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1.1 Light Emitting Materials

In our every day life we have frequent encounters with light emitting materials. Lu-
minescent materials are present in fluorescent lamps, computer and television screens
or as security features on banknotes and credit cards. More specialized applications in-
clude scintillators or laser materials. Scintillators are used to detect high-energy particles.
As such they find applications in medical imaging systems like PET (positron emission
tomography)-scanners and detectors in high-energy physics. Laser materials are widely
used in industry, for medical applications and in fundamental research. In all the different
types of applications, the light emitting material plays an important role.

The focus of this thesis is on inorganic light emitting materials. These materials
consist of an inorganic host material that contains a well-defined species of light emitting
ions. The light emitting ions are usually either transition metals or rare earth ions. When
doped into a host material, the transition metal and rare earth ions have partially filled
electronic d and f shells, respectively. These partially filled shells of d or f electrons give
rise to electronic transitions that occur at wavelengths ranging from the infrared to the
vacuum-ultraviolet [1].

Research on new or improved luminescent materials is of interest both from a funda-
mental perspective as well as an applied one. Fundamental research clarifies underlying
mechanisms and may eventually lead to applications that will find their way into our
every day life. Research that focuses on applications addresses for example efficiency and
environmental aspects of existing luminescent materials.

The principal strategies for obtaining new luminescent materials involve: (a) variation
of the host lattice and (b) variation of the luminescent ion. Changing the host lattice can
have drastic influences on the radiative and nonradiative (multiphonon relaxation, energy
transfer) properties. For example, multiphonon relaxation processes can be reduced by
changing from a host with high phonon energies (oxide, fluoride) to one having low phonon
energies (chloride, bromide, iodide). Choosing a host with specific optical and/or magnetic
properties may also influence the luminescent properties of the dopant ion. To change
the luminescent ion has of course a dramatic effect on the emission properties. The most
obvious effect is a change in the color of the emitted light. If one is thinking in terms of
applications, considerations such as the ease of synthesis and handling, stability, costs and
health hazards can play an important role as well. The options available in the choice of
hosts and codopant combinations open a very broad range of possibilities, leaving much
to the imagination and creativity of the researcher.

In the following, a general survey is given on some important concepts that are needed
for reading the thesis: An introduction into the nature of light emitting ions as well as
some special processes is provided.
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Figure 1: Tanabe Sugano diagram for a transition metal ion with eight d electrons (d®
electron configuration) in an octahedral crystal field.

1.2 Transition Metal Ions

The wide color range of compounds containing transition metal ions is striking to
any observer. Much of the early work for understanding the origin of these bright colors
started with the work of Alfred Werner around 100 years ago [2]. Soon it was recognized
that the d electrons are important for the color properties of complexes. Between 1930
and 1960 the crystal field and the ligand field theory were developed [2].

The d orbitals are the spatially outermost, and consequently the chemical environment
influences the electronic transitions that involve them. The modification of the ligands
or the site symmetry has dramatic consequences on the optical spectroscopic properties
of d metal complexes. Upon incorporation of a transition metal ion into a crystalline
environment, the d orbitals are split into two sets: the to, and the e, (O} symmetry).
The energy difference between these levels is given by the parameter 10 Dgq, which is
also referred to as the ligand field strength. Discussion of the spectroscopic properties of
transition metal ions is done with the help of Tanabe-Sugano diagrams [3]. An example
of a Tanabe-Sugano diagram is shown in Fig. 1 for a transition metal ion with eight
d electrons in a crystalline environment with octahedral coordination (O, symmetry).
The energy of the states is displayed as £//B and plotted against 10 Dg/B. The Racah
parameter B is a measure for the Coulomb repulsion between the d electrons.

Upon excitation with light usually only the first excited state of a transition metal
ion is emitting - if at all [4]. Rapid multiphonon relaxation usually prevents emission
from higher lying excited states. Only in case of large energy gaps between excited states
and/or low phonon frequencies of the host material it is possible to observe multiple
emissions from one transition metal ion.



1.3 Rare Earth Ions 5

1.3 Rare Earth Ions
1.3.1 Trivalent Rare Earth Ions

The rare earth elements are usually shown at the bottom of the periodic table. The
common oxidation state for rare earth ions is the trivalent one. The spectroscopic prop-
erties are mainly described for this oxidation state. In contrast to the highly colored
transition metals compounds, materials containing trivalent rare earth ions are often only
slightly colored. The property of the rare earth ions that sets them apart from the tran-
sition metal elements is that the 4f electrons are shielded from the environment by the
outer filled shells of 5s and 5p electrons. As a result, the 4felectrons do not participate in
the chemical bonding. This non-bonding characteristic is responsible for the well-known
chemical similarity of the different rare earth ions. It is therefore difficult to separate
different rare earth elements and as a consequence it took a long time before all rare earth
ions were isolated.

The shielded character of the 4felectrons also influences the spectroscopic properties of
the rare earth ions. The 4f4f transitions are sharp and therefore bear strong resemblance
to atomic transitions. The scientific community was puzzled over this for a long time until
Bethe, Kramers and Bequerel explained the nature of the 4f£4f transitions in the early
1900’s. The weak perturbation of the 4f£4ftransition energies by the chemical environment
allows the construction of a universal “map” of the energy level structure, widely known
as the Dieke Diagram, see Fig. 2 [5]. 4f4f transitions have low intensity because they
are forbidden by the parity selection rule. The excited states can be very long lived with
lifetimes in excess of 10 ms. Highly efficient luminescences with large quantum efficiencies
and little energy wasted by multiphonon relaxation are typical for these transitions. This
is due to the weak electron-phonon coupling [1, 6]. Thus, in contrast to the transition
metal elements, the observation of emission from many states is a common phenomenon
among rare earth ions.

1.3.2 Divalent Rare Earth Ions

Some lanthanides may also occur in the divalent state where one less electron is re-
moved from the 4fshell. The stability of the divalent state depends on the redox potential
of the lanthanide [7]. The most stable divalent lanthanide is Eu®*", see Fig. 3. The spec-
troscopic properties of this ion have been investigated in great detail because it is easy to
stabilize and also because it is used in phosphor materials for fluorescent lighting [8, 9].
Sm?* and Yb?* are rather stable as well, and the spectroscopic properties of these two
ions are also discussed in the literature [10]. The next ion in the stability series is Tm
(see Fig. 3). Much less is known about Tm?* and most of the studies on Tm*" originate
in the 1960’s. The main route to prepare Tm?* was via ionization techniques starting
from Tm3*. The majority of materials were fluorides, where Tm?3" is inevitably present
because Tm?" is thermodynamically not stable [11, 12, 13].

Due to the additional 4f electron, the 4f radius of divalent rare earth ions is larger.
As a consequence the Coulomb and spin-orbit interaction of the 4f electrons are reduced
which moves the 4f4f transitions down to lower energies compared to the isoelectronic
trivalent ions. The energy separation between the 4f and 5d electrons is decreased as well.
This fact moves the 4f-5d transitions to lower energies compared to where they are found
in the isoelectronic trivalent ion [6].
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Figure 2: Dieke diagram with the observed energy levels of the trivalent rare earth ions.
The thickness of the levels is a measure for the total crystal field splitting. A pendant
semicircle indicates that this level luminesces in LaCly. The number of 4f electrons of the
rare earth ions is given at the bottom.
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Figure 3: Standard electrode potentials E° (M** /M?*) for the reduction of a trivalent rare
earth ion into a divalent one [7]. The rare earth ions are shown in order of decreasing
reduction potential. The more negative the reduction potential, the more difficult it is to
stabilize the respective ion in the divalent oxidation state.

1.3.3 4f-5d Transitions in Rare Earth Ions

The (4/)" to (4f)"~1(5d)! transitions involve the promotion of a single electron from
the 4f orbitals to an empty 5d orbital. These transitions are parity allowed (Laporte’s
selection rule is obeyed) resulting in high oscillator strengths [6]. Unlike the shielded
intraconfigurational 4f4f transitions, the 4f to 5d transitions are strongly affected by the
host lattice, similarly as the d-d transitions of the transition metal ions. The 5d electron is
the outermost electron of the rare earth ion and interacts with the chemical environment.
Thus, 4f-5d transitions appear as broad bands in the spectrum. In trivalent lanthanides,
4f-5d transitions are usually situated in the vacuum UV and are experimentally not easily
accessible [14, 15, 16]. In the divalent lanthanides, the 4£5d transitions are observed in
the near-infrared and visible spectral range [11, 17]. In contrast to the well understood
4f-4f transitions or d-d transitions, the 4/-5d transitions are less well understood.

1.3.4 Impurity-Host Transitions in Rare Earth Doped Compounds

Interactions between the localized electronic states of the rare earth ions and the
delocalized states of the crystal lattice (relating to the conduction band (CB) and valence
band (VB)) can strongly affect the optical properties of materials [8]. For example,
the decrease of efficiency of high power laser crystals is often caused by excited state
absorption to the CB [18, 19]. In contrast, ionization can be beneficial for applications
such as proposed optical memories, optical processors, and frequency standards that are
based on controlled ionization of the rare earth ion by photon-gated spectral hole-burning
[20, 21]. The efficiency of scintillator and phosphor materials is influenced by the position
of the 4f levels relative to the band states [22, 23].
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Figure 4: Principle of thermoluminescence excitation spectroscopy: a) Trap filling process:
The sample is irradiated at low temperature at a fixed photon energy hv.,.. Electrons
are promoted from the groundstate of the impurity ion into the conduction band (CB),
become mobile (dotted arrows) and can get trapped. b) Trap reading process: The
occupation of traps is monitored by thermally liberating the electrons (indicated by kT)
and detecting the impurity specific luminescence hv.,,, when the electrons recombine with
the probe ions.

In contrast to the well-developed understanding of the electronic structure of the 4f
states, relatively little is known about the relationships between these states and the
electronic states of the crystal. An empirical model that describes the energies of the
4f ground states of rare earth ions relative to the host was developed recently by two
independent research groups [24, 25]. The basis of their model goes back to the work of
McClure and coworkers [26, 27].

Several experimental techniques have been used to explore the relationships between
the localized states of a rare earth ion (also referred to as impurity) and the electronic
states of the host: vacuum-ultraviolet and excited-state absorption, photoconductivity,
thermoluminescence and X-ray photoelectron spectroscopy (XPS). By applying several
techniques in a complementary sense, the relationships and interactions between rare
earth ions and the extended electronic states of the host can be established.

1.4 Principle of Thermoluminescence

Thermoluminescence is one of many thermally stimulated processes that can be used
to investigate properties of materials like the electron trap structure and photoionization
mechanisms [28]. As suggested by the name, thermoluminescence entails the study of
the luminescent properties of a material that result from the thermal release of stored
energy. Thermoluminescence was used as experimental technique to study the photoion-
ization threshold in rare earth doped insulators and a brief introduction into the way this
techniques was applied is presented here [29].
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Fig. 4 illustrates the basic principal of the thermoluminescence excitation scheme.
The sample is illuminated at low temperature at a fixed energy hv,,. for a given period
of time. If the energy of the incident light is high enough to promote electrons from the
groundstate of the luminescent ion into the CB, these electrons become mobile in the CB.
Some of the delocalized electrons will be trapped at sites other than the luminescent ion,
see Fig. 4 (a). After illumination the sample temperature is raised in a controlled way.
The trapped electrons are released into the CB due to thermal activation. They become
mobile and can recombine with the ionized impurities. As a result of the recombination,
the specific emission hve,, of the luminescent ion is observed (Fig. 4 (b)). This is the
thermoluminescence signal, which can then be detected. The process is repeated over
a range of excitation energies hv.,.. At excitation energies below the photoionization
threshold, no thermoluminescence signal is observed. A small thermoluminescence signal
is observed at the ionization threshold. Towards higher energies, the thermoluminescence
signal typically increases exponentially with excitation energy due to the increase in the
density of states in the CB.

1.5 Upconversion

When a material emits light, the emission wavelength is usually longer than that of
the exciting light. This means that the photon energy is reduced. However, under some
circumstances one can observe the opposite effect where the wavelength of the emitted
light is shorter than that of the incident light. Upconversion (UC) is such a non-linear
frequency conversion process. UC is possible via excitation mechanisms which involve
more than one absorbed photon per emitted photon through sequential absorption and/or
energy-transfer steps involving real (metastable) excited states.

Current UC research is focused on the development of phosphors for displays and
security tags, for example for bank notes and credit cards. In solar cells UC phosphors
can be used to convert the lower energy part of the solar spectrum into higher energy light,
which can be absorbed by the silicon semiconductor [30]. In the area of immunoassays
and bio-labeling, UC phosphors are of great interest because the low energy of the exciting
light will not produce autofluorescence of the cells. For such applications the observation
of UC from colloidal solutions of nano-particles is of great interest [31]. In addition,
fundamental research in this field is an ongoing challenge [32].

A wide variety of UC mechanisms have been proposed and observed. The majority of
these involve some combination of absorption and energy-transfer steps. The two most
prominent and basic mechanisms are presented in the following (see Fig. 5):

e GSA/ESA (ground state absorption/excited state absorption) is the sequential ab-
sorption of pump photons. A first absorption process populates some metastable
excited level |1), from where further absorption can take place to even higher levels.
A GSA/ESA process only occurs within the duration of the laser pulse. The time
dependent luminescence after short-pulse (i.e. 10 ns) excitation leads to an immedi-
ate exponential decay of the population in level |2) with the intrinsic decay time of
the emitting level. This is shown on the right hand side of Fig. 5 (a). Further, the
UC excitation spectrum corresponds to the product of the GSA and ESA spectrum.
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Figure 5: Schematic representation of the GSA/ESA and GSA/ETU mechanisms for a
virtual three level system. The abbreviations are: GSA: ground state absorption, ESA:
excited state absorption and ETU: energy transfer upconversion. The temporal evolution
of the UC luminescence after short pulse excitation is shown on the right side. Full arrows
represent radiative transitions, dashed arrows are nonradiative energy transfer steps.

e GSA/ETU (energy transfer upconversion) involves energy transfer processes be-
tween identical or different ions. Here, two ions in a metastable intermediate state
|1) interact to generate one ion in a higher lying state while the other one gets
de-excited. High doping densities are usually required to enable such energy trans-
fers. An ETU process populates level |2) after the laser pulse is finished. Therefore,
a rise is observed in the short pulse experiment shown on the right hand side of
Fig. 5 (b). The rise time correlates with the decay time of level |2), while the decay
rate constant is approximately twice that of level |1). The UC excitation spectrum
corresponds to the square of the GSA spectrum.

In most cases, UC is a two photon process, which can be identified by a quadratic de-
pendence of the number of upconverted photons on the excitation power. However, higher
order processes exist when more than two metastable levels are present in a material.

The majority of compounds that are able to perform UC contain rare earth ions
[33, 32, 34]. For transition metals to have more than one metastable excited state is
far less common. Much work has been done in the Giidel group to explore this rare
phenomenon among transition metals. Fascinating new aspects have been described for
Ti** [35, 36], Ni** [37, 38], Mo®*[39], Re*" [40] and Os** [41, 42] doped materials. A
combination of rare earth ions and transition metals into one host leads to interesting novel
UC properties. Such systems have also been investigated in recent years [43, 44, 45, 46, 47].
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1.6 Outline of the Thesis

Chapter two contains the main topic of this thesis, namely the investigation of the
spectroscopic properties of Tm?*. At the beginning of this thesis, much effort was put
into the synthesis of Tm?* doped fluorides by chemical methods. In a synproportiona-
tion reaction, Tm?* can be prepared by adding a trivalent Tm salt and Tm metal to the
synthesis mixture. The result was rather discouraging since Tm was always oxidized to
the trivalent state. The only success resulted from a synthesis of the target compound
CsCaF3:Tm?" where a large excess of Tm metal was added to the initial mixture. The
synthesis yielded reproducibly a mixture of Cs metal, CaF,:Tm?*"/Tm3" crystals and
some by-products. It is still not fully resolved how this synthesis route works. It may be
related to the fact that the high temperature during the synthesis affects the properties
of the elements. It is known from the literature that the synthesis of the heavier Tm?*
halides is possible. These materials are usually hygroscopic which is negative for possible
applications. But nevertheless it opens many possibilities because a variety of compounds
containing Tm solely in its divalent oxidation state can be successfully synthesized.

Very little is known about Tm?" in the literature. However, the investigation of the
spectroscopic properties of Tm?* doped compounds turns out to be a very fruitful field.
The 4f4f and 4f£5d transitions of Tm?* are the subject of a thorough investigation in
chapter two. A model is proposed to explain the splittings within the (4f)'?(5d)! electron
configuration. In all samples that are discussed in chapter two, multiple emissions are
observed: sharp and long-lived 4f4f emission in the near-infrared and up to five broad
and fast decaying emission bands in the near-infrared and visible, originating from the
4£5d states of Tm?*. The dynamics of the excited states are modeled for CsCaCls:Tm?*,
CsCaBrs:Tm?* and CsCals:Tm?" using a single configurational coordinate approach. The
observation of multiple emissions implies that Tm?* could be a suitable ion for UC. A
first upconversion investigation of SrCly:Tm?" appeared in 2001 [48]. It is interesting to
note, that despite the rather recent appearance of this study, Tm?" was suggested for
application in infrared counting devices as early as 1966 [49]. The upconverting process
described involves the absorption of a first photon by the 2Fj /2 first excited state and sub-
sequent upconversion to the 4f/5d higher excited states. This is just one of the possible
upconversion schemes for Tm?*. During the course of this thesis, a completely new UC
process was probed which only involves the 4f5d excited states. The UC studies were a
joint project with Eva Beurer and Dr. Pascal Gerner.

