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Light-emitting inorganic materials, so-called phosphors, are
widely used in lighting, display, and imaging applications. We are ’F,,
systematically investigating new materials which can be induced
to emit visible (VIS) light by near-infrared (NIR) excitation in a
so-called upconversion (UC) procéssd. Despite its intrinsic
nonlinear character, this excitation mode is promising for future
technologies because light-emitting diodes with extremely high
energy efficiencies are now available as pump sources. Here we
report the discovery of a new type of UC process involving 3d
excited states in a new family of Pmdoped crystalline halides.
The large absorption cross-sections of the relevant transitions make

CFo) (@

these systems very attractive UC materials. B (b)
As described in _refs 5 and 6, the ease of synthe_5|s and sta_blllty 2000 16000 20000 24000
of Tm?"-doped halides increases toward the heavier ones. Single Energy [cm™]

crysta}ls of CsCaquped W'th Tri* were grown by the Brldgmgn . Figure 1. (a) Single-crystal absorption spectrum at 10 K of CgQ8b
technique as described in ref 5. From the absorption and emissionTmz+ and (b) upconversion emission spectrum at 10 K excited at 12 350
spectra, we can conclude that our samples contain ng Thue cm~! with an excitation power density of 4.26 kW/értsee arrow in a).

to the hygroscopic nature of the materials, the handling occurred The dashed line in (a) is the onset of the UC excitation spectrum. The labels
under inert atmosphere at all times, and the crystals of the title andAE are explained in the text.

compound were sealed in an air-tight cell. The ternary halides 1.0
CsCaX% (X = CI~, Br, I") crystallize in a perovskite structure
with octahedral C& coordination. Whereas the chloride and
bromide are cubic at room temperature and undergo phase transi-
tions to slightly distorted structures at cryogenic temperatures,
CsCat is orthorhombic already at room temperattf&he resulting
distortion of the C#& is not relevant for the data reported here,
and Tn?™ will be considered octahedral in the following. Figure 1
shows part of the absorption spectrum and the luminescence
spectrum excited in the NIR at 10 K of CsGaloped with 1%
Tm2*, The crystal absorption spectrum was measured on a Cary

6000i, and sample cooling was achieved with a He gas flow ) )

technique. The emission spectrum was measured with an experi-//9ure 2. Time dependence of the upconversion band B at 10 K after a
. . . 10 ns excitation pulse at 14 350 ctn The line is an exponential fit with

mental setup described in ref 8. The sharp absorption features, gecay time of 5.5s.

around 8800 cmt are readily assigned to tRE;, — 2Fs, transitions

within the (4f}® electron configuration. The broad and intense dependence of band D is quadratic. This nonlinear dependence of
absorptions above 12 000 cfrare due to 4f5d transitions. These  the emission intensity on power is a typical fingerprint of a nonlinear
are parity allowed, and they are broad because of the different process such as UCAs shown in Figure 2, pulsed NIR excitation
chemical bonding in the (48(5d) electron configuration. The 5d  leads to an immediate exponential decay of band D with no rise
orbitals are more extended in space than the shielded 4f orbitals.and a decay time of 5.6s at 10 K. The emissions B and D can
Therefore, the promotion of an electron from the 4f to the 5d orbitals also be induced by exciting into the strong absorption bands above
leads to an increase in the metéipand bond length. From the 19 000 cnt™. In this case, band D dominates band B by a factor of
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observed bandwidths and Stokes shifts, we estimate Htu@hgs 20 at 10 K. Similar observations were made for?frdoped into
factors of roughly 2.5 for these 4bd transitions. Excitation at the isostructural CsCaghnd CsCaBy lattices®
12 350 cnitinto the lowest tail of the 4f5d absorptions (see arrow These experimental findings clearly show the existence of an

in Figure 1), which corresponds to a “spin-forbidden” transition efficient upconversion process in the titte compound, as illustrated
(see ref 5), leads to intense -5df luminescences. Besides the in Figure 3. Besides the lowest-energy—4d state in the NIR,
“normal” Stokes-shifted band B centered at 11 400 §nthere is there is a higher metastable-Bd state capable of light emission.

