotron radiation as an excitationLu®".
source for luminescence spectroscopy was demonstrated. It The VUV spectroscopy was performed at the SUPER-
was first applied to #'— 4f"~15d excitations of RE*ions by ~ LUMI station of HASYLAB at DESY!® High-resolution
Elias et al? and Heapset al2 The pioneering work, dealing VUV emission was recorded using an open position sensitive
with the 4f"15d— 4f" VUV luminescence of N#&, Er, microchannel-platéMCP) detector coated with Csl in com-
and Tn#*, was published by Yang and DelLut&or the first  bination with a 1 m VUV monochromator, at resolutions up
half of the lanthanide series, transitions from the lowest leveto 0.5 A in second ordér.The excitation spectra of VUV
of the 4f"15d electronic configuration into thef ground  emission and decay curves were recorded using a Pouey type
state are spin allowed with short lifetimga few ns to monochromatofAN=25 A) equipped with a Csl sensitized
~50 n9. For ions in the second half of the lanthanide seriesmicrosphere plate detector. A SpectraPro 308i spectrograph
such transitions are spin forbiddgfifetimes in the us  with a R6358P(Hamamatsy photomultiplier tube(PMT)
rangg. Depending on the ion and the host, spin-forbiddenwas applied for measuring excitation spectra of UV/visible
slow emission from the lowest high-spirf"4'5d state, and emission. Due to the extremely weak luminescence intensity,
fast spin-allowed emission from the lowest low-spin statethe VUV emission from LiLulz: Ce was investigated at the
coexist>® Up to now, VUV RE* luminescence has been BW3 beamline of HASYLAB providing high-intensity exci-
detected only from N&, Er**, and Tni*.4-8 tation by XUV photons. In these measurements a high

To the best of our knowledge, &dand L#* VUV throughput 0.4 m VUV monochromator was used together
d— f emission has never been observed before. This may beith a MCP-PMT(Hamamatsu 1645 U-Q@t a resolution of
partly due to experimental difficulties in luminescence spec—~6 A.
troscopy in the VUV, in particular for photon energies  Single crystals of nominally pure LiGdFLIGdF, doped
=10 eV (80 000 cm?) where the emission was expecfed. with 0.05 at. % C#&, LiLuF,, and LuR, both doped with
On the other hand, for Gd with its large number of # 0.1 at. % C&', were grown by the Czochralski meth&d.
levels extending up to 150 000 ckiC it was generally ac- Powder samples of Gdfand LuF; were high-purity chemi-
cepted that thel— f luminescence would be quenched by cals with a concentration of unwanted RE and other metals
energy transfer to #levels with subsequent non-radiative of 0.0005-0.001 %, and an oxygen concentration of
relaxation, populating the lower emittind #evels. Two pho-  0.02-0.05 %.
ton spectroscopy has been applied in experimental studies Thed— f emission spectrum from the LiGdErystal has
for the lower 4 levels of Gd* by Dagenaiset al* a well-resolved fine structure which shows at least seven
and more recently up to 61 400 chi?But the onset of G¥f  lines spread over-500 cni? extending into a wide sideband
4f"— 4f"15d excitations in Caf was found around centered at~78900 cm? [Fig. 1(b)]. A striking similarity
78 000 cm*.13 The respective Ll excitations have been was observed between the VUV emission spectrum from
identified only recently in experiments on theXC&mines- LiGdF, [which is essentially the same for the
cence in LiLuf:Ce**.1 LiGdF,:Ce&0.05%) crystal in the range of

In the present Communication, high-resolution spectro78 500—79 500 cnt and the excitation spectrum of the
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FIG. 1. (a8 High-resolution excitation spectrum of Energy (10" cm™)

LiGdF,:Ce**(0.05%) monitoring 311 nm emissiofupper energy
scalg. High-resolution emission spectfAx=0.8 A) of (b) LiGdF,
and (c) GdF; excited by 119 (84033 cm?) and 117 nm
(85 470 cm?) photons, respectivelgiower energy scale T=10 K.