In chapter three, the upconversion properties of Ni** in KZnF3 are discussed (the
respective Tanabe-Sugano diagram is displayed in Fig. 1). First upconversion studies on
Ni*>T were performed in the Giidel group in the 1990’s [50, 51]. Much effort into the
elucidation of the Ni?* upconversion processes was put in by Dr. Oliver Wenger. He did
a thorough investigation of Ni** doped chlorides and bromides [37, 38, 52]. The work
in this thesis is a continuation of his work. By changing to fluorides, the crystal field
and the Racah parameters are enhanced and the Ni** transitions are shifted to higher
energy. In fluorides, higher phonon energies are expected to cause higher non-radiative
losses. Nevertheless, higher excited state emission has been observed in various fluorides
as well as oxides [53, 54, 55].
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Chapter four is about the work on Ce3t doped chlorides. Ce3* doped halides are
investigated because they are used in scintillator materials [56, 57]. The longstanding
collaboration of the Giidel group with the group of Prof. C. W. E. van Eijk at the Delft
University of Technology (The Netherlands) has resulted in patents on Ce3* doped scin-
tillator crystals in the past few years [58, 59, 60]. An interesting spectroscopic aspect
was found for Ce?** doped CssLuClg, CsoLiLuClg and Cs,LiYClg crystals where a so-
called anomalous emission is observed in the UV spectral range [61, 62, 63]. The emission
was ascribed to a transition from the host conduction band to the Ce3t groundstate.
Experimental evidence for this assignment was missing. Due to the hygroscopicity of
the samples, not all techniques to measure photoionization are readily applicable. The
technique of choice is thermoluminescence because this is a very versatile technique that
can be adapted to measure air-sensitive samples. The photoionization study of the Ce?*
doped chlorides shown in chapter four was done in collaboration with Prof. Uwe Happek
from the University of Georgia (USA) and the thermoluminescence measurements were
performed in his lab.

Chapter five is the final chapter of the thesis and contains a short summary and an
outlook. Perspectives on future research related to the topics of chapter two through four
are given.
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Abstract

CsCaBr; doped with 1% Tm?>* exhibits a rich emission spectrum at 10 K. Five emission bands are identified and characterised: a
sharp and long-lived 4f—4f emission at 8796 cm™'. Broad 5d—4f emission bands from the lowest energy (5d)'(4f)'? configurations to
the groundstate at 13640 cm ™! (‘spin-allowed’) and 12240 cm ™! (‘spin-forbidden’). Two broad emission bands from a higher-energy
f-d state, one centered at 19115 cm ™! to the 2F), groundstate and the other one at 10400 cm ™! to the first excited >Fs, state. The
transitions are identified and the competition between radiative and nonradiative processes characterised from lifetime and temper-

ature dependent measurements.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The simultaneous observation of more than one type
of spontaneous emission from the same chromophore is
established in various situations. The coexistence of
phosphorescence and fluorescence in organic com-
pounds is the best known example. Also in transition
metal compounds spin-forbidden and spin-allowed d—d
emissions can compete and coexist. In molecular transi-
tion metal complexes d—d, charge-transfer and ligand-
centered transitions can compete. In lanthanide
compounds f-f and d-f emissions have been simulta-
neously observed. The competition between f—f and
d-f emission is particularly relevant in lighting phos-
phors containing Eu®*. In all these cases, it is usually
the competition between two types of processes which
leads to a dual luminescence.

In Tm?* doped CsCaBr;, we have the most unusual
situation that five different types of emission processes
can simultaneously be observed, identified and charac-

* Corresponding author. Fax: +41 31 631 43 99.
E-mail address: judith.grimm@iac.unibe.ch (J. Grimm).

0009-2614/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2005.01.051

terised (see Fig. 1a and b). (A) 4f—4f, (B) ‘spin-forbidden’
5d-4f, (C) ‘spin-allowed’ 5d—4f, (D) higher excited 5d-4f
state, (E) inter-excited state 5d—4f. The most important
factors leading to this situation are the low vibrational
energies of the host material and the fact that spin
remains a reasonably good quantum number in the
lowest-energy f-d excited states of Tm?>".

2. Experimental

Single crystals of CsCaBr; doped with 1% Tm?>*
(nominal concentration) were grown by the Bridgman
technique as described in [1]. From the absorption and
emission spectra, we can conclude that our samples con-
tain no Tm**. Due to the hygroscopic nature of the crys-
tals, the handling occurred under inert atmosphere at all
times.

Sample cooling was achieved with a closed-cycle
cryostat for absorption and with the He gas flow tech-
nique for emission measurements. Absorption spectra
were recorded on a Cary 6000i spectrometer. Emission
spectra were excited with the 457.9 nm (21834 cm ™)
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Fig. 1. 10 K emission (a) and (b) and single crystal absorption spectra
(¢) of CsCaBrs:1% Tm?>". The emission was photoexcited at
21834 cm~'. Note the different scales of (a) and (b) and the scale
change in (c). The labels of the emission and absorption bands are used
in the text.

line of an Ar* laser. The luminescent transients were
measured with either the Ar™ laser and an acousto-optic
modulator or the third harmonic of a pulsed Nd:YAG
laser. The sample luminescence was dispersed either with
a 0.75m double monochromator or a 0.75 m single
monochromator. A PMT or a Ge detector were used
for detection of the signal in the visible and infrared
range, respectively. All luminescence spectra were cor-
rected for the sensitivity of the detection system and
are displayed as photon counts versus energy.

3. Results and discussion

Fig. 1a and b shows the 10 K luminescence spectrum
of CsCaBry:Tm>" after 21834 cm ™! laser excitation. It
consists of five bands labelled A through E and covers
a broad spectral range from 8796cm™! (A) to
19115 cm™! (D). The five bands have very distinct tem-
perature dependencies, which are shown in Fig. 2. Below

]
o688y,

o
A4

mow >

¢ oop

o DDDDDDD
o
< o
g o
o <
o o AEQAAAA
IEEEE?EEAAIAAZND?AAAA?AB [ ;
0 50 100 150 200 250 300
Temperature [K]

Integrated photon counts

Fig. 2. Temperature dependence of the integrated emitted photons in
the bands A, B, D and E. Relative intensities can be compared. The
data points of E have been scaled up by a factor of 800 to make them
comparable to D.

100 K band D is dominant, between 100 and 230 K the
dominating band is B and at 300 K essentially only band
A has appreciable intensity. The lifetime of the emis-
sions B and D at 10 K is 323 and 1.7 ps, respectively,
and at 278 K the emission A has a lifetime of 0.1s.
Fig. 1c shows the 10 K absorption spectrum of a
CsCaBry:Tm?* single crystal in the relevant spectral
range. Besides a very weak sharp line at 8796 cm™!,
there is a rich spectrum of intense broad absorption
bands above 12000 cm ™"

CsCaBrj is cubic at room temperature and undergoes
phase transitions at 239 and 143 K according to Ref. [2].
In analogy to a similar behaviour in CsCaCl; [3] we as-
sume that a tetragonal distortion of the octahedral Ca>*
site also occurs in CsCaBr;. The spectroscopic proper-
ties of Tm?" in an octahedral coordination are essen-
tially unexplored. 4f-4f and 5d-4f emissions have been
reported for Tm** doped SrB4O; [4], SrCl, [1], BaZnCl,
and SrZnCly [5]. 4f-4f but no 5d-4f luminescence has
been reported for Tm>* doped CaF,, SrF, and BaF,
[6-8]. The assignment of the five emission bands A-E
in CsCaBr; is straightforward on the basis of the data
reported above. In the following discussion, the energy
level diagram as shown in Fig. 3 will be used.

Band A: 4f-4f transition from the *Fs; (I's) to Fop
(I'6). This assignment follows from the coincidence of
line A in absorption and emission at 8796 cm™! and its
position compared to SrCl,:Tm?* [1], its very long life-
time 7=0.1s at 278 K and the very low intensity of
the corresponding absorption line (see Fig. Ic). In octa-
hedral coordination, the lowest energy crystal field com-
ponent of 2R, and 2F), are I's and T, respectively [9].
Under very high resolution, the line is found to be
split by 8 cm™! at 10 K, which we ascribe to a splitting
of 2Fs), (I'g) into two Kramer doublets in the slightly
distorted Oy}, symmetry below the phase transition tem-
perature. This distortion is obviously very small and
we can safely ignore it in the discussion of the broad
5d-4f emissions. From Fig. 2, we see that the emission
band A is very weak up to about 200 K when the
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Fig. 3. Schematic configurational coordinate diagram of Tm>* doped
CsCaBr;. Radiative and nonradiative relaxation processes are given by
straight and curly arrows, respectively. The labels used for the states
and emission transitions are used in the text.

excitation occurs at 21834 cm~'. This is because the

higher-lying f-d states are metastable and emissive, see
below. From Fig. 2, it becomes clear that band A is tak-
ing over from band B above 200 K and becomes the
dominant emission at ambient temperature. This is the
result of a thermally activated nonradiative feeding pro-
cess of 2Fs, from the lowest f-d state above 200 K. In
Fig. 3, the nonradiative feeding to *Fs, and the radiative
emission process A are indicated by curly and straight
arrows, respectively.

There are no f-f excited states above 9500 cm™' in
Tm?", and all the broad absorption and emission bands
in Fig. 1 are due to 4f-5d transitions. The (4f)'*(5d)"
electron configuration is highly degenerate, and energy
splittings occur as a result of various interactions. The
most important is the crystal field splitting of the 5d
orbital into t,, and e,. From a comparison of the
absorption spectra of Tm?" doped CsCaCl; and
CsCaBr;, we estimate it to be of the order of
12000 cm ™! in the title compound [10]. All the f-d states
relevant for the present discussion derive from the
(4f)'2(t2g)1 configuration. Coulomb repulsion and spin—
orbit coupling split the (4f)'> configuration into a
Tm>" like pattern of terms. The isotropic exchange part
of the 4f-5d Coulomb repulsion will split all of these
into a high-spin (S = 3/2) and a low-spin (S = 1/2) subset
[11,12]. For the present discussion, we can neglect the
anisotropic exchange part and spin-orbit coupling of
the 5d electron. This combined effect leads to an addi-
tional splitting in the order of 1000-2000 cm™'. These
simple considerations allow us to assign the bands
B-E to the following 5d-4f emissions.

Band B: ‘Spin-forbidden’ 5d-4f transition from
(PHg, t22)S =3/2 to *Fyp. The lowest-energy term of
the (4f)'? electron configuration is *Hg, and the exchange
splitting between the S = 1/2 and S = 3/2 components is
about 1400 cm™!. The (Hs, t2)S = 3/2 multiplet is the
lowest-energy one deriving from this 5d—4f electron con-
figuration, and band B at 10 K thus corresponds to a
transition from the lowest state of this multiplet to the
ground state. The corresponding absorption band cen-
tered at about 13500 cm ™' is very weak, see Fig. 1.
Emission band B is weak at 10 K but above 100 K it be-
comes the dominant emission, and Fig. 2 shows that it is
obviously fed by band D, which loses its intensity above
100 K, see curly arrow in Fig. 3. This schematic config-
urational coordinate diagram also explains the observed
width (FWHM) of about 520 cm ™! and the Stokes shift
between the corresponding absorption and emission
band maxima of about 1250 cm™'. All the states deriv-
ing from the (4f)12(t2g)1 configuration are displaced with
respect to (4)'® because the promoted electron leads to a
change in the metal-ligand bond. The 10 K lifetime
7=323 us of band B is in good agreement with the
10 K lifetime of the lowest-energy ‘spin-forbidden’
5d-4f emission 7 =232 ps in SrB4O; [4] and t =222 ps
in SrCl, [1].

Band C: ‘Spin-allowed’ 5d-4f transition from
(*He, t2g)S = 1/2 to *Fy5. The highest energy vibration in
CsCaBr; has an estimated energy of about 210 cm ™.
This can be deduced from the phonon spectrum of
CsMnBr; [13]. This very low energy and the spin-allowed
character of the radiative transition to the ground state
are responsible for the emission C. The photon ratio of
bands C/B is less than 1/10 at 10 K and it decreases with
increasing temperature. The nonradiative depopulation
of CHg, t55)S = 1/2 is thus dominant at all temperatures
and a lifetime could not be determined with our equip-
ment. This is in good agreement with an estimate using
the energy gap law. From the absorption spectrum in
Fig. lc, it follows that the energy difference between
the lowest state of the (*H, t5¢)S = 1/2 multiplet and
the highest state of the (*H, t2¢)S = 3/2 multiplet is lower
than 1200 cm~'. Less than six quanta of the highest en-
ergy vibration are thus required to bridge the gap, and
this usually favors multiphonon relaxation.

Band D: Higher excited state 5d—4f transition from
(F,, trg) to 2F,.. This band dominates the emission
spectrum below 100 K, see Fig. la. Its sharp onset at
about 19670 cm ™! coincides with the sharp onset of an
absorption band, which we can assign to a band of the
2F5 — (Fa, trg) multiplet, see Fig. 1. This assignment
is based on the known *He¢—F, energy difference of
5546 cm~! in Tm>" [14]. We have no unambiguous
means of determining the spin state of the CFy, tog) emit-
ting state. From Fig. 1c, we see that there is an energy
gap of the order of 2000 cm ™! between the highest
component of the (*Hg, ty,) multiplet and the lowest
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CF,, ty) state. Below 150 K the latter is metastable in a
CsCaBrs, and the radiative emission process is compet-
itive. This is confirmed by the observation of a much
weaker and faster quenching emission from this state
in the corresponding CsCaCly:Tm?>* [10]. Above 100 K
in the title compound nonradiative relaxation to
(*Hs, tyg) becomes dominant, and the luminescence
intensity shifts from band D to B. The 10 K lifetime is
1.7 ps, which is two orders of magnitude shorter than
for (CHg, t55)S = 3/2 (band B). This might indicate that
the lowest state of the (°Fg, trg) multiplet has S =1/2
or that spin is not as well defined in this configuration
as in the lowest-energy one. This is in very good agree-
ment with recent findings for 4f-5d excited states in
Tb** compounds [15].

Band E: Interexcited state 5d-4f transition from
CF,, trg) to 2Fs). This band has the same temperature
dependence (Fig. 2) and originates from the same emit-
ting state as band D. But the E/D ratio is only 1/800.
The branching ratio for the two transitions to 2Fs
and 2Fs, is thus 800/1. This very striking observation
is analogous to what has been found for the branching
ratio in the 5d—4f emission of LiYF,:Er*" to final states
with different J values where it was ascribed to the
AJ = 1 selection rule [16]. In Tm>*, we have a similar sit-
uation: the lowest energy state of the (CHy, trg) multiplet
has dominantly J = 9/2 character and thus the transition
to 2Fp, is allowed, while the >Fs, transition is forbidden.

In conclusion, the title compound is an extremly rare
example of a compound exhibiting five different types of
spontaneous emission. The interplay of radiative and
non-radiative transitions leads to a strong temperature
dependence of their relative intensities. In particular,
emissions from higher excited 4f-5d states can be ob-
served at low temperatures. This is without precendence

in Tm?* spectroscopy. A key factor is the low phonon
energy of the host lattice, which makes multiphonon
relaxation processes less competitive than in fluorides
and chlorides and it and enables higher excited d—f states
to become metastable at low temperature.
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The light emission and photophysical properties of CsCaClz:Tm?** (1.04%), CsCaBrs:Tm?*
(0.48%) and CsCal3:Tm*" (0.76%) are presented. We find that Tm*" is a multiple emitter un-
der 21834 cm ™! laser excitation at low temperatures in all three compounds. Several distinct types
of emission are observed and characterized: sharp and long-lived 4f4f emission in the infrared and
up to four broad and fast decaying emission bands in the near-infrared and visible, originating from
the 4£5d states of Tm?". The optical spectroscopic properties of the samples are compared, and
we find that the measured differences in the relative intensities and the shifts in the position of
the emissions can be related to the chemical influence on the absorption and emission properties
of Tm?*. Thus, it nicely illustrates the principle of chemical variation on the optical spectroscopic
properties. An investigation of the temperature dependence of the luminescence yields important
information about the dynamics of the excited states. The interplay and competition between radia-
tive and nonradiative pathways is explained and modeled using a single configurational coordinate

approach.
I. INTRODUCTION

The most common valence state of lanthanides in solids
is the trivalent one. The basic features of the optical
spectra of trivalent lanthanide ions in solids are well un-
derstood, and an enormous amount of studies describing
the light emission properties can be found in the litera-
ture. Some rare earth ions may also occur in the divalent
state. Eu?t, Yb?t, and Sm?* have received most atten-
tion among them [1]. These are the lanthanides that are
most easily stabilized in their divalent oxidation state. In
some lattices, Tm?* can also be stabilized in its divalent
state, but most Tm?* compounds are air sensitive [2],
and they have received considerably less attention in the
past.