a most unusual band D at 18 400 chwhich, for a power density It can be reached by one or both of two mechanisms: a sequence
of 4.26 kW/cn?, carries about 11% of the emitted photons and of ground-state absorption (GSA) and excited-state absorption
appears as a very bright green light emission to the eye. WhereagESA) steps (GSA/ESA) or by two GSA steps on adjacentT™m
band B depends linearly on the power of the excitation laser, the ions followed by an energy-transfer step (GSA/ETU). The immedi-
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4 : Numerous states arise from the #4@d) electron configuration.
25000 P The octahedral crystal field splits the 5d orbitals infgand g
sets, separated by 10B¢ 8500 cn1? in the title compound. All
the absorption bands below 22 000 ¢mthus belong to the
(4f)1(tog)? electron configuration. The splitting within the (&)
electron configuration resulting from Coulomb repulsion and-spin
orbit coupling corresponds to the known splitting of the 4f levels
in Tm3*. We can thus assign the first multiplet of absorption bands
in Figure 1 to ¢He,tzg). This is separated b&E =~ 2700 cnt* from
the next higher multiplet, which is assigned #4(tyg). At higher
energies, there is increasing overlap of the multiplets, and there
exists no energy gap as large/&aE. The energy splittings within
a multiplet, such as®fg,t,g), arise from the Coulomb repulsion of
the 4f and 5d electrons and the spirbit coupling of the 5d
D electron. The action of the Coulomb repulsion is most apparent in
the CHe,txg) as it splits the multiplet into a set of high-sgi- 3/,
and a set of low-spi$ = Y/, states. Emission B corresponds to the
el ‘, vV spin-forbidden emission fron®ifl,tzg) S = %, to the?F;, ground
0- i state. In the higher energy multipléF,t,g), a distinction between

Fi.fldufel-?- Energy diagfamSOf TT]T in CsCaj with the fg!e\{am excitation dotS in-forbidden and spin-allowed transitions is no longer poss8ible.
and relaxation processes. Straight arrows represent radiative processes, dotte . : : : _

and curly arrows are nonradiative processes. The arrows B and D correspond Effluent ucC in the-tltle compound I,S en_abled by grou'nd and
to the emission bands in Figure 1. GSA, ESA, and ETU stand for ground- excited-state absorption processes with high cross-sections at the

state absorption, excited-state absorption, and energy-transfer upconversiorgxcitation energy of 12 350 crh and the presence of two long-
respectively. lived 4f—5d excited states. The existence and longevity of the higher
excited state is the real key, and it is due to the low phonon energies

Figure 2 clearly demonstrates a dominant contribution from a GSA/ O.f th.e. material. At room temperat.ure, th.e green .UC emission 1S
ESA sequence. Such UC processes are widespread and weIF'gn.mcantIy qut_anc_hecj, and no immediate application of this
understood within the 4f4f energy levels of trivalent lanthanidgs, particular material is likely. However, the present study demon-

but it is most unusual and without precedent to find emission from lstrat\:]es Fgat UIC procetsses are noLrestngteq:mﬂilrarésmogs n d th
a higher 4f-5d state which can be efficiently excited by UC. anthanides. In recent years, we have signiticantly broadened the

o : . 13 B
Little work has been reported so far on the-8d excited states ;:rlarslsit?fnmeilrt]erlarl: n V\I'h'ih dUtf Eail:i br?r:?dtu?ed' ¢ Brﬁsmiﬁs d—dmbin
and light emission from these states in 21912 but this ion, ansitions In some se'ectec ransiion metal systems, fhe co a

doped into heavy halide lattices, has a number of extremely tion of d and f elements in the same compound was shown to lead

favorable properties, which enable the upconversion phenomenon.to new types of UC. We consider the present study as a first step

The 4f-5d states lie in a spectroscopically easily accessible region, to explore the field of UC using 4f5d excited states in lanthanides.
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