FIG. 2. (a) High-resolution excitation spectrum off%d-4f7
Gd®* emission at 127 nm from LiGdfcrystal together with high-
resolution emission spectrum from LiGglFerystal excited by
119 nm (84 033 cm?) photons. High-resolution excitation spectra
311 nm emission from LiGJECe0.05%) in the range of (AX=0.8 A) of 4f7-4f7 Gd** emissions monitoringb) 312 nm
33500-34 500 cit [see Fig. 1a)]. The VUV emission (°P7"Sy,) and(c) 593 nm(°G,,,-°P,,) emission(d) Excitation
from GdF, is situated at higher photon energies and shows §Pectrum(Ax=2.9 A) of 4f°5d-4f" Gd** emission at 125 nm from
single structureless band centered ~a80 000 cni® [Fig. Gdl_:3 together with high-resolution emission spectrum from @dF
1(c)]. The excitation of VUV emission from LiGdFhas a  ©xcited by 117 nn(85 470 cm?) photons.T=10 K.
well-pronounced onset at 79 000 thwhich overlaps only
with shortest-wavelength line of the emission spectféig.  excitation for VUV emission from LiGdfas well as to the
2(a)]. The orangé590—-640 nmluminescence, which is due energy of the shortest-wavelength emission line from this
to 4f°G,,,-°P, transitions in G&" 7 is also observed from crystal(79 377 cm?).
LiGdF, under excitation to high-lying energy levels of &d The above consideration allows us to ascribe the observed
The most intense emission line at 311 nm is due to transiVUV luminescence from LiGdf(and from Gdk) to inter-
tions from the lowest excited f216P7,2 level to the 837/2 configurational radiative transitions in &dfrom the lowest
ground state of GY. Excitation spectra of UV/visible lumi-  4f5d level to the 47 ®S,, ground state. This conclusion is
nescence from LiGdFhave a well-pronounced fine structure also confirmed by the following arguments. The decay time
and their onsets lie at energies slightly below that of thds expected to scale down to a few nanoseconds with increas-
VUV emission [see Figs. &) and 2c)]. The structureless ing emission energy for the parity-allowed®8d-4f’ radia-
excitation spectrum of VUV emission from Gglfhas its tive transitions in G&', which are also spin allowed because
threshold near 83 000 cth[Fig. 2d)]. The decay times of the lowest 4%d level of G#* has the same spin as the
VUV emission from both Gd compounds lie in the nanosec4f’ ®S,;, ground state, as for all REions in the first half of
ond range: 2.8 ns for LiGdFand 0.97 ns for Gdfat 10 K. lanthanide series. Only a single band of the fast emission,
The complete thermal quenching of VUV emission observedvhich is due to transitions from the lowest®8d level to the
from the LiGdF, crystal as well from the Gdfpowder takes ~ 4f7 ®S,,, ground state is observed in the spectrum because of
place near 200 K. the absence of spin-orbit splitting for tfi& ground term of

The methodology proposed in Ref. 18 allows the estimaGd®*. The Gd* 5d crystal-field splitting in GdEis expected
tion of the energy for the lowestf&4f"15d transition in the  to be smaller than in LiGdfbecause of the higher coordi-
RE®** ion doped into a particular host if the value of this nation number for Gtf (9 instead of § and accordingly the
energy is known for C¥. In LiGdF, weakly doped with ~Gd®* 4f85d-4f” luminescence is observed at higher energy in
Cée* the intensity of C& 5d-4f luminescence is practically GdFs.
negligible because of very efficient energy transfer from As was mentioned before, the observation of VUV emis-
Cée* to GP* resulting in the 311 nm emission from &d  sion due to the #5d-4f transitions in G&" is a rather un-
However, from the excitation spectrum of the 311 nm Gdexpected result because of the considerable number of
emission[Fig. 1(a)], the energy of the zero-phonon line for closely spaced # levels in the same energy region as the
the lowest 4-5d transition of C&" in LiGdF, can be deter- 4f55d states, enabling nonradiative relaxation from the low-
mined as 33615 cM. The estimated energy for the zero- est Gd* 4f°5d level. However the branching between radia-
phonon line of the lowest f4-4f%5d transition in Gd* is  tive and nonradiative transitions favors the radiative decay at
79 415 cm?, that is very close to the observed threshold inlow temperatures. Most probably, the reason for this effect is
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that the respective non-radiative energy transfer is heavily ('a)’ T el ]
spin forbidden, because the multiplicity of the lowe$$5¢ S @%% gn, LILUF:Ce |
level of G&* is eight, whereas thef4 levels of Gd* closest ¢ h.__ % ]
to this 4f85d level are doublet or quartés. “ Fg '@.& g ¥ ]
The crystal-field splitting of the ground state of Gds S i €. 2 o]
extremely smalf®i.e., only a single zero-phonon line can be > ,@fﬁ j %&2 Al
expected in the VUV emission spectrum of &dThus, the e [ ' ]
fine structure of VUV emission from LiGdfshould be due g0 LuF Ce
to one zero-phonon line corresponding to the electronic ori- & - ‘ e o
gin of the 4°5d-4f7 ®S, , transition plus vibronic lines. The 2 £ 2
shape of the spectra with a zero-phonon line, a few narrow £ F = —d g
vibronic lines corresponding to different modes of lattice vi- L (© T g
brations, and a wide lower-energy vibronic side band is typi- — LuFg 8
cal for the case of intermediate electron-lattice coupling I 7
which is confirmed by the estimation of the Huang-Rhys = e s'émvv T

parameteS~ 1 from the energy difference between the zero-
phonon line and the maximum of the wide side band, taking
into account the phonon spectrum of scheelite crydtals.