Several aspects of the optical spectroscopic properties
of Tm?7 in alkaline earth halides (mainly fluorides) have
been described and interpreted already in the 1960s by
McClure, Kiss and Loh [3-5]. An early research highlight
was the demonstration of laser oscillation on the intra-
configurational *F5/5 — ?F7 /5 transition in CaFy:Tm?*
at low temperatures at the dawn of the invention of opti-
cal lasers [6]. It has also been known for decades that, in
addition to the ?F5 /5 — 2F7 /5 emission, the lowest 4f-5d
state is spontaneously emitting [7]. Due to this, Tm?*
has been suggested for application in infrared counting
devices as early as 1966 [7]. Spontaneous 5d-4f emis-
sion from the lowest 4f5d excited state was since re-
ported for Tm?*+ doped SrB4O7 [8], SrCl, [9], BaZnCly,
SrZnCly [10] and CsCaBrs [11], whereas this emission
was not reported for Tm?*t in alkaline earth fluorides
[12]. Recently, we described the light emission properties
of Tm?* in CsCaBrsz, where we have the most unusual
situation of five different types of spontaneous emission

*Electronic address: hans-ulrich.guedel@iac.unibe.ch

processes [11]. In particular, emission from higher lying
5d-4f states in Tm?* was observed and characterized.
The 4f5d states are affected by changes in the lig-
and field, whereas a change in the host lattice will have
only a small effect on the 4f4f excited states as these
are essentially ligand-field independent. This prompted
us to extend our studies of Tm?t doped compounds. In
the present contribution we give a detailed account of
the light emission properties of the Tm?* doped cubic
perovskites CsCaBrs and CsCaCls. For a comparative
discussion of the excited state dynamics we include the
results of the isostructural CsCals:Tm?T. An account
of the spectroscopic properties of CsCals:Tm?T together
with RbCalz:Tm?* will be provided separately [13]. The
chemical variation along the perovskite series CsCaCls,
CsCaBr3 and CsCalgz leads to a systematic variation of
the light emission properties. These can be understood
from the competition between radiative and nonradia-
tive relaxation processes in the photophysics of Tm?*.
In Section IV D we provide a simple model based on rate
equations, which nicely reproduces the observed trends.

II. EXPERIMENTAL SECTION
A. Synthesis and Crystal Growth

Single crystals of CsCaCls, CsCaBrs and CsCals
doped with Tm?t were grown by the Bridgman tech-
nique. For the synthesis, stoichiometric amounts of CsX
(X=C1, Br, I) and CaXs were mixed and Tm?" was pre-
pared in situ by synproportionation of TmXs (prepared
via the ammonium halide route [14] from 99.999% pure
Tmy03 from Johnson Matthey) and Tm metal (Alfa Ae-
sar 99.9%). All starting materials are hygroscopic and
were handled in a glovebox under Ny atmosphere. Dark
green crystals of good optical quality with diameters up
to 2 mmx2 mmx2 mm were obtained. The crystals were
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checked for purity by X-ray powder diffraction. The ab-
solute concentrations of Tm in the crystals were deter-
mined with ICP-OES and are 1.04%, 0.48% and 0.76%
in CsCaCls, CsCaBrz and CsCals, respectively. The use
of tantalum rather than the more commonly used silica
ampules was found to be indispensable for obtaining crys-
tals which contain no Tm?*. Crystals grown from silica
ampules contain trace amounts of Tm3T because under
such crystal growth conditions Tm?* is easily oxidized
by silica. Due to the hygroscopic nature of the crys-
tals, the handling occurred under inert atmosphere at all
times. For absorption measurements the samples were
polished in a drybox and enclosed in an air-tight copper
cell equipped with a quartz window. Thermal contact of
the crystal with the sample holder was provided through
the application of copper grease (Lake Shore Cryotronics
Inc.). For luminescence measurements, the samples were
sealed into quartz ampules under partial pressure of He,
which serves as an inert atmosphere as well as a heat
transmitter.

B. Spectroscopic Measurements

Sample cooling was achieved with a closed-cycle cryo-
stat (Air Products) for absorption and with the He gas
flow technique for emission measurements. Absorption
spectra were recorded on a Cary 6000i spectrometer (Var-
ian). Emission spectra were excited with the 457.9 nm
(21834 cm™1) line of an Ar™ laser (Spectra Physics 2060-
10 SA). The sample luminescence was dispersed either
with a 0.85 m double monochromator (Spex 1402) or
a 0.75 m single monochromator (Spex 1702). A PMT
(Hamamatsu P3310-01) and a photon counting system
(Stanford Research 400) or a Ge detector (ADC 403L
and 403HS) interfaced to a lock-in amplifier (Stanford
Research 830) were used for detection of the signal in the
visible and infrared ranges, respectively. The lumines-
cence transients were measured with either the Ar™ laser
and an acousto-optic modulator (Coherent 305, Stanford
Research DS 345 function generator) or the fundamen-
tal (1064 nm = 9398 cm™!) or the third harmonic (355
nm = 28169 cm~?!) of a pulsed Nd:YAG laser (Quanta
Ray DCR 3, 20 Hz). Transient signals were detected
as described above using a multichannel scaler (Stanford
Research 430) or an oscilloscope (Tektronix TDS 540a).
All luminescence spectra were corrected for the sensitiv-
ity of the detection system and are displayed as photon
counts versus energy.

IIT. RESULTS

Parts (a) and (b) of Fig. 1 show the 10 K emission spec-
tra of CsCaCl3:Tm?* and CsCaBrs:Tm?* along with
the corresponding absorption spectra (¢) and (d), respec-
tively. Laser excitation for the emission spectra occurred
at 21834 cm ™! for both samples. The observed emission
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FIG. 1: Survey emission (a) and onset of single crystal ab-
sorption spectrum (c) of CsCaCls:1.04% Tm?*" recorded at
10 K. In (b) and (d), the analogous data are presented for
CsCaBrs:0.48% Tm?2". Both emissions were photoexcited at
21834 cm~!. Note the scale changes in (b), (c), and (d). The
labels of the emission bands are used in the text. The range
of (*He, t2g) and the onset of (*Fy, t2g) absorptions are in-
dicated. The first S = 3/2 and S = 1/2 absorption bands
within are marked by arrows.

bands are labeled A through E, and the electronic tran-
sitions to which they refer will be discussed in Section
IV. The same notation is used for both samples. The
band positions and the partition of the emitted photons
at 10 K among the five bands A to E are given in Table
I including the results of CsCalz:Tm?*. The positions
of the broad emission bands B through E all undergo
a redshift of about 300-350 cm™! as the host lattice is
changed from the chloride to the bromide and about 900
cm~! from the bromide to the iodide. The sharp emis-
sion A, in contrast, is shifted to lower energy by only
about 15 cm™! from chloride to bromide and about 11
cm~! from bromide to iodide. The partition of photons
among the bands at 10 K is very different for the three
samples. While D is absolutely dominant in the bromide
and iodide, both B and D have sizable intensity in the
chloride. All the transitions A to E are observable at 10
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TABLE I: Positions in cm ™! of emission bands A to E at 10
K and integrated photon counts as a percentage of the total
photon flux at 10 K in Tm?** doped CsCaCls, CsCaBrs and

CsCals. Laser excitation occurred at 21834 cm™ .

1

Compound Emission Position Integrated
[em™ Photon Counts [%]

CsCaCls D 19450 36.5

B 12497 63

E 10647 0.2

A 8810 0.3
CsCaBrs D 19152 97.6

C 13676 0.2

B 12237 2

E 10370 0.1

A 8796 0.1
CsCals D 18344 92.7

C 12703 2.3

B 11348 4.6

E 9503 0.1

A 8785 0.3

K in the bromide and iodide, whereas C could not be
detected in the chloride.

Parts (a) and (b) of Fig. 2 show the high resolution 10
K emission spectra of bandsystem A in CsCaClz:Tm?*
and CsCaBr3:Tm?*, along with the corresponding 10 K
absorption spectra (¢) and (d), respectively. Laser exci-
tation for the emission spectra occurred at 21834 cm™!
for both samples. Disregarding the lines marked with an
asterisk, which we assign to nonregular crystal sites, the
sharp-line spectra of the chloride and bromide resemble
each other and will be analyzed in Section IV C .

In Figs. 3 (a) and (b) the emission spectra of
CsCaClz:Tm?+ and CsCaBrs:Tm?t, respectively, are
shown at three different temperatures: 10 K, 130 K
and 300 K. The spectra are scaled within (a) and (b),
therefore intensities at different temperatures can be
compared. There is a general shift of photons from
high energy to low energy bands in both samples as
the temperature is raised. The temperature dependence
of the integrated photon counts of the three dominant
emissions A, B (+ C in CsCal3:Tm2*) and D under
21834 em~! excitation is shown in Figs. 4 (a), (b) and (c)
for CsCaCly:Tm?T, CsCaBrs:Tm?t and CsCals:Tm?t,
respectively. The data will be analyzed in Section IV D.
In Fig. 5, the temperature dependences of the integrated
photon counts and the lifetime of emission B in (a)
CsCaCly:Tm?* and (b) CsCaBrs:Tm?* are compared.
For both compounds, the lifetime is constant below
100 K, whereas the intensity shows an increase with
increasing temperature. Above 100 K in the chloride
and 150 K in the bromide, the lifetime decreases along
with the integrated photon counts. The lifetimes of the
emission bands A, B, and D of Tm?T are given in Table
II for CsCaCls, CsCaBrs, and CsCalz. They will be
used to determine the decay rate constants in the rate
equation modeling in Section IV D.
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FIG. 2: The 10 K emission spectrum of the 2F5/2—>2F7/2
transition (band A) of Tm?" is shown in (a) for CsCaCls
and (b) for CsCaBrs. Both emissions were photoexcited at
21834 cm~'. The 10 K single crystal absorption spectrum
of the 2F7/2—>2F5/2 transition of Tm?" is shown in (c) for
CsCaCls and (d) for CsCaBrs. The emission lines that are
labeled with an asterisk are attributed to Tm?* on nonregular
sites (see text). The bands labeled vy and v, are vibronic
sidebands of the 2F5/2—>2F7/2 transition in CsCaCls:Tm?**
and CsCaBrs:Tm?*, respectively.

TABLE II: Measured lifetimes 7 of the emission bands D,
B and A of Tm?T in CsCaCls, CsCaBrs, and CsCals. The
radiative lifetime 7,41 of emission D is calculated from Eq. 7
(see Section IV D)

Emission T CsCaCls CsCaBrsz CsCals
D 10 K T 904 ns 1.7 ps 1 ps
Tcale 1.7 pus 1.8 pus 2 us
B 10 K T 296 us 323 s 391 pus
A 300K 7 501 534 650
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FIG. 3: Emission spectra of Tm?* in (a) CsCaCls and (b)
CsCaBrs at three temperatures: 10, 130, and 300 K. The
emission was photoexcited at 21834 cm~'. The spectra are
shifted arbitrarily along the vertical axis. The spectra within
(a) or (b) have the same scale, therefore intensities at dif-
ferent temperatures can be compared. Only the prominent
emissions A, B, and D are labeled.

IV. ANALYSIS
A. Structures and Site Symmetries

CsCaClz and CsCaBrs are cubic perovskites at room
temperature, crystallizing in the space group Pm3m [15,
16]. The Tm?* ions replace Ca2?* on site 1(b) with Oy,
point symmetry. Both samples undergo phase transitions
upon cooling , which is common for cubic perovskites.
The cubic to tetragonal phase change at 7= 95 K in
CsCaCls is well documented in the literature [17, 18].
The site symmetry of Ca?t below the phase change is
Cyp [17]). The distortion from octahedral symmetry at
the Ca2™ site is small [18]. CsCaBrs undergoes two phase
changes at 237 and 145 K, respectively [16].

CsCals crystallizes in the orthorhombic Pnma phase
at 300 K [19]. The Ca?* in the orthorhombic Pnma
phase has site symmetry C;. Regardless of the phase
changes, the Tm?* ion is always coordinated by six X~
(X~=Cl, Br, I). From the spectroscopic data of the
three samples, we conclude that the only band splitting

1 1 ]
0 50 100 150 200 250 300
Temperature [K]

FIG. 4: Temperature dependence of the integrated photon
counts (normalized to 1 for the most intense band) of the
three dominant emissions A: A, 0: B (+ C in CsCalz:Tm?")
and O: D in (a) CsCaCls:Tm>", (b) CsCaBrs:Tm?", and (c)
CsCalz:Tm?*. The photon counts were corrected for the de-
creasing absorption cross section with increasing temperature
at the excitation energy of 21834 cm ™. The solid lines repre-
sent simulations of the data using the model in Section IV D
(Eq. (2)). The input and fit parameters are listed in Tables
IIT and IV, respectively.

due to symmetry reduction is observable in bandsystem
A and is in the order of a few wavenumbers (vide infra).
The data interpretation of the 4f5d states is therefore
done in the octahedral approximation.
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FIG. 5: Temperature dependence of emission lifetimes (A)
and intensities (J) of band B in (a) CsCaClz:Tm?* and (b)
in CsCaBrs:Tm?t. of band B.

B. Emitting States and Spectral Assignments

The assignment of the emission bands has already
been discussed for CsCaBrz:Tm?* in Ref. [11]. Fig. 6
(a) shows a schematic single configurational coordinate
(SCC) diagram of the lowest excited states of Tm?* as-
suming harmonic potentials and equal force constants for
all states. The relevant radiative and nonradiative relax-
ation processes are indicated in Fig. 6 (b) as straight and
curly arrows, respectively.

Tm?* has a (4/)*® ground state electron configuration,
that is, it is isoelectronic with Yb3*+. The two multiplets
arising from the (4/)'® electron configuration are 2F7/,
and ?F5/5. The energy of the 2F5 5 multiplet is about
1200 em~! lower in Tm?* than in Yb3T, reflecting the
smaller spin-orbit coupling in Tm?*+ [20]. As seen in Fig.
2, the sharp 4f4f bands are observed in absorption and
emission around 8800 cm ™! in both CsCaCls:Tm?t and
CsCaBrs:Tm?* at 10 K. The fine structure will be ana-
lyzed in Section IV C. For the modeling in Section IV D,
the total 4f-4f emission intensity (transition A in Fig. 6)
will be considered.

In the absorption spectra in Figs. 1 (c) and (d), all the
bands above 10000 cm~! are due to 4f£5d transitions,
in which one electron is promoted from the 4forbitals
to the 5d-orbitals. These absorption transitions are be-
tween 1 and 4 orders of magnitude more intense than the
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FIG. 6: (a) Schematic single configurational coordinate (SCC)
diagram of Tm?" assuming harmonic potentials and equal
force constants for all states. The emitting excited states are
schematically displayed in (b) with the radiative and nonra-
diative processes indicated as straight and curly arrows, re-
spectively. The labeling of the transitions corresponds to Fig.
1 and Tables I and II.

intraconfigurational 4f4f transitions. In contrast to the
latter, the 4£-5d transitions are parity-allowed, which can
result in a huge increase in the oscillator strength. The
states resulting from the (4f)12(5d)? electron configura-
tion are represented with a displacement along the con-
figurational coordinate in Fig. 6, in agreement with the
observed broad absorption and emission bands. The dis-
placement results from the different chemical bonding in
the (4/)'3 and (4£)12(5d)! configurations. The (4/)'2(5d)!
electron configuration has a total degeneracy of 910, and
energy splittings occur as a result of various interactions.

An important interaction in the (4f)*2(5d)* configu-
ration is the ligand field interaction of the 5d electron.
The octahedral ligand field splits the 5d orbitals into tog
and e, sets, separated by 10Dg. All bands below 25000
em~! that are shown in the absorption spectra (Fig. 1
(a) and (b)) can be attributed to excited states with
the 5d electron in the #, set. The (4/)'? part of the
configuration is split into the 251 L; terms of Tm3* by
the Coulomb repulsion and the spin-orbit coupling of the
f electrons. Thus, the energy multiplets of the Tm?*+
(4H)?(5d)* configuration can be roughly characterized as
(35+1Ly, toy) and (*F!Ly, e,). For Tm?*, we expect
each of these multiplets to be split into a set of lower
energy high-spin S = 3/2 and a set of higher energy low-
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spin S = 1/2 states due to the isotropic exchange part of
the Coulomb interaction between the 4f and 5d electrons
[11]. As a consequence, the lowest energy (4/)'2(5d)!
bands are expected to have formally “spin-forbidden”
character, which will manifest itself in weaker oscillator
strengths compared to the formally “spin-allowed” bands
(3]

The emission band B (Figs. 1 and 6) originates from
the lowest energy 4f£5d state. The corresponding weak
absorption band is shown in Fig. 1 (c) for CsCaClz:Tm?*
and (d) for CsCaBrz:Tm?*. Band B is thus assigned as a
“spin-forbidden” 5d-4f transition from (*Hg, t2g)S = 3/2
to 2F; s2- Band C is correlated with the first intense
4f-5d absorption band and is therefore assigned as
“spin-allowed” 5d-4f transition from (3Hg, to)S = 1/2
to 2F; /2. Quite to our surprise, we observed emission
from an even higher lying 4f-5d state: band D is assigned
to a transition from the lowest excited state of the (*Fy,
tog) multiplet to the *F7/5 groundstate. Finally, band
E is the interexcited state transition from (*Fy, tog) to
2F5/5. The spin of the emitting (*Fy, tog) state cannot
be specified. Apparently, spin is not as well defined in
the (3Fy4, tog) multiplet as it is in (3Hg, tog) [11, 21].

C. 4f-4f Emission A and Crystal Field Splitting of
the 2F7/2 and 2F5/2

The high resolution absorption and emission data
obtained at 10 K in the region of the 4f4f transitions
(Fig. 2) exhibit considerable fine structure. Some lines
around 8800 cm~! in both compounds coincide in
absorption and emission. They are labeled Ag and Ay,
and they can be assigned to electronic origins as shown
in the diagram of Fig. 7. Since the intensity ratio of
A; and Ay was found to increase with temperature
between 10 and 30 K, the splitting between Ay and
A, is necessarily an excited state splitting. Fig. 7 is
a schematic representation of the splitting of 2F7/2
and F5/, in an O (first step) and then Cyp or C;
(small distortion from Op,) crystal field. The octahedral
splittings are of the order of several hundred cm™!
[22], and an unambiguous assignment of absorption
or emission features outside the 8800 cm™! region to
electronic origins is not possible. The situation is very
similar to Yb?* in many host lattices. Unlike 4f4f
transitions in most other lanthanides, the 2F7/2 > 2F5/2
bands in (4f)'® are characterized by the presence of
strong vibronic sidebands. The bands labeled v¢; and
vp, in the emission spectra of Fig. 2 are such bands.
Their identity as vibronic sidebands is confirmed by
the reduced energy difference to the strong Ay and A;
origins in the bromide, a result of the smaller vibrational
energies in the bromide. At the phase transitions of
the host lattice, the site symmetry of Tm?* is reduced
from O to Cy4, and C; in the chloride and bromide,
respectively. The degree of the distortion from Oj must

r CsCaCl, CsCaBr,
— — 2’

_ 1’ 8815 8800

0’ 8805 8792
Al A
— 3
2
1

— 0 0 0

0O, C,/C, Energy [cm]

FIG. 7: Schematic representation of the crystal field split-
ting of the 2F7/2 and 2F5/2 states of Tm?t in CsCaCls and
CsCaBrs. The energies of the CF levels are determined from
Fig. 2.

be relatively small, however, since the splitting of 2Fj /2
(T's) into the two Kramer’s doublets 0” and 1’ is only 10
ecm™! and 8 cm™!. respectively. The bands marked with
asterisks in the emission spectra of Fig. 2 are assigned to
other species due to their different excitation spectrum.
Tm?* ions on some defect sites or Tm?* pair transitions
are possibilities.

D. Modeling the Excited State Dynamics

The very pronounced redistribution of intensity with
temperature among the three major emissions A, B and
D (Figs. 3 and 4) provides clear evidence for thermally
activated nonradiative relaxation processes. A simple
model to treat such nonradiative processes is based on the
single configurational coordinate (SCC) model [23]. The
SCC diagram for Tm?* doped halides is shown in Fig.
6 (a) where the configurational coordinate represents an
effective accepting mode for the relaxation process. To
model the temperature dependence of emissions A, B,
and D, we simplified the SCC diagram. Since emission C
is absent in CsCaClg and very weak at all temperatures in
the bromide we left emission C out of the calculations. In
the iodide emission C is not negligible and therefore the
integrated photon counts of emission B and C were added
together in order to keep the model simple. Emission E
shows the same temperature dependence as emission D,
because the initial state is the same. The simplified SCC
diagram that contains all the relevant radiative (straight
arrows) and nonradiative processes (curly arrows) that
are considered is shown in Fig. 8. The state |0) corre-
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FIG. 8: Simplified SCC diagram of Tm>* to model the tem-
perature dependence of the three major emissions A, B and
D. The four emissions in the SCC diagram correspond to the
following transitions: A: |1)—|0), B: [2)—|0), D: |3)—|0),
E: [3)—1). Curly arrows are used to indicate nonradiative
processes (W;) and straight arrows for radiative transitions
(Ri). The branching ratios 130 and 731 determine the ratio
of photons in the emission bands D and E, with 730 + 131 =

1. P is the laser power and o the absorption cross section at
the excitation energy.

sponds to the *F7/; ground state of Tm?*, [1) to 2Fs s,
|2) to (3Hg, tag)S = 3/2 and [3) to (*Fy, tog). The ra-
diative and nonradiative rate constants are labeled R;
and W;j;, respectively. Subscript i stands for the initial
state and subscript j for the final state. The ratio of
photons in the emission bands D and E is given by the
branching ratios n3o and 731, with 130 + 731 = 1. P is
the laser power and o the absorption cross section at the
excitation energy.

For the laser powers used in our experiments, we can
assume that the ground state population Ny is not af-
fected by the excitation. We further assume that mul-
tiphonon relaxation from |1) to |0) is negligible. The
following rate equations then describe the evolution of
the excited state populations N; (¢ = 1, ..., 3) upon ex-
citation:

dN:
dits = 0PNy — W33N35 — (n30 + n31)Rs N3, (1a)
d.N:
d71€2 = WsaN3 — (Way + Wag + Ra) No, (1b)
d.N;
Ajcﬂﬁm+%&m—&M- (1c)

The steady state solutions are:

UPNO
Ny = ——— — 9t
’ Wi + R’ (28)
O‘PN()WgQ
Ny, = , 2%
: (War + Wao + Ra)(Waz + R3) (2b)
o PNo(nz1 R3(Wa1 + Wao + Rg) + WaaWay)

2c
Rl(Wm + Woo + Rg)(Wgz + Rg) N )

Ny =

The temperature dependence of the nonradiative decay
rate constants W;; is calculated within the framework
of the SCC model [24]. We assume linear coupling and
harmonic potentials. W;; can be written as [25]:

Wij = Cij Fyy. (3)

where C;; is the electronic factor and F;; the ther-
mal Franck-Condon factor. The temperature dependent
Franck-Condon factor F';; can be written as [25]:

Fy(T) = oxp (=8 (1 + 2m) (lj;j”) x

Iy, (%«/W) Y

where S;; is the Huang-Rhys factor for the [i) — |j) tran-
sition, I, is the modified Bessel function of the first
kind, and m is the thermal population of the effective
vibrational mode:

1
T)—l (5)

m =
exp( BT

with & the Boltzman constant and hwss the energy of
the effective accepting mode in the SCC model. p;; is the
number of effective phonons required to bridge an energy

gap:

E;j;
’L.'. = . 6
Pij hw ef s (6)

E;j is the adiabatic energy difference between the minima
of the potential energy curves of states |i) and [j). For a
detailed derivation of these equations, we refer the reader
to Refs. [24, 25].
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TABLE III: Input parameters from the experimental data for
the rate equation model discussed in Section IV C.

TABLE IV: Parameters that are obtained in the fit: Wy;
(calculated from Eq. (3) using the fitted C's; and hweyy.

CsCaCls: Tm?* CsCaBrs:Tm?t  CsCals:Tm?*

CsCaCls:Tm?*t CsCaBrs:Tm?t CsCals:Tm?"

Esp 2700 cm ™~ * 2700 cm ™~ * 2700 cm ™" Wz at 10 K 757217 s~ ¢ 2532 5 43761 57"
Eo 3929 cm ™! 3906 cm ™! 2995 cm ™t War at 10 K 0.05 s~ ¢ 321077 st 165"
S32 0.1 0.1 0.1 Wao at 10 K 0.02s7* 1.8107% 571
Sa1 2 2 2 hwey s 106 cm ™! 109 cm ™! 212 cm™!
Rz 1106195 - W3p® s ! 588235 s~ 954000 s~ !
Ro> 3378 s+ 3096 s 2555 7! %The process Wag is not active in the iodide up to 300 K.
Ry 1996 s—* 1873 571 1538 571
731 0.00816 0.00125 0.00123

E;; are estimated from the absorption and luminescence
2At T=10 K

We use Egs. (2) and (3) to model the temperature de-
pendence of the relative photon counts of the emissions
A, B, and D shown in Fig. 4. All W;; values are defined
as in Eq. (3) except for Wy which is defined as Wy
= Oy Wa1 so as to introduce a “branching ratio” that
describes the competition between the nonradiative pro-
cesses |2)—|1) and |2)—|0). The fitting parameters are
then the three electronic factors C3o, Co; and Cgg as
well as hweyy.

All the other parameters are deduced from the spec-
troscopic data and fixed to the values given in Table III.
We include the data obtained for CsCals:Tm?* in this
comparative study. The radiative rate constants R; are
assumed temperature independent and determined from
the lifetimes (Table IT). The high radiative rate constants
R3 of emission D are notable. It might be possible that
the (3F4, tog) multiplet is located inside the conduction
band and that a mixing of states occurs. States located
inside the conduction band can have high radiative decay
rate constants [26]. The radiative decay rate constant Rs
can be calculated from the oscillator strength f of the first
(3Fy, tag) absorption band assuming equal degeneracies
in the ground and excited state [25]:

n[(n? +2)/3)?
Taw ™

n is the index of refraction and is estimated to be 1.58,
1.64 and 1.73 for CsCaCls, CsCaBrs, and CsCalgs, re-
spectively. a is a constant (1.5-10* m-s~2) and X is the
emission wavelength. We find good agreement of the cal-
culated and measured radiative lifetimes of emission D
in all three materials (see Table 2). It is thus unlikely
that mixing with the conduction band states of the host
affects the luminescent properties of our samples. Lumi-
nescence D in CsCaCls:Tm?t has a nonradiative contri-
bution already at 10 K. In this case, R3 is given by (at
10 K):

R=f

Rs = k‘g — Wisa. (8)

ks is the measured decay rate constant of emission D
at 10 K (Table II). The branching ratio ns; is the ex-
perimental photon ratio of bands E/D. The energy gaps

data. While F9; can be accurately determined, there
is considerable uncertainty in the value of E32. We use
the same value of 2700 em™" for all three compounds.
Similarly, the Huang-Rhys factors S3; and Sso are set
to 2 and 0.1, respectively, for all three compounds. This
is a rather crude approximation, since So; is expected
to vary across the series. But we have no experimental
means of determining this variation, and we want to keep
the model as simple as possible. The pump rate constant
0PNy is normalized to 1 s~!. This means that we are in
the linear regime and we are ignoring groundstate bleach-
ing.

The integrated photon counts of all three emissions A,
B, and D are simultaneously fit (simple minimalization of
chi-squared over the parameter space) for a given com-
pound, and the solid lines in Fig. 4 represent the best
fits. Overall, the model is able to reproduce the data of
CsCaCls:Tm?*+ and CsCaBrz:Tm?* very well. The devi-
ations are larger for CsCals:Tm?*. The observed drop of
emission A in CsCaCls:Tm?* above 200 K is the result
of energy transfer, see Section VI, and thus not within
the realm of our photophysical model.

The parameter values obtained in the least-squares fits
are listed in Table IV for the three compounds. A graph-
ical representation of the competition between radiative
and nonradiative processes is provided in Fig. 9, where
the relevant rate constants are logarithmically plotted
as a function of temperature for all three systems. It
provides insight into the changes that occur along our
chemical coordinate.

We are confident that the fits for CsCaCls:Tm?* and
CsCaBr3:Tm?" and the resulting parameter values rep-
resent reasonable approximations of the physical reality
in these systems. The fitted effective phonon energies for
CsCaCls:Tm?* and CsCaBrs:Tm2* are lower than the
highest energy vibrational energies and are comparable
with literature data [27-29]. The effective phonon energy
for such nonradiative processes is often lower than the
highest energy vibrations [27, 30]. For CsCal3:Tm?*,
however, the simple model is a poor approximation of
the complex photophysical processes. The best evidence
for this is the value of hwepy = 212 cm~! obtained for
the effective accepting mode. This is higher than any
vibrational energy in CsCals and thus not physical.
Evidence for much more complex photophysics in iodide
hosts is also provided by the behavior of Tm?t in
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RbCals, in which the 4f-4f emission A already domi-
nates at 10 K [13]. Since our model is extremely simple,
there are many possible reasons why it is no longer fully
adequate in CsCal3:Tm?*. The necessary caution will
therefore be used in the interpretation of the iodide fit in
Section VI. But it must be noted that an analysis of the
type provided in Figure 4 with the parameters in Tables
IIT and IV is extremely ambitious and has not been
reported so far. Fits of the temperature dependence of
emission intensities or lifetimes are usually done for just
one transition in one compounds [27, 28, 30, 31]. We
extend this by including three competing transitions in
each of three related compounds, and we do this without
adjusting the model. We thus gain considerably more
insight into the photophysics and their dependence on
the chemical variable in these systems. But we do reach
the limit of applicability of the model.

V. DISCUSSION

Each of the five emissions A to E will be discussed
separately, with the main emphasis on its variation with
temperature for a given compound and its variation along
the series of Tm?* doped halides.

Emission D is the highest energy emission in the chlo-
ride and bromide. In the iodide, we observe a weak emis-
sion below 200 K, which lies at even higher energy. This
is discussed in Ref. [13]. In all three compounds, emis-
sion D appears bright green to the eye. It is a broad 5d-
4f emission band and has its origin in the lowest states
of the (*F4, to,) multiplet. With the exception of 4f-4f
emissions in lanthanides and actinides, Kasha’s rule is
a guiding principle for light emitting materials [32]. Tt
states that, if at all, spontaneous emission occurs from
the lowest energy excited state. Our emission D is an
exception to this rule, and to our knowledge, emission
from higher than the lowest energy “spin-allowed” and
“spin-forbidden” 4f5d states has not been reported in
lanthanide systems [12].

On the basis of Fig. 9, we can understand how this
exceptional behavior comes about. First, we note that
emission D has the highest radiative rate constant (Rg3)
of all the observed emissions. Rj3 is the dominant relax-
ation path in the iodide up to 220 K, in the bromide up
to 100 K. At these temperatures, the crossing of Wso
with R3 occurs in the two samples and thus nonradiative
relaxation to (*Hg, tog) becomes the dominant relaxation
process at elevated temperatures. These crossover points
are highlighted and connected with a dashed line in Fig.
9. In the chloride, R3 has a strong competition already
at 10 K from the nonradiative W35, and above 50 K R3
loses out completely; see also data in Fig. 4. The com-
parison of the three samples shows the strong dependence
of W3y on the chemistry. Was decreases by two orders
of magnitude at 10 K in the bromide compared to the
chloride, but for CsCals:Tm?*, the values lie between
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FIG. 9: Semilog plot of the radiative R; and nonradiative W;
rate constants as a function of temperature for Tm** doped
CsCaCls (a), CsCaBrs (b), and CsCals (c). The radiative
rate constants R; are given in Table III. The nonradiative
rate constants W;; are calculated from Eq. (3) using the pa-
rameter values in Tables III and IV. The crossover points of
W32 with Rz and Wa1 with Rs are highlighted and connected
with dashed lines for better illustration of the influence of the
chemical variable on the photophysics of Tm?*.

the two others. Within our model, a decrease of W3
(10 K) along the halide series is expected on the basis
of decreasing phonon energies. The observed increase in
the iodide clearly shows the limits of our model. The
evolution of W3y with temperature is similar in the chlo-
ride and bromide, whereas in the iodide the increase with
temperature is much less steep. The chemical variation
thus affects not only the 10 K value of W3 but also its
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temperature dependence, with a significant difference in
the iodide.

Emission E has the same temperature dependence
and originates from the same state as D, but the final
state is 2F; /2 instead of the ground state. It is extremely
weak, with D/E photon ratios of 123:1, 800:1, and 806:1
in the chloride, bromide, and iodide, respectively. We
ascribe this extreme branching ratio to a selection rule
AJ =1 [33]. The lowest-energy component of (3Fy, toz)
has, according to Hund’s rule, a J = 9/2 value, if we only
consider the spin angular momentum of the d electron.
Thus, a transition to 2F7/2 is allowed, whereas 2F5/2 is
not accessible in this rough approximation.

Emission B is a broad 5d-4f band in the near IR
around 12000 cm™!. It is assigned to a transition from
the lowest-energy (*Hg, t2g)S = 3/2 to 2Fr/5. It is the
dominant feature in the emission spectrum of the chloride
up to 120 K, of the bromide between 100 and 250 K, and
of the iodide above 220 K; see also Figs. 3 and 4. (*Hg,
tog)S = 3/2 is being populated by multiphonon relax-
ation (W32) from the higher (3Fy, to,) metastable state.
Since the decrease of emission D with increasing temper-
ature is also determined by W32, we can immediately
understand that the observed rise with the temperature
of B is correlated with the decline of D, nicely seen in
Fig. 4 for all three samples. The lifetime of emission B
is constant up to 70 and 160 K in CsCaCl;:Tm?** and
CsCaBr3:Tm?™", respectively (see Fig. 5), which proves
the radiative nature of the decay up to these tempera-
tures. Above 120 K in the chloride and 250 K in the
bromide, emission B is taken over by emission A. Their
correlated rise and decline is again nicely observed in
Fig. 4. The nonradiative relaxation process from (*Hg,
tog)S = 3/2 to F55 (Wa1) is responsible for this, see
the crossing of log[ W] with log[Rs] at 120 and 250 K
in the chloride and bromide, respectively, in Fig. 9. This
onset of nonradiative relaxation is also confirmed by the
simultaneous decrease of the respective lifetimes in Fig.
5. In the iodide, the W1 process is not competitive up to
room temperature, that is, we observe no crossing point
of W21 with RQ.