The Stokes shift of~6000 cm* observed for #-4f65d

Energy (10° cm™)

FIG. 3. (a) Emission spectréAA=6 A) from LiLuF,: Ce crystal

Iy - - . . excited by 130 eV photons at BW3. Time-resolved spect(@
transitions in Gdk [Fig. Ad)] is more than 10 times larger was recorded within the time window of 0.8 ns after the excitation

than the maximum phonon energy in RE trifluoridése.,  pjise. Time-integrated spectrui®) is also shown. High-resolution
the Huang-Rhys parametBiexceeds 5 for all phonon modes emission(AN=0.8 A) spectrumsolid line) excited by 116 nm pho-
of lattice vibrations, which corresponds to the case of strongons and high-resolution excitation spectr@tm =1 A) of 4f135d
electron-lattice coupling. As a result the Bd4f®sd-4f" 414 |y emission(A) recorded at 124.5 nm from LyFCe crystal
emission and #-4f%5d excitation spectra from GdFhave (b) and LufR powder(c). T=10 K.
no vibronic fine structure. It should also be noted that the
influence of oxygen contaminations in the powder sample onvith moderate resolution was only measurable under intense
the spectrum of the VUV emission from GglEannot be XUV excitation at BW3. Due to the same reason the excita-
significant because oxygen impurity luminescence in fluotion spectrum of VUV emission from this crystal near the
rides is known to be in the visible rangg. f-d threshold was not recorded. The VUV emission from
The structure observed in the excitation spectra of the 59Both the C&" doped single crystal and pure powder of LuF
and 311 nm emission from LiGdF which spreads over consists only of a single band-80 500 cm?) with a slow
about 6000 cmt, should correspond to features off’4 decay(longer than detectable ranggFigs. 3b) and 3c)].
-4f85d transitions in G&'. The rectangular shape of the ex- The high-resolution measurements of both VUV emission
citation spectrum ford— f emission[Fig. 2@)] above the and excitation spectra of LyFid not reveal any fine struc-
threshold confirms that the total absorption is observed foture showing practically identical behavior for single crystal
the stoichiometric LiGdf: Generally the penetration depth and powder samples. The VUV emission from Lu§ ther-
of exciting radiation is controlled by the absorption coeffi- mally quenched near 200 K.
cient. Taking into account very different lifetimes ofl &and Following the approach of Ref. 18 for the prediction of
4f excitations, the influence of well-known surface quench-the energy for the lowestf#°5d level of Lu** in a particular
ing is much stronger for the long-lived £xcitations. So the host, the energy of the Etilow-spin(single) 4f135d level in
dips in the excitation spectrgFigs. 2b) and 2c)] can be LiLuF, is expected at-82 300 cm?, which is in relatively
caused by absorption modulations. good agreement with the energy of the high-energy band in
Rather extensive studies have been performed earlier fahe VUV emission spectrum of LiLuf Considering the ki-
4f7-4f%5d transitions in E&" (see Ref. 24, and references netic properties of VUV luminescence from LiLyfthe two
therein, which is isoelectronic to the Gdlion. The structure  bands observed in the VUV emission spectrum of the LilLuF
observed for #-4f%5d transitions in E&" was well enough  crystal can be ascribed to spin-allowéugh-energy band,
interpreted in first approximation as being due to the splittingfast decay and spin-forbidder(low-energy band, slow de-
of the 4f® core in the 4°5d state. We are not aware of any cay) interconfigurational #35d-4f1* transitions from the
theoretical calculations describingf’44f®5d transitions in  lowest singlet and triplet levels of thé #5d configuration to
Gd*, and a detailed analysis of the structure of these transihe 'S, ground state of the f4* configuration of Ld*.
tions is beyond the scope of this communication. However, it The VUV emission spectrum of LuFconsists only of a
should be noted that the energy range of this structurgingle wide band with a slow decay, which is ascribed to
matches well the energy spread for the grodRgimultiplet  spin-forbidden 4135d-4f14 transitions in Ld*. This is not an
of 4f% configuration of E&". unusual observation since in many hosts the VUV emission
The VUV luminescence from the LILUFCe® crystal  of the 4"15d-4f" transitions in RE* ions consists only of a
possesses both fast (~82600cm?) and slow spin-forbidden band because of the fast nonradiative relax-
(~80 200 cm?) emission bands with nanosecond and con-ation from higher-lying low-spin states to the lower-lying
siderably longer lifetimes, respectivellfig. 3@)]. The VUV high-spin staté:’
emission from this crystal was rather weak and the spectrum The fine structure in the VUV emission spectrum of
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LiLuF, was not resolved in our moderate-resolution mea-sitions in RE ions from the first half of lanthanide series.
surements. However, in the excitation spectrum of th&"Ce Both fast and slow emission was detected from Lil,ucor-
emission in LiLuR:Ce* from Ref. 14 both sharp zero- responding to spin-allowed and spin-forbiddeft®8d-4f14
phonon lines and structureless side bands are observed in thansitions in Ld*. Fine structure due to zero-phonon lines
energy range corresponding to T4f!¥%d-4f1* transitions,  and vibronic lines was well resolved in VUV emission and
indicating intermediate COUpling for the LILuE:I’yStal The excitation Spectra Of LiGdfwhereaS the spectra of GﬁF
Stokes shift between emission and absorption forng LuR, have a smooth shape because of stronger electron-

13 1 o . . ) .
417°5d-4f transitions in Ld* is larger in Luky than in  |atice coupling between thef2 5d electronic configuration
LiLuF,, which results in the absence of vibronic fine struc- s the Gd* and L#* ions and the lattice vibrations.
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