Emission C is a weak emission only observed in the
bromide and iodide, which originates in a higher excited
state within the (*Hg, tog) multiplet. We assign it to the
(*Hs, tog)S = 1/2 — 2F7 5 transition. This is a formally
“spin-allowed” transition with a high oscillator strength.
The energy difference between the lowest level of (*Hg,
t2g)S = 1/2 and the highest level of (*Hg, t2g)S = 3/2
is difficult to estimate from the absorption and lumines-
cence spectra: A range of 600 to 1200 cm~! is compat-
ible with the data. This is a very small gap, and in all
compounds studied here, relaxation by multiphonon pro-
cesses is active down to the lowest temperatures. In the
chloride, multiphonon relaxation is too efficient for C to
be observed. In the bromide, the intensity of C compared
to B is small, whereas in the iodide C has gained consid-
erable intensity. The observation of emission C in the
bromide and iodide is surprising considering the small

energy gaps involved. In Ce?t doped compounds, en-
ergy gaps of up to several thousand cm™! are observed
between the states deriving from the (4)°(5d)! electron
configuration [34, 35]. Generally, only emission from the
lowest state is observed. Multiphonon relaxation among
states of the same spin multiplicity appears to be effi-
cient. In contrast, the multiphonon relaxation process
from (*Hg, t2)S = 1/2 to S = 3/2 requires a reorienta-
tion of the spin, which slows it down. This is considered
a key to the observation of emission from low-spin states
[36]. Among the lanthanides having a more than half-
filled 4 f shell, “spin-forbidden” and “spin-allowed” emis-
sions have been reported for Yb?* [12], Er3*, and Tm?**
doped compounds [36, 37]. The ratio of “spin-forbidden”
and “spin-allowed” emission was found to depend on the
host and the temperature.

Emission A (°F5/5—?F7») is the strongest emission
at 300 K in the chloride and bromide. The emitting
state 2F5 o is populated from (*Hg, t2¢)S = 3/2 by the
multiphonon relaxation process with rate constant Wa;.
A takes over from B as the most intense emission at
about 120 and 250 K, respectively; in the two lattices,
see Fig. 4 and the crossing points of Ro with Wa; in
Fig. 9. In the iodide, this crossing is not reached below
300 K, because Wy is not competitive. It is interesting
to note that a very small A emission of the order of
0.1% is observed even at 10 K in all three samples; see
Table I. In the bromide, the 2F; /2 population occurs
purely radiatively by process E, whereas in chloride and
iodide there is an additional nonradiative contribution
to the 2F5 /5 feeding. In CsCaCls:Tm?", the intensity of
emission A decreases above 200 K. This is not due to
multiphonon relaxation to the ground state, for which
the energy gap of 8800 cm™! is too large. We ascribe it
nonradiative losses by energy migration to unidentified
killer traps.

VI. CONCLUSIONS AND OUTLOOK

The temperature dependent study of the emission
properties of Tm?* doped into a series of isostructural
halide lattices provides insights into the photophysics of
this ion. The interplay and the competition of the various
radiative and nonradiative relaxation processes are elu-
cidated, and the rate constants of the relevant processes
are quantified. The observation and characterization of
up to five different types of light emission from a given
compound, which is without precedent, provide the basis
for such a detailed analysis. It turns out that the chemi-
cal variation along the series of CsCaCls, CsCaBrs, and
CsCaCls host lattices and its significant consequences on
the light emission behavior are essential for the relatively
detailed picture obtained. The pronounced temperature
dependence of the nonradiative processes is an impor-
tant factor, which we are reproducing with an approxi-
mate model in the present paper, whereas the radiative
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decay constants are essentially temperature independent.
In the iodide, we reach the limit of the applicability of
the simple model. But it does allow a discussion of the
relevant processes and their temperature dependence.

The choice of Tm?* as the active ion turns out to be
fortunate for both chemical and physical reasons. It is
possible to stabilize the divalent Tm in all the halides
(chloride, bromide, and iodide). Physically, a big advan-
tage of the (4/)' electron configuration of Tm?* lies in
the fact that 2F5/2 is the only 4f4f excited state, and
above 9000 cm™', the properties of the states arising
from the (4f)'2(5d)* configuration can be probed with-
out any interference from the (4f)'® configuration. The
observation of emissions from higher excited 4f-5d states
is facilitated by the fact that we are dealing with divalent
host lattices with heavy anions. A practical advantage
of the systems studied here is the energy range of the
emissions studies, from the near IR to the green, which
is experimentally more easily accessible than the vacuum
UV, where the 5d-4femissions of the trivalent lanthanides
are often found.

Let us finally briefly compare the light emission prop-
erties reported and analyzed here in chloride, bromide,
and iodide lattices with literature studies of Tm?* doped

fluorides. All these studies deal with the 4f4femission in
the near IR, and we found no report of 5d-4f emission in a
fluoride, even at cryogenic temperatures. This may sim-
ply be a reflection of a very efficient (*Hs, toz)S = 3/2 to
2Fy /2 nonradiative relaxation rate constant W;. How-
ever, there are chemical considerations that have to be
taken into account. Tm?7 is harder to stabilize in a fluo-
ride than in the heavier halides. As a consequence, Tm?+
is invariably present in Tm2* doped fluorides, and this
might quench the emission B of Tm?* by energy transfer.
We have found some preliminary evidence of emission B
in a CaFy:Tm?* sample, in which Tm?* was chemically
incorporated and not created by irradiation as in some
of the other investigations.
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Crystal Absorption Spectra in the Region of 4f-4f and 4f-5d Excitations in Tm?*
Doped CsCaCl;, CsCaBr; and CsCalj

Judith Grimm, Eva Beurer, and Hans U. Giidel*
Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, 3012 Bern, Switzerland

Low-temperature absorption spectra of single crystals of Tm?* doped CsCaCls, CsCaBrs and
CsCals in the spectral range from 8700 cm™' to 47000 cm ™" are presented. Weak sharp-line 4£4f
absorptions around 8800 cm ™! are essentially independent on the nature of the halide. More intense

broad absorptions cover the region between 12000 cm ™' and 47000 cm™'.

They are assigned to

4f-5d excitations and interpreted in terms of a simple qualitative picture taking into account the
most important interactions. As a result of two counterbalancing effects, the onsets of the 4f5d
spectra are almost coincident in the three materials: The blueshift of about 3000 cm™' between
chloride and iodide resulting from the decreasing crystal field splitting of 5d is roughly balanced by
the redshift resulting from the reduced energy gap between 5d and 4f orbitals. The absorption helps
to understand the most unusual light emission properties of these materials.

I. INTRODUCTION

Studies on the optical spectroscopic properties of di-
valent lanthanides have mainly concentrated on Eu?*,
Yb?*+ and Sm?*, as these are readily stabilized in the di-
valent oxidation state [1]. By far the most comprehensive
literature is found for Eu?*. The luminescence of Eu?*
has been intensively studied, as this ion plays an impor-
tant role in phosphor materials for fluorescent lighting
[2]. In Sm2* doped crystals, room temperature persis-
tent spectral hole burning was demonstrated for the first
time [3]. The 5d to 4f transitions of Yb2* are of interest
for possible laser applications [4]. In contrast, spectro-
scopic studies of Tm2* are rather scarce. This mainly
reflects the greater difficulties that are encountered when
trying to stabilize this ion in its divalent state in an ox-
ide or fluoride environment. In the heavier halides the
situation is thermodynamically more favorable, and we
have recently presented the light emission properties of
Tm?*+ doped into CsCaBrs [5]. An unusually rich vari-
ety of light emissions was discovered in this system. Five
different types of transitions were found to coexist and
compete as a function of temperature. We are extending
these studies to include other host lattices and find that
the Tm?* light emission properties exhibit a great deal
of variation depending on the host [6]. Besides the light
emission, the absorption properties are of great interest
because they are essentially unexplored.

In the present contribution we offer a comparative
study of the absorption spectra from the near-infrared
(NIR) to the ultraviolet (UV) of Tm?" in the perovskite
host lattices CsCaClg, CsCaBrs and CsCals. Both 4f4f
and 4f-5d excitations are observed from the NIR to the
UV, and the chemical variation mainly affects the latter
through the direct exposure of the 5d electron to the oc-
tahedral halide coordination. The experimental results
are discussed semiquantitatively by identifying the dom-

*Electronic address: guedel@iac.unibe.ch

inant interactions but without an attempt to model the
data quantitatively. This is the first systematic study
of the 4f4f and 4£5d excitations of Tm?* in a series of
related host lattices.

II. EXPERIMENTAL

Single crystals of CsCaClz, CsCaBrz and CsCals
doped with Tm?* were grown by the Bridgman tech-
nique. For the synthesis, stoichiometric amounts of CsX
(X=Cl, Br, I) and CaX, were mixed. Tm?* was pre-
pared in situ by synproportionation of TmXj3 and Tm
metal. The use of Ta ampoules is indispensable for the
success of the synthesis. The absolute concentration of
Tm is 1.04%, 0.48% and 0.76% in CsCaClz, CsCaBrs
and CsCalg, respectively, and was determined by ICP-
OES. Due to their hygroscopic nature, the handling of
the starting materials as well as the crystals occurred un-
der inert atmosphere at all times. For absorption mea-
surements the samples were polished in a dry box and
enclosed in an air-tight copper cell. Absorption spectra
were recorded on a Cary 6000i spectrometer (Varian).
Sample cooling was achieved with a closed-cycle cryostat
(Air Products).

III. RESULTS

CsCaCls:1.04% Tm?t, CsCaBr3:0.48% Tm?t and
CsCal3:0.76% Tm?* are dark green crystals. Figure 1
a) shows sections of the 10 K crystal absorption spectra
of finely polished crystals in the region of the 4f4f exci-
tations between 8700 and 9100 cm~! in the NIR. Except
for a very slight redshift within the series from chloride to
iodide there is little variation in these sharp-line spectra.

Figure 2 shows the absorption spectra extending from
13000 cm ™! in the NIR to 47000 cm ™! in the UV. This
is the region of 4f5d excitations, and it is most un-
usual that absorption spectra of allowed transitions can
be measured over such a broad spectral range. Usually,
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FIG. 1: (a) 10 K absorption spectrum of CsCaCls:1.04%
Tm?", CsCaBr3:0.48% Tm?" and CsCalz:0.76% Tm?" in the
region of the 4f-4fexcitations. (b) Schematic energy level dia-
gram of the 2F7/2—>2F5/2 transition. The arrows indicate the
transitions that are observed in (a).

big variations in absorption intensities prevent this. The
spectra in Figure 2 show a rich structure with bands of
similar widths and intensities. A first-sight comparison
of the three spectra reveals both similarities and differ-
ences. The first, and perhaps surprising, observation is
that the onset of the 4f5d bands in the NIR does not
differ by more than about 1000 cm™! in the three sys-
tems. The low-energy part of the spectra is shown on
an expanded scale in Figure 3 for better comparison. It
shows that not only the onset but also the appearance
of the spectra up to about 23000 cm™! is similar for the
three compounds. Above 23000 cm™! the similarity be-
comes less pronounced, and in particular the shape of the
CsCals:Tm?* spectrum deviates from the other two.

IV. DISCUSSION
A. Host Materials

CsCaClz and CsCaBrgy are cubic perovskites at room
temperature (space group Pmdm) with Ca’* on a site
with Oj symmetry. Both samples undergo phase transi-
tions at lower temperatures [7, 8]. At 10 K CsCaCl; and
CsCaBrj crystallize as tetragonal (space group P4/mbm)
and orthorhombic (space group Pnma) phases, respec-
tively. CsCals is stable in the orthorhombic Pnma space
group at all temperatures between 10 and 300 K. At 10
K the Ca?t site symmetry is Cyj, in CsCaClz and C; in
CsCaBrs and CsCals. In all cases the distortions of the
octahedral CaXg coordination are very small, and in the

crystal spectra their effect only shows up in the highly
resolved 4f-4f absorptions of the Tm?* doped materials,
in which Tm?* substitutes for Ca®*. O}, notation will
therefore be used in the discussion of the 4f-5d excitation.

B. 4f-4f Excitations

Tm?" has a (4f)'® ground state electron configuration,
resulting in a *F7/5 ground term and a F5/, excited
term, see Figure 1 b). This is in exact analogy to the
situation in Yb3*, whose spectroscopic properties have
been well explored in a variety of chemical environments.
Since the spin-orbit coupling is smaller in Tm?*, the
2F7/2<—>2F5/2 transitions, both in absorption and emis-
sion and independent of the chemical environment, are
shifted from about 10000 cm~' in Yb?* to about 8800
em™t in Tm?*+ [9, 10]. This is seen in Figure 1 a).

The absorption spectra in Figure 1 a) are dominated
by the sharp lines Ag and A;, which show a redshift
of 16 cm~! between the chloride and iodide. Both Ag
and A; are assigned to electronic origins as shown in
Figure 1 b) from their coincidence with corresponding
cold emission lines. The redshift along the halide series
is a result of the decreasing spin-orbit coupling strength,
caused by the increasing covalency. Since Tm?* occupies
a centrosymmetric site in all the lattices, the transition
Ay and A; arise by a magnetic dipole (MD) mechanism.
I's to I's (O notation) is MD allowed, while I's to I'z
is forbidden. This explains the dominance of Ay and
Aj in the spectra. It is not possible to unambiguously
assign any other features to the I's to I'; origin. The
small splitting of 8 or 9 em ™! between Ay and A; results
from the splitting of I's into the two Kramers doublets
and 1’ and thus reflects the small distortion of the TmXg
octahedron below the phase transitions.

C. 4f-5d Excitations

Yb?+ doped oxides, fluorides, chlorides and bromides
are completely transparent between about 10000 cm™!
and 30000 cm™!. This property makes Yb3* an impor-
tant sensitizer ion for photon upconversion in Er®* and
Tm3* doped systems [11, 12]. The first allowed opti-
cal excitations of Yb3* in the UV are of the ligand-to-
metal charge transfer (LMCT) type, and only at higher
energies 4£5d absorptions occur [13]. In contrast, Tm?*
shows intense absorptions with e values of the order of
1000 M~!em ™! throughout the visible (VIS) and UV re-
gion, see Fig. 2 [14, 15]. These are due to 4f5d ex-
citations, which are shifted to lower energies by about
50000 cm ™! compared to Yb?t. LMCT transitions, on
the other hand, are expected to shift to higher energies
in Tm?*, and we do not consider them in our discussion
of Fig. 2.

A redshift of 30000 cm~! to 50000 cm ™! in the 4f
5d excitations of divalent lanthanides compared to their
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FIG. 2: Single crystal absorption spectra of in the region of the 4£5d transitions of CsCaClz:1.04% Tm?** (a), CsCaBr3:0.48%
Tm?*" (b) and CsCal5:0.76% Tm>" (c) recorded at 10 K. The spectra are corrected for the Tm>* concentration to have the same
€ scales, see bottom right. Corresponding bands are connected by dotted lines, and the onset of absorption bands corresponding
to the (*Hpg, t2g) and (*Hg, eg) multiplets are marked with teg and eg arrows.

isoelectronic trivalent counterparts is observed through-
out the lanthanide series [16, 17]. This is a result of the
reduced Coulomb attraction of the 5d electron by the nu-
cleus in the divalent ions, which leads to a reduced energy
separation of 5d and 4f. All the absorption bands shown
in Figure 2 between 13000 cm ™! and 47000 cm™! can
thus be assigned to 4£5d excitations.

The (4/)'2(5d)" electron configuration has a total de-
generacy of 910. This is split by a variety of interactions,
the four most important of which are

H = Hep(d) + Hoourso(f) + Heou(fd) + Hso(d).
- Hep(d): Crystal field interaction of the 5d electron

- Heouwrrso(f): Combined Coulomb repulsion and spin-
orbit coupling within the (4f)'2 configuration

- Heow(fd): Coulomb repulsion of the 4fand 5d electrons

- Hso(d): Spin-orbit interaction of the 5d electron

Hep(d) splits the 5d orbital into to, and e, sets of
octahedral orbitals separated by 10 Dg. The effect
of Heouirso(f) is to split the (4/)'2? configuration into
29411, ; terms very similar to the situation in Tm?*, rep-
resented in the well-known Dieke diagram [18]. This
leads to a situation as depicted schematically in Figure
4. The multiplets in Figure 4 will then be further split
by Heow (fd) and Hso(d).

With this relatively simple picture in mind we are able
to interpret the low-energy part of the spectra in Figure
2. The spectra of CsCaCls:Tm?t and CsCaBrs:Tm?"
are very similar up to 26200 cm™!, where a new band
appears in the bromide spectrum. And in CsCals:Tm?*
the first new band appears at 22800 cm~!. All the bands
at lower energies can be assigned to excited states deriv-
ing from the (4f)'?(ta,)" electron configuration, and we
take the appearance of the first new band as the onset
of the (4/)'?(ey)! ladder, see right-hand side of Figure
4. This assignment is confirmed by the correspondence
between equivalent bands connected by dotted lines for
the chloride and bromide in Figure 2. For the iodide, the
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FIG. 3: 10 K absorption spectrum of CsCaClz:1.04% Tm?**
(a), CsCaBr3:0.48% Tm?" (b) and CsCals:0.76% Tm?>*" (c) in
the region of the onset of the 4f-5d absorption transitions. The
assignment of the bands is given on top of the CsCaClz:Tm?"
spectrum.
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FIG. 4: Schematic energy splittings of the (4/)*® and
(4N'*(5d)" electron configurations in Tm?'.  For the
(4)*2(5d)* only the interactions Her(d) and Hoouryso(f), as
defined in the text, are considered. The levels derived from
(4)*2 (t2g)" and (4/)'%(eg)" are displayed separately for better
distinction.

TABLE I: The 10 Dgq values of Tm?®" doped CsCaCls,
CsCaBrs and CsCals as determined from Fig. 2.

CsCaCls CsCaBrs CsCals
14200 11200 8500

10 Dg [em™ 1]

analogy to the chloride and bromide spectra ends above
23000 cm ™1,

The decrease of 10 Dgq from chloride to iodide of
40% would predict a corresponding blueshift of the 4f
5d bands of about 3000 cm~!. However, we observe
slight redshifts of less than 1000 cm™! in the low-energy
part of the absorption spectrum (see Figure 3). The
CsCaCl3:Tm?* and CsCaBrs:Tm?* absorption spectra
are essentially superimposable between 13000 cm ™! and
25000 cm ™!, Tt clearly demonstrates that the decrease of
10 Dgq is counterbalanced by a decrease of the energy sep-
aration between 5d and 4f orbitals. This is a result of the
decreasing Coulomb attraction of the 5d electron by the
nucleus due to the increased covalency. As a consequence
we observe a redshift of the total 4/-5d spectrum along
the halide series. Between the chloride and the bromide
the two effects happen to cancel exactly at the onset of
the 4£5d absorption spectrum.

In the low energy part of the spectra in Figure 3 we
can push the interpretation of the observed bands a bit
further. The effect of Hoopurrso(f) can be identified. The
lowest terms arising from (4f)12(tag)! under the action of
Heousso(f) are (3Hg,tag) and (3F4,tag), see the left col-
umn in Figure 4. In Tm3*, 3Fy lies about 5550 cm ™!
above 3Hg, and thus we expect the onset of (3F4,t2g) at
about 19700 cm™! in the chloride and bromide and at
about 18700 cm™! in the iodide in our absorption spec-
tra. This is nicely borne out, as shown in Figure 3, where
the assignment is given for the chloride. (*Hg,t2s) con-
sists of numerous absorption bands and covers an en-
ergy range of about 4000 cm™!. An energy gap AE
of about 2700 cm ™! separates the lowest component of
(3F4,t24) from the highest component of (3Hg,tag) in all
three samples, see Figure 3. This gap, by the way, is large
enough for the lowest component of (3F4,t2,) to become
metastable and emissive, particularly in the bromide and
iodide [6]. At higher energies there is no energy gap of
this order of magnitude. Increasing overlap of bands to-
wards higher energies makes an unambiguous assignment
of (39+1L,ta,) and (2F'L,e,) terms impossible.

The energy splittings within the (*Hg,ta,) multiplet
arise from the interactions Hepyy(fd) and Hgo(d). The
isotropic part of Hepy(fd) causes a splitting into a set of
states with spin S=1/2 and another with S=8/2. From
the absorption and emission spectra we conclude that
S is still a reasonably good quantum number within
(®Hg,tag): The lowest-energy 4f-5d absorption band is
very weak in all the three spectra and we assign it
to a spin-forbidden 2F7,5—(*Hg,t2s)S=5/2 transition.
This lowest excited 4f£5d state is emissive in all three
compounds. As shown in Figure 3, the first intense
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absorption band lies about 2000 cm™! higher in en-
ergy and is assigned to the lowest energy spin-allowed
2F7 /25— (*Hg,t2)5=1/2 excitation. This state is also
metastable up to room temperature in the bromide
and iodide and shows a very weak short-lived emission.
From the experiment based distinctions between spin-
forbidden and spin-allowed transitions within the mul-
tiplet we conclude that the effect of Hgo(d) is weaker
than that of Heoowi(fd). In the higher energy multiplet
(®F4,tag) such a distinction is no longer possible, as the
lowest energy absorption band is intense [19].

V. CONCLUSIONS

This study shows that in contrast to oxide and flu-
oride lattices, Tm?% is easily incorporated into crystal
lattices of the heavier halides. The synthesis of sizeable
crystals of Tm?* doped CsCaClz, CsCaBr3 and CsCals
perovskites allows a systematic study of the 4f4fand 4/
5d excited state properties by absorption spectroscopy.
This is an essentially unexplored area. By their location

in the VIS and near UV part of the spectrum, the 4f£5d
excitations are experimentally easily accessible. This is
in contrast to trivalent lanthanides, in which 4£5d ab-
sorptions are usually in the vacuum UV and thus more
difficult to explore. Tm2* offers another significant ad-
vantage for the study of 4f/-5d excitations. There is only
one 4f-4f excited state within the (4f)' electron config-
uration, 2F5/2, and it lies around 8800 cm™', so that
the whole spectral range between 12000 and 47000 cm ™!
covered in the present study consists of pure 4£-5d excita-
tions, without any interference from higher 4f4f excited
states. In Refs. [6] we show that the light-emission prop-
erties of the title materials are unusual and interesting,
possibly also with respect to future applications. A par-
ticularly interesting feature is the unprecedented obser-
vation of light-emission from higher-excited 4f-5d states
and the resulting occurrence of upconversion processes
[20]. The present study helps to clarify the excited state
situation. It also shows that a reasonable level of un-
derstanding can be achieved using a very simple picture,
without trying to model all the excited state splittings
quantitatively.
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INTERNAL REPORT

Upconversion Between 4f-5d Excited States in Tm?* Doped CsCaCl;, CsCaBr; and
CsCal;

J. Grimm, E. Beurer, and P. Gerner
Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, 3012 Bern, Switzerland

Near-infrared to visible upconversion luminescence in CsCaCls:Tm?*, CsCaBrs:Tm?* and
CsCal3:Tm?" is presented and analyzed. The upconversion process involves exclusively the 4f
5d excited states of Tm?T, which is a novelty among upconversion materials. The presence of more
than one long-lived 4f-5d excited state is the prerequisite for this. Multiple emissions from Tm?"
are observed in the title compounds. This is made possible by the favorable energy structure within
the 4f£5d states and the low phonon energies of the materials. The energy positions of the relevant
4f-5d states and thus the photophysical and light emission properties are affected by the chemical
variation along the series. The UC efficiency increases from chloride to iodide and the upconversion
mechanism is found to be a combination of absorption and energy transfer steps.

I. INTRODUCTION

Light emitting inorganic materials that are able to
emit visible (VIS) light upon excitation in the near-
infrared (NIR) in a so-called upconversion (UC) process
have received considerable attention in the past [1, 2].
UC is a well-established and efficient non-linear opti-
cal process. It does not require coherent pump radi-
ation in contrast to other non-linear optical processes
like second-harmonic generation (SHG) or two-photon-
absorption (TPA). Since nowadays light emitting diodes
with extremely high energy efficiencies are available as
pump sources in the NIR, UC processes are attractive
for future technologies. As a consequence, UC materials
are investigated for use as lasing media [3], for application
in displays [4], for use in immunoassays and bio-labeling
[5] as well as for improving the efficiency of solar cells [6].

A second fundamental difference of UC compared to
SHG and TPA is that the former process requires at least
two metastable excited states. This basic prerequisite re-
duces the number of potential upconversion systems be-
cause the majority of light emitting materials has just one
emissive state, usually the first excited state. Exceptions
are most trivalent lanthanides. Thus, it is not surpris-
ing that the vast majority of UC studies involve the 4f-4f
transitions of lanthanide doped materials. In addition,
a few upconversion systems based on d-d transitions in
transition metal doped materials exist. But they usually
suffer from low efficiencies. However, UC is not restricted
to transitions within the 4f states of lanthanides, the d
states of transition metals or a combination of both. Any
luminescent material that exhibits multiple emissions is
a potential candidate for UC.

Recent investigations of the optical spectroscopic prop-
erties of Tm?* revealed that this ion is capable of emit-
ting light from more than one excited state. The number
of observed Tm?™ transitions is highly dependent on the
host lattice [7-10]. In all lattices sharp and long-lived 4f-
4femission is found in the NIR. At higher energies, broad
and fast decaying emission bands are observed that orig-
inate from the 4£5d states of Tm2*. UC between 4f4f
and 4f5d states was demonstrated a few years ago in

SrCly:Tm?* [9]. A new type of UC process involving ex-
clusively the 4f-5d states of Tm?* was reported recently
for CsCalz:Tm?* [11]. In the present contribution, an
extended study on the entire CsCaX3 (X = Cl, Br, I) se-
ries is presented. The spectroscopic properties of Tm?*
are affected by the chemical variation of the compounds.
This is ideal to achieve a more thorough understanding
of the 4f/-5d UC properties of this ion. The samples were
studied under the same experimental conditions and we
find that the UC efficiency increases along the halide se-
ries. The UC mechanism is found to be a combination
of the two most prominent UC processes, which involve
absorption and energy transfer steps.

II. EXPERIMENTAL SECTION
A. Synthesis and Crystal Growth

Single crystals of CsCaCls, CsCaBrs and CsCals
doped with Tm?* were grown by the Bridgman tech-
nique. For the synthesis, stoichiometric amounts of CsX
(X=Cl, Br, I) and CaXs were mixed. Tm?* was prepared
in situ by synproportionation of TmX3 (prepared via the
ammonium halide route from 99.999% pure TmsO3 from
Johnson Matthey) and Tm metal (Alfa Aesar 99.9%).
The absolute concentration of Tm in the crystals was de-
termined with ICP-OES and is 1.04%, 0.48% and 0.76%
in CsCaCls, CsCaBrs and CsCals, respectively. The use
of tantalum rather than the more commonly used sil-
ica ampoules is indispensable for obtaining crystals that
contain no Tm3*. Crystals grown from silica ampoules
contain trace amounts of Tm3* because under such crys-
tal growth conditions Tm?* is easily oxidized by silica.
Due to the hygroscopic nature of the starting materials
as well as the crystals, the handling occurred under inert
atmosphere at all times. For absorption measurements
the samples were polished in a dry box and enclosed in
an air-tight copper cell. Thermal contact of the crys-
tal with the sample holder was provided through appli-
cation of copper grease (Lake Shore Cryotronics Inc.).
For luminescence measurements the samples were sealed
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into quartz ampoules under partial pressure of He, which
serves as an inert atmosphere as well as a heat transmit-
ter.

B. Spectroscopic Measurements

Sample cooling was achieved with a closed-cycle cryo-
stat (Air Products) for absorption and with the He gas
flow technique for emission measurements. Absorption
spectra were recorded on a Cary 6000i spectrometer (Var-
ian).

For upconversion measurements, the samples were
excited with one or two multimode standing wave
Ti:sapphire lasers (Spectra Physics 3900S), pumped
by the second harmonic of a Nd:YVO, laser (Spectra
Physics Millennia Xs) or by an argon-ion laser in all-
lines mode (Spectra Physics 2045-15/4S). The wave-
length control of the Ti:sapphire laser was achieved by
an inchworm-driven (Burleigh PZ-501) birefringent fil-
ter and a wavemeter (Burleigh WA2100). The sam-
ple luminescence was dispersed either with a 0.85 m
double monochromator (Spex 1402) or a 0.75 m single
monochromator (Spex 1702). A cooled PMT (Hama-
matsu P3310-01) and a photon counting system (Stan-
ford Research 400) or a Ge detector (ADC 403L) inter-
faced to a lock-in amplifier (Stanford Research 830) were
used for detection of the signal in the visible and infrared
range, respectively. The laser power was measured with a
power meter (Coherent Labmaster Ultima) and the laser
beam was focused using a f = 53 mm lens. The typical
excitation density was 4.7 kW /cm? for the one-color up-
conversion experiments. The excitation densities used for
the two-color upconversion experiments were of the order
of 0.34 kW /em? for laser 1 and about 8.3 kW /em? for
laser 2. To measure the power dependence, the beam was
attenuated with a series of neutral density filters (Balz-
ers). For time resolved measurements 10 ns pulses of the
second harmonic of a Nd:YAG (Quanta Ray DCR 3, 20
Hz) pumped dye laser (Lambda Physik FL 3002; pyri-
dine 1 in methanol) were used. Transient signals were
detected as described above using a multichannel scaler
(Stanford Research 430).

All luminescence spectra are corrected for the sensitiv-
ity of the detection system and are displayed as photon
counts versus energy [12].

IIT. RESULTS

In Fig. 1 the 10 K absorption spectra of CsCaClz:Tm?*+
(a), CsCaBr3:Tm?* (b) and CsCalz:Tm?* (c) are dis-
played. A weak and sharp 4f4f absorption transition is
observed around 8800 cm~! in all three samples. Note
the scaling factor for this transition. The position as
well as the band shape does not vary much along the se-
ries. The energy range extending from 12000 cm ™1 in the
NIR up to the UV is the region of the 4f5d transitions of

(a)
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FIG. 1: 10 K absorption spectrum of (a) CsCaCls:1.04%
Tm>", (b) CsCaBr3:0.48% Tm>" and (c) CsCal3:0.76%
Tm?*. The observed absorption transitions in this region are
due to the Tm>" 4f4f and 4£5d transitions from the *F7 s
groundstate. The assignment of the absorption bands is given
on top of the CsCaClz:Tm?** spectrum. Note the scaling fac-
tor for the *Fj, transition. (*Hg,eg) is indicated for all three
compounds because the onset of the ey shifts to lower ener-
gies along the series. The energy gap AE is relevant for the
emission properties of the three samples.

Tm?*. 4f5d transitions are parity allowed and thus high
absorption intensities are observed. The energy gap AE
between the (*Hg,to,) and (*Fy,to,) multiplets, which is
indicated in Fig. 1, is relevant for the emission proper-
ties and its exact value is given in Table I for the three
compounds.

Fig. 2 shows the 10 K UC emission spectra of the three
samples (full lines) and the UC excitation scans (dotted
lines). All the samples are excited with the same laser
power density of approximately 4.7 kW /cm?. The num-
ber of observed emissions depends on the host lattice.
Up to five distinct emission band systems are observed.
Emissions C, D and F are the UC emissions, whereas B
and A correspond to downconversion emissions. The 10
K maxima of emissions B, C, D and F as well as the origin
of emission A are given in Table I. The assignment of the
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FIG. 2: Overview UC emission spectra at 10 K of (a)

CsCaClz:1.04% Tm?*, (b) CsCaBrz:0.48% Tm?t and (c)
CsCal3:0.76% Tm?** photoexcited at 13150 cm™', 13100
cm ™! and 12350 cm ™!, respectively, see full arrows. The
labeling of the emission bands is given on top of the
CsCaCls:Tm?* and CsCals:Tm?* spectra, respectively. Note
the scaling factors for the various emission bands. The
insets (dotted lines) correspond to the 10 K UC exci-
tation scans of (a) CsCaCls:Tm?" monitored at 19450
cm ™!, (b) CsCaBrs:Tm?*" monitored at 19070 cm™* and (c)
CsCal3:Tm?" monitored at 18250 cm™!. The dotted arrow
in (c) corresponds to the excitation energy of laser 2 in the
two-color experiment.

bands will be discussed in Section IV B. The UC excita-
tion scans were obtained by monitoring at the maximum
of emission D while the laser was scanned in the region of
the low-energy tail of the (*Hg,to,) absorption (see Fig.
1). The dotted arrow in Fig. 2 (c) corresponds to the
excitation energy of laser 2 in the two-color experiment
(see below).

In Fig. 3 the intensity of emissions D and B of
CsCal3:Tm?7 is shown in a double logarithmic represen-
tation as a function of the exciting laser power in an UC
experiment. Emission D depends quadratically on the
laser power as evidenced by the slope of 1.93 obtained
from a fit of the data (Fig. 3 (a)). In contrast, emission
B shows a linear dependence on the laser power, with a
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FIG. 3: 10 K power dependence of the photons emitted of
(a) the VIS UC emission band D and (b) the NIR emission
band B of CsCalz:Tm?" in a double-logarithmic representa-
tion. Laser excitation of the sample occurred at 12350 cm™!.
The straight lines correspond to linear fits to the logarithmic

data with slopes of (a) 1.93 and (b) 0.92.

slope of 0.92 (Fig. 3 (b)). The same experiment yields
slopes of 1.8 and 1.7 for emission D in CsCaClz:Tm?*
and CsCaBrz:Tm?7, respectively, and 1.1 for emission B
in CsCaBr3:Tm?* (data not shown).

Fig. 4 shows the temporal evolution of the 10 K lu-
minescence intensity of emission D in the three sam-
ples after 10 ns excitation pulses at 14450 cm™! into
the (3Hg,t2) multiplet. All three curves can be fitted
by double exponential decay functions. The decay times
found are: 19 ps and 101 ps in CsCaClz:Tm?*, 1.7 us
and 26 ps in CsCaBrs:Tm?* and 3.9 us and 13.1 ps in
CsCalz:Tm?*. The decay curves are relevant for the
identification of the upconversion mechanism and will be
discussed later.

In Fig. 5 the intensity of the UC emission D of
CsCal3:Tm?*, monitored at 18250 cm™!, is shown for
various combinations of two exciting lasers. In this two-
color experiment, a Ti-sapphire laser (laser 1) was used
with a typical excitation power density of 0.34 kW /cm?
to pump at 12350 em~! (full arrow in Fig. 2 (c)). At
this energy Tm?* ground-state absorption occurs into
the (®Hg,tay) and thus Tm?™ UC is induced (Fig. 5 (b)).
Laser 2 was used to pump at 10800 cm™!, which is be-
low the onset of the (*Hg,to, ) absorption (dotted arrow in
Fig. 2 (c¢)). This laser had a high power density (typically
8.3 kW/cm?). This laser alone induces no upconversion
emission D as can be seen from a comparison of Fig. 5



44

2. Spectroscopy of Tm*" Doped Halides

TABLE I: Compiled data of the spectroscopic properties of the title compounds. fiwmaz is the highest vibrational frequency in
the three lattices. AE is the energy difference between the (*Fu,tog) and the (*Hg,toz) absorption multiplets at 10 K, see Fig.
1. Em A denotes the origin of emission A whereas Em B, Em C, Em D and Em F correspond to the maxima of the respective
emissions at 10 K. UC Exc. is the excitation energy for the UC process. nuc is a measure for the upconversion efficiency at
10 K and is defined in the text. The quenching temperature Tq (Em D) is the temperature at which the intensity of the UC

emission D drops below 10% of the intensity at 10 K.

Compound hwmaz® AE Em A Em B Em C Em D EmF  UCExc. nue® To (Em D)

em™] fem™'] [em™] fem™] fem™'] fem”'] fem”']  [em™’] (%] (K]
CsCaClz:Tm?*" 310 2760 8810 12497 - 19450 - 13150 0.1 75
CsCaBrz:Tm?** 210 2620 - 12237 - 19152 - 13100 0.2 125
CsCals:Tm*" 170 2700 8785 11348 12703 18344 20110 12350 11 275
“taken from Ref. [10].
YExcitation power density: 4.7 kW /cm?.
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FIG. 4: Time evolution of emission D at 10 K after 10 ns
pulsed excitation at 14450 cm™" in (a) CsCaCls:Tm*", (b)
CsCaBrz:Tm?" and (c) CsCal;:Tm?". The insets in (b) and
(c) show the same data on an expanded time scale.

(c) and (d), where the intensity of emission D is at the
dark-count level. The combination of the two lasers re-
sults in a more than twofold increase of the UC emission
compared to the sum of the UC intensity of the two in-
dividual lasers, see Fig. 5 (a) and (b). This result will be
discussed together with the transients (Fig. 4) in connec-
tion with the upconversion mechanism.

experiment in CsCalz:Tm?" with laser 1 at 12350 cm ™" (0.34
kW /cm?), see full arrow in Fig. 2 (c), and laser 2 at 10800
em™ ! (8.3 kW/cm?), see dotted arrow in Fig. 2 (c). The
time sequence corresponds to the following combinations of
the lasers: (a) lasers 1 and 2, (b) only laser 1, (c) only laser
2, (d) both lasers blocked.

IV. ANALYSIS AND DISCUSSION
A. Materials and Site Symmetries

CsCaClz and CsCaBrs are cubic perovskites at room
temperature that crystallize in the Pm3m space group
[13, 14]. Tm?* replaces Ca®T on a crystallographic site
with Oy, point symmetry. Upon cooling both samples
undergo phase transitions. The site symmetry of Ca?*
below the phase change is Cy;, in CsCaCls [15]. At 10
K CsCaBrj crystallizes in the orthorhombic Pnma phase
which is the phase that is also found for CsCalz in the
temperature range between 10 and 300 K [16]. The Ca2?*
in the orthorhombic Pnma phase has site symmetry C;.
Regardless of the phase changes, the Tm?* ion is always
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FIG. 6: Schematic energy level diagram for Tm?*" doped
CsCaCls, CsCaBrs and CsCals with the relevant radiative
(straight arrows) and non-radiative processes (curly and dot-
ted arrows, respectively). GSA, ESA and ETU stand for
groundstate absorption, excited state absorption and energy
transfer upconversion, respectively. They are the relevant
processes in UC. The energy gap AE is indicated in Fig. 1.
The labeling of the emission bands corresponds to Fig. 2 and
the electronic transitions to which they refer are explained in
Section IV B.

coordinated by six X~ —ions (X~ =Cl, Br, I). From the
spectroscopic data of the three samples we conclude that
the only band splitting due to symmetry reduction is
observable in the 4f4f transitions and is in the order
of a few wavenumbers [10]. The data interpretation is
therefore done in the octahedral approximation.

B. Assignment of States

The assignment of the excited states and the emis-
sion bands has already been discussed for the three com-
pounds in Refs. [10, 17]. A brief recapitulation is given
here. Fig. 6 shows the energy level diagram of the spec-
troscopically relevant excited states of Tm?t as well as
the observed transitions.

Tm?* has a (4f)'3 ground state electron configuration,
i. e. it corresponds to a one-hole system and is isoelec-
tronic with Yb3*. There are only two multiplets arising
from the (4f)'? electron configuration which are the *F7
groundstate and the 2F; /2 first excited state. The sharp
4f-4f transitions are observed in absorption and emission
(labeled A) around 8800 cm™!, see Figs. 1 and 2.

In the absorption spectra of Fig. 1 all bands above
10000 cm™! are due to 4f5d transitions. They are be-

tween 1 and 4 orders of magnitude more intense than
the intraconfigurational 4f4f transitions because they are
parity-allowed [18-20]. The excited states arise from the
(4H)2(5d)! configuration. This has a total degeneracy
of 910, and energy splittings occur as a result of various
interactions.

An important interaction in the (4/)*2(5d)! configu-
ration is the ligand field interaction of the 5d electron.
The octahedral ligand field splits the 5d orbitals into tog
and e, sets, separated by 10Dg. The octahedral (Op)
coordination of Tm?" in all three samples causes the to,
to be lower in energy than the e;. The (4/)!? part is
split into the 25*'L; terms of Tm?3t by the Coulomb
repulsion and the spin-orbit coupling of the 4f electrons.
Thus, the energy multiplets of the Tm?* (4/)'2(5d)! con-
figuration can be roughly characterized as (>*1L,ta)
and (?5F1L;,e,), see Fig. 1. For Tm?* we expect each of
these multiplets to be split into a set of high-spin S = 3/2
and a set of low-spin S = 1/2 states due to the isotropic
exchange part of the Coulomb interaction between the 4f
and 5Hd electrons. Due to Hund’s rule, the former lie lower
in energy. As a consequence, transitions from the 2F; /2
groundstate to the lowest energy 4f5d bands are ex-
pected to have formally spin-forbidden character. This is
expressed in weaker oscillator strengths compared to the
spin-allowed bands [18, 20, 21]. The first spin-forbidden
and spin-allowed bands are marked with arrows in Fig.
1.

The 5d-4f emission bands in Fig. 2 are assigned to the
following transitions: Band B is a spin-forbidden 5d-4f
transition from (*Hg,tos)S = 3/2 to 2F7/5. The corre-
sponding weak absorption band is hardly seen in Fig.
1, but clearly observable in the UC excitation scans in
Fig. 2. In CsCal3:Tm?* a spin-allowed emission from
the first (Hg,t94)S = 1/2 state to the groundstate is ob-
served and labeled emission C. Band D is assigned to a
transition from the lowest excited state of the (3Fy,toq)
multiplet to the 2F7 /5 groundstate. The spin of the emit-
ting (3F4, tag) state is not specified because spin ceases
to be a good quantum number in the higher multiplets
[10, 22]. In CsCal3:Tm2*, a very weak emission F at
energies higher than emission D is observed, originating
in a higher excited state of the (*Fy,t2,) multiplet. A
schematic picture of these radiative transitions is given
in Fig. 6.

C. 4f5d to 4f-5d Upconversion in Tm?"

Excitation into the spin-forbidden component of the
(®Hg,tag) leads to the observation of multiple lumines-
cences in the title compounds at 10 K, see Fig. 2. Emis-
sion D is the dominant UC luminescence in all three sam-
ples. The intensity of emission D depends quadratically
on the excitation power, see Fig. 3 (a). This confirms
that it is created in a two-photon type excitation. At 10
K the large size of the energy gap AE prevents efficient
multiphonon relaxation from (3Fy,to.) to (*Hg,teg), espe-
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cially in the bromide and iodide, see also Ref. [10]. Most
of the energy in (3F4, tog) is therefore emitted radiatively
in emission band D in a bromide and iodide environment.

For excitation into the (*Hg,tos)S = 1/2 multiplet,
emission B dominates the emission spectrum in all sam-
ples at 10 K. This is not surprising, because direct pump-
ing in the (*Hg,tog)S = 3/2 absorption band occurs. The
intensity of emission B depends linearly on power (Fig. 3
(b)). Multiphonon relaxation from (*Hg, tag)S = 3/2 to
’Fy /2 populates the 2Fy /2 multiplet (see curly arrow in
Fig. 6). Emission A, which originates in this state, is not
observed at 10 K in the bromide. It does come up with
temperature, but only above 130 K.

The emission properties were also studied as a func-
tion of temperature under UC excitation. The intensity
of emission D decreases with increasing temperature in
all samples. However, the quenching temperatures T¢g
(Em D) are different for the three samples as can be seen
from Table I. We define T (Em D) as the temperature
where the intensity drops below 10% of the intensity at
10 K. T (Em D) increases along the series. This trend
is also observed in downconversion where the quenching
of emission D occurs at similar temperatures [10]. The
shift of Tg (Em D) is ascribed to the decreased phonon
energies along the series, see Table I.

D. Upconversion Mechanisms

The temporal behavior of the UC luminescence is
used to distinguish between potential UC mechanisms.
The two most prominent mechanisms are a sequence of
ground state absorption (GSA) and excited state absorp-
tion (ESA) or GSA and energy transfer upconversion
(ETU) steps [23]. GSA/ESA is usually a one-ion pro-
cess whereas GSA/ETU is a two-ion process. The signa-
ture of the former is immediate decay of the UC emis-
sion with the intrinsic decay time of the upper excited
state. The signature of the latter is the observation of a
rise from zero that is correlated with the decay of upper
excited state and a subsequent decay with half the life-
time of the intermediate excited state. A combination of
the two mechanisms leads to a more complicated picture:
When a higher percentage of the UC ions proceeds via
GSA/ESA an immediate decay is expected, whereas in
case of a higher GSA/ETU percentage a rise (not from
zero) is observed.

The transients of emission D measured in UC are
shown in Fig. 4 and the decay times are given in Sec-
tion III. Direct excitation into the 4£5d absorption
bands above (3F4, to,) with short pulses yields sin-
gle exponential decay curves of emission D with life-
times of 904 ns, 1.7 us and 1.1 ps for CsCaClz:Tm?t,
CsCaBrs:Tm?* and CsCals:Tm?t, respectively. The
lifetime of emission B is 296 us, 323 ps and 391 us for
CsCaCls:Tm?t, CsCaBrs:Tm?t and CsCals:Tm?*, re-
spectively [10]. The immediate fast decay of emission
D in the bromide is a clear signature of a GSA/ESA

process whereas the long decay in the chloride points to
GSA/ETU. The UC transients thus bear no clear sig-
nature of either the GSA/ESA or the GSA/ETU mecha-
nism. The two-color experiment shown in Fig. 5 provides
evidence that some GSA/ESA is present. One would not
expect to see a difference between Fig. 5 (a) and (b)
if the mechanism was exclusively GSA/ETU. The tran-
sients indicate that the situation complicated, and they
point to the existence of several UC species in the sam-
ples. Very often a subset of the luminescent ions partici-
pates in UC that may be different from the main species
observed in downconversion [24]. This is especially true
for a GSA/ETU, as these ions need to be in close proxim-
ity to each other because of the inherent two-ion process.
For GSA/ETU it is generally not straightforward to in-
terpret the measured transients in an unambiguous way.
We conclude that we observe a combination of the two
mechanisms in the three samples with various ratios of
GSA/ESA and GSA/ETU. This is schematically shown
in Fig. 6.

E. Upconversion Efficiency

The intensity distribution among the observed emis-
sion bands is very different in the title compounds. This
leads to very different efficiencies for the UC process. The
efficiency of the UC process is defined as:

Photonsyrg

e = Photonsntr + 2 - Photonsyig

The efficiency of the UC process was determined from
spectra that were measured under identical conditions.
The efficiencies for the three systems under 4.7 kW /cm?
excitation density at 10 K are: 0.1% in CsCaClz:Tm?t,
0.2% in CsCaBrs:Tm?t and 11% in CsCals:Tm?*, see
also Table I. As a general trend, the efficiency increases
along the series. The difference in the efficiency be-
tween the chloride and the bromide can be caused by
the increased multiphonon relaxation processes in the
chloride and/or by the different UC mechanisms. In
CsCaCls the highest phonon energy is higher than in
CsCaBrs, see Table I. Increased multiphonon relaxation
in CsCaClz:Tm?* quenches the intensity of emission D
in downconversion already at 10 K [10]. Therefore it is
possible that the increased multiphonon processes will
also reduce the UC efficiency in CsCaCls:Tm?* relative
to CsCaBrs:Tm?*t. As discussed in the previous section,
the UC process in the title compounds is a combination of
GSA/ESA and GSA/ETU. This potentially causes differ-
ences in the UC efficiency since the two processes might
involve different sets of ions. Surprisingly, the efficiency
in the iodide is increased by almost two orders of magni-
tude compared to the two other samples. Reduced loss
processes due to hindered multiphonon relaxation cannot
account for this difference. In downconversion, the rela-
tive percentage of emission D in the bromide and iodide is
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comparable at 10 K [10]. It is unlikely that the UC mech-
anism will cause this increase of efficiency of about two
orders of magnitude. However, the energy level structure
of the iodide is such that the second UC step occurs into
the ey levels. In the bromide the second step ends just
below the onset of e; and in the chloride it is far from
reaching the e, see Fig. 1. The high efficiency in the io-
dide might thus be ascribed to the more favorable energy
structure for UC because it enables a much more efficient
second step in the process.

V. CONCLUSIONS AND OUTLOOK

The experimental findings clearly show the existence of
upconversion processes between the 4£5d states of Tm?*
in the title compounds. This type of UC is without prece-
dent. Usually rapid multiphonon relaxation between the
4f-5d states prevents emission from higher excited 4f-5d
states. In the title compounds the observation of more
than one 5d-4f emission is made possible due to the fa-
vorable energy structure of the 4f5d states with a large
energy gap AE between (3Fy, tag) and (3Hg, tog). Other

important factors for the observation of emission D are
the low phonon energies of the lattices. The present
study demonstrates that UC processes are not restricted
to 4f-4f transitions in lanthanides and some special cases
of transition metal doped materials.

The efficiency of 11% in CsCals:Tm?* at 10 K is im-
pressive, also compared to other very efficient UC ma-
terials. First investigations of the RbCal3:Tm?* com-
pounds reveals that the UC efficiency in this material is
even higher than in CsCalz:Tm?*. A thorough investiga-
tion of this compound is the subject of work in progress.
The chemical variation of the Tm?* doped materials is
a powerful tool by which the spectroscopic and thus UC
properties can be influenced. This opens many possibili-
ties for further investigations on Tm?*.
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INTERNAL REPORT

4f-4f and 4f-5d Excited States and Luminescence Properties of Tm?* in CaF,, CaCl,,
SrCl, and BaCl,

Judith Grimm

An overview of the spectroscopic properties of Tm?* doped CaFs, CaCls, SrCly and BaCls is
presented. The absorption and emission spectra of Tm?* in solids are composed of two types of
electronic transitions: weak and sharp-line 4f£-4f transitions below 9500 cm ™' and strong broad 4£-5d
transitions at higher energies. The former are easily understood because of their analogy to the tran-
sitions in the isoelectronic Yb** and are observed in all title compounds in absorption and emission.
Understanding of the 4f-5d transitions is more difficult because their position and bandshape is de-
pendent on the crystal field, electron interactions and spin-orbit coupling in the (4f)*%(5d)* electron
configuration. The 4f5d transitions are very sensitive to the crystalline environment. The present
series demonstrates very nicely that in addition to the chemical variation also the site symmetry
and the coordination geometry of Tm>" influences the 4£5d transitions. 5d-4f emission is observed
in all compounds, including previously unobserved emissions in CaFo:Tm?" and SrCly:Tm?™.

I. INTRODUCTION

Investigations of the spectroscopic properties of Tm?*
are not very abundant [1]. The reason is that the pre-
ferred oxidation state of Tm in solids is the trivalent one.
Nevertheless, Tm?* can be successfully stabilized in com-
pounds of the heavier halides [2]. The thermodynamic
instability of Tm?* in fluorides and oxides prevents the
synthesis of pure TmF5 or TmO and compounds thereof
[3]. As a consequence, Tm?* is inevitably present in
Tm?* doped fluorides and oxides. First investigations
of the spectroscopic properties of Tm?* appeared in
the 1960’s. These studies were done in CaFs, SrFao,
BaFy and SrCly [4-8]. Laser action was demonstrated
in CaFy:Tm?* [9], and SrCly:Tm?* was suggested as
an infrared quantum counter [10]. Later, McClure and
coworkers did a thorough investigation of the photoion-
ization threshold of the Tm?* doped fluorides [11, 12]. In
the past ten years, spectroscopic studies on new classes
of Tm?* doped compounds appeared. In SrB,O; [13],
SrZnCly and BaZnCly [14], Tm?* was found to emit not
only from the 4f4f excited state but also from the first
4f-5d excited state. The latter emission had not been ob-
served in the Tm?* doped fluorides. Tm?* being a dual
emitter prompted an upconversion study in SrCly:Tm?*
[15]. Recently, a systematic investigation on the Tm?*
doped CsCaClz, CsCaBrs and CsCals series was pre-
sented [16]. It was found that Tm?* exhibits up to six
different types of emission, the number of emissions being
highly dependent on the host lattice. The observation of
multiple 5d-4f emissions is rare. Literature reports on
the coexistence of spin-forbidden and spin-allowed emis-
sion from the 4f£5d states in lanthanides with more than
a half-filled shell exist [1, 17, 18]. However, the report of
higher lying 5d-4f emission is without precedent. Upcon-
version involving exclusively the 4f/-5d excited states was
thereupon demonstrated for the first time [19].

Here, an overview of the spectroscopic properties of
Tm?* in a series of earth alkaline halides is presented.
In addition to the chemical variation, also the symmetry
of the Tm?T site as well as the coordination geometry

is varied along the series. The spectroscopic properties
of Tm?* are very sensitive to these variations, especially
the 4£5d transitions. Two of the title compounds, i.e.
CaFy:Tm?t and SrCly:Tm?*, were subject of previous
investigations, see Refs. [4, 6, 15, 20]. Our study revealed
the existence of previously unobserved 5d-4f emissions in
these two host lattices. An analysis of the spectroscopic
properties of Tm?* doped into CaCl, and BaCl, has not
been reported so far.

II. EXPERIMENTAL SECTION
A. Synthesis and Crystal Growth

Single crystals of CaFy, CaCly, SrCly and BaCly doped
with Tm2* were grown by the Bridgman technique.
Tm?t was prepared in situ by synproportionation of
TmX3 (X=F, Cl) and Tm metal. The use of tantalum
rather than the more commonly used silica ampoules was
indispensable.

CaF5:Tm?* crystals were obtained from a starting
mixture of CsF, CaFs, TmF3 and a 30-fold excess of Tm
metal. The synthesis of CaFy:Tm?* was performed un-
der inert atmosphere due to oxygen sensitive Tm metal.
In fluorides Tm?* is thermodynamically not stable (see
Refs. [2, 3, 21]) and therefore the CaFo:Tm?* crystals
contain trace amounts of Tm3*. The CaFy:Tm?* crys-
tals can be handled outside the glove box. No conversion
of Tm?T into Tm3* was observed over a range of three
years in the fluoride samples.

For the synthesis of the chlorides, MCly (M=Ca, Sr,
Ba) were mixed with TmCls and a twofold excess of Tm
metal. Due to the hygroscopic nature of the starting ma-
terials and the crystals, their handling occurred under in-
ert atmosphere at all times. The absolute concentration
of Tm in the chloride crystals (nominal concentration:
1%) was determined with ICP-OES and is 0.81%, 1.27%
and 1.16% in CaCly, SrCly and BaClsy, respectively.

All crystals were checked for purity by X-ray pow-
der diffraction. For absorption measurements the
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SrCly:Tm?* and BaCly:Tm?* samples were polished.
Due to the small size of the CaF5:Tm?* and CaCly:Tm?*
crystals, they could not be polished and all spectro-
scopic measurements were performed on untreated crys-
tals. For absorption measurements, the samples were
enclosed in an air-tight copper cell equipped with quartz
windows. For luminescence measurements the chloride
samples were sealed into quartz ampoules under partial
pressure of He, which serves as an inert atmosphere as
well as a heat transmitter.

B. Spectroscopic Measurements

Sample cooling was achieved with a closed-cycle cryo-
stat (Air Products) for absorption and with the He gas
flow technique for emission measurements. Absorption
spectra were recorded on a Cary 6000i spectrometer
(Varian). Emission spectra were excited with the 457.9
nm (21834 cm~!) or 514.5 nm (19436 cm~') line of
an Art laser (Spectra Physics 2060-10 SA). The sam-
ple luminescence was dispersed either with a 0.85 m
double monochromator (Spex 1402) or a 0.75 m sin-
gle monochromator (Spex 1702). A PMT (Hamamatsu
P3310-01) and a photon counting system (Stanford Re-
search 400) or a Ge detector (ADC 403L and 403HS)
interfaced to a lock-in amplifier (Stanford Research 830)
were used for detection of the signal in the visible and in-
frared range, respectively. The luminescence transients
were measured with either the Ar™ laser and an acousto-
optic modulator (Coherent 305, Stanford Research DS
345 function generator) or the fundamental (1064 nm
= 9398 cm™!) or the third harmonic (355 nm = 28169
em ™) of a pulsed Nd:YAG laser (Quanta Ray DCR. 3, 20
Hz). Transient signals were detected as described above
using a multichannel scaler (Stanford Research 430) or
an oscilloscope (Tektronix TDS 540a). All luminescence
spectra are corrected for the sensitivity of the detection
system and are displayed as photon counts versus energy.

III. RESULTS AND DISCUSSION
A. Structures and Site Symmetries

CaFs and SrCly crystallize in the fluorite structure in
space group Fm3m [22]. The Tm?* ions replace Ca’*
and Sr?* on site 4(a) with O point symmetry. The
coordination of the Ca?* and Sr?* ion is eightfold, gen-
erating a cube around the central cation. The data in-
terpretation of the spectroscopic properties of Tm?* in
these two lattices is done in Oy,.

CaCly crystallizes in the orthorhombic Pnnm phase
[22]. In this phase Ca?* has site symmetry Cy, and is
coordinated by six Cl~. The distortion of the octahedron
is small. The data interpretation of the spectroscopic
properties of Tm?* in this lattice is done in the octa-
hedral approximation because we are not able to assign

TABLE I: Ionic radii of Tm?", Ca®*, Sr** and Ba’" in six-
fold coordination (values from Ref. [24]).

Tm?* Ca*t Sr2t Ba**
Tonic radius [A] 1.03 1.00 1.18 1.35

any splitting in the spectra to the lowering of the site
symmetry from Oy to Cyp,.

BaCl, crystallizes in the orthorhombic Pnma phase
[23]. Ba?* has site symmetry C, and is coordinated by
nine CI~ ions. It corresponds to an angular distortion
of a tricapped trigonal prism. This low symmetry has to
be taken into account for the data interpretation of the
spectroscopic properties of Tm?* in this lattice.

In Table I the ionic radii of Tm?*, Ca?t, Sr’* and
Ba’* are displayed. Upon doping, the Tm?* ion will
replace the divalent cation in the crystal structure. From
Table I it is seen that the ionic radii of Tm?* and Ca?*
match perfectly. The deviation between Tm?* and Sr?*
is larger and quite substantial for Tm?* and Ba?*. This
will be important for the discussion of the spectroscopic
properties of the BaCly:Tm?* sample.

B. 4f-4f Transitions

Tm?" has a (4f)'® ground state electron configuration,
i.e. it corresponds to a one-hole system and is isoelec-
tronic with Yb3*. There are two multiplets arising from
the (4f)'3 electron configuration: 2F7/, and ?F3/5. The
sharp 4f4f transitions are observed in absorption and
emission below 9500 cm ™!, see Figs. 1-4. The energy of
the 2F5 5 multiplet is lowered compared to Yb3*, reflect-
ing the smaller spin-orbit-coupling in Tm?*+ [4, 16].

The absorption and emission spectrum of CaFy:Tm?t
(Figs. 1 (a) and (b)) was reported and analyzed before [4].
The assignment in Figs. 1 (a) and (b) is based on Ref.
[4], and the electronic transitions are indicated in Fig.
1 (c). Tm2* occupies a centrosymmetric site in CaFs.
Therefore the electronic origins arise by a magnetic dipole
(MD) mechanism. In the 10 K absorption spectrum in
Fig. 1 (a), the Ty — T';’ origin at 8961 cm~! can be
identified. The position of the I'; — I's’ origin is known
from the literature and is located at 9377 cm~! [4]. The
I'g <> I'7 transition is MD forbidden in Oy, symmetry and
therefore not observed in the 10 K emission spectrum in
Fig. 1 (b). Aside from the sharp origins I'; — I'; at 8961
cm™! and I — T's at 8404 cm ™!, there is some vibronic
structure in the emission spectrum. Vibronic intensity in
the 4f-4f transition is often observed in Yb3* and Tm?*
spectra [16, 25].

The 10 K absorption spectrum of CaCly:Tm?+ shown
in Fig. 2 (a) is dominated by the sharp line at 8799 cm ™.
Because of its coincidence with the corresponding cold
emission line in Fig. 2 (b), this peak is assigned to the
I'¢ <> I's’ electronic origin in Op symmetry. The I'g to
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FIG. 1: (a) 10 K single crystal absorption spectrum of the
2F7/2—>2F5/2 transitions of CaF2:Tm?". The corresponding
emission spectrum is shown in (b). The emission was photoex-
cited at 19436 cm~'. In (c), a schematic energy level diagram
for the splitting of the 2F7/2 and 2F5/2 multiplet in cubal co-
ordination is displayed. The assignment of the bands is given
on top of each spectrum and the transitions are indicated by
arrows in (c).
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FIG. 2: (a) 10 K single crystal absorption spectrum of the
*F;/2—>F5 o transitions of CaClz:0.81% Tm?". The corre-
sponding emission spectrum is shown in (b). The emission
was photoexcited at 21834 cm™!. Tn (c), a schematic energy
level diagram is displayed. The assignment of the bands is
given on top of each spectrum and the transitions are indi-
cated by arrows in (c).

T's’ transition arises by a magnetic dipole (MD) mech-
anism. It is not possible to unambiguously assign any
other features outside the 8800 cm ™! region to other ori-
gins in the spectra in Figs. 2 (a) and (b). In emission the
origins are most likely hidden in the vibronic structure
of the band.

The 10 K absorption and emission spectra of
SrCly:Tm?* are shown in Figs. 3 (a) and (b). The
I'7 < I';’ origin is assigned on the basis of the exact
coincidence of the absorption line at 8840 cm ™! with the
cold emission line at this energy. Because of the cen-
trosymmetric site of Tm?*, the origins are expected to
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FIG. 3: (a) 10 K single crystal absorption spectrum of the
*F;/3—2F5o transitions of SrCl»:1.27% Tm>". The corre-
sponding emission spectrum is shown in (b). The emission
was photoexcited at 21834 cm™'. In (c), a schematic energy
level diagram is displayed. The assignment of the bands is
given on top of each spectrum and the transitions are indi-
cated by arrows in (c).
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FIG. 4: (a) 10 K single crystal absorption spectrum of the
*Fr/3—°F5/2 transition of BaCl:1.16% Tm>*. The corre-
sponding emission spectrum is shown in (b). The emission
was photoexcited at 19436 cm™'. In (c), a schematic energy
level diagram is displayed. The assignment of the bands is
given on top of each spectrum and the transitions are indi-
cated by arrows in (c).

gain intensity by a MD mechanism. The I'; < T's’ (in
absorption) and the I'; < I's (in emission) are hidden in
the vibronic structure in the spectra in Figs. 3 (a) and
(b). The I'; < I's does not have MD intensity in this
structure and as a consequence is not observed in Fig. 3
(b).

For BaCly:Tm?t the absorption and emission spec-
trum is displayed in Figs. 4 (a) and (b). The absorption
spectrum (Fig. 4 (a)) shows a rich structure in contrast
to the previously discussed spectra (Figs. 1-3 (a)). In
the BaCly structure, a center of inversion is absent and
therefore the 4f4f transition is expected to have electric
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dipole intensity. Due to the C; site symmetry of Tm?2*
in BaCly the electronic origins can no longer be labeled
in the Oy notation, see Fig. 4 (¢). The 00 origin is
assigned to the line at 8796 cm~!. Further assignment
of origins is difficult. Tm?* is much smaller than Ba?*
(see Table I) and we cannot exclude the possibility that
Tm?* enters the lattice on sites other than the Ba?*
site. Thus the spectrum may be composed of lines from
multiple sites. This is also suspected from the analysis
of the 5d-4f emission spectrum (vide infra).

C. 4f-5d Transitions

4f5d transitions correspond to the promotion of an
electron from a 4f orbital to a 5d orbital. The resulting
electron configuration is (4/)"~1(5d)!. The (4/)12(5d)*
electron configuration of Tm?* has a total degeneracy of
910 and is split by the crystal field, electron interactions
and spin-orbit coupling. The interactions that can be
identified in the 4£5d spectra of the Tm?* doped title
compounds are:

e Crystal field interaction of the 5d electron, denoted
as Hcp(d)

e Coulomb repulsion and spin-orbit coupling within
the (4f)12 configuration, denoted as Heouivso (/)

e Coulomb repulsion of the 4f and 5d electrons, de-
noted as Heou (fd)

Hcr(d) splits the fivefold degenerate set of 5d orbitals
according to the site symmetry of Tm2?*. In O, site
symmetry, the crystal field will split the (5d)! into a
tog and an e, set of octahedral orbitals, separated by
10 Dq. This applies for CaFy:Tm?*, CaCly:Tm?*+ and
SrCly:Tm?*. In cubal coordination, the e, will be lower
in energy than the to, (CaF2:Tm?T and SrCly:Tm?")
whereas in octahedral coordination the situation is re-
versed (CaCly:Tm2*). In BaCly:Tm?*, the site symme-
try is Cs. In this low symmetry the (5d)' will be split
into five sets of orbitals and 10 Dg cannot be assigned
anymore.

Heourrso(f) splits the (4f)12 configuration into 25+11,;
terms which are the well-known Tm3* energy levels
found in the Dieke diagram [26]. The energy multiplets
of the Tm2* (4f)12(5d)! configuration are therefore la-
beled (2*!L;,ta,) and (2*!L;.e,) in Op. This situa-
tion is schematically depicted in Figure 5. For the low-
symmetry case in BaCly:Tm?*, the energy multiplets are
labeled (*5F11;,5d").

For Tm?* each of these multiplets is split by Heoui(fd)
into a set of high-spin (S = 3/2) and a set of low-spin
(S = 1/2) states. Due to Hund’s rule, the former lie
at lower energy and, as a consequence transitions from
the 2F /2 groundstate to the lowest energy 4f-5d bands,
are expected to be spin-forbidden. This is expressed in
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FIG. 5: Schematic energy splittings of the (4)* and
(4)'*(5d)" electron configurations of Tm**. The (4f)' elec-
tron configuration is split into two multiplets by the spin-orbit
coupling (lower part of the diagram). For the (4/)'2(5d)" the
result of the action of Hep(d) and Heoouitso(f), as defined
in the text, are considered for an octahedral coordination of
Tm?". The levels derived from (4)*?(t2¢)" and (4f)*%(eg)" are
displayed separately for better distinction. In case of cubal
coordination, the to; and ey are reversed. The labeling of the
transitions corresponds to Fig. 6 and Table II.

weaker oscillator strengths compared to the spin-allowed
bands, see Fig. 6 and Refs. [1, 5, 27]. On the basis of
this model the assignment of the 4f-5d absorption bands
in Fig. 6 is done.

1. 4f-5d Absorption Transitions

Fig. 6 shows the absorption spectra of CaFy:Tm?* (a),
CaCly:Tm?* (b), SrCly:Tm?* (c) and BaCly:Tm?* (d),
extending from 13000 ecm ™! in the near infrared (NIR) up
to 35000 cm™! in the near-ultraviolet (UV). This is the
spectral region of the Tm?* 4£5d excitations. For the
divalent rare earth ions the energy separation between
the (4/)" and (4/)"~1(5d)! configurations is smaller than
for the trivalent rare earth ions. The consequence is that
the 4f/-5d transitions are shifted into the near-infrared and
visible spectral range [5]. These transitions are parity
allowed. In the spectra of the rare earth ions they appear
as intense and broad bands [5, 27, 28]. The width of
the bands is caused by the interaction of the 5d electron
with the crystalline environment. As a consequence it is
expected that the surrounding ions strongly influence the
4f5d transitions.
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TABLE II: Emission bands, positions, percent of the emission of the total photon flux and the lifetimes at 10 K of CaF2:Tm?**,

CaCly:Tm?*, SrCly:Tm?t and BaCly:Tm?t.

Compound Emission Position [%] of the total lifetime

transition [em™1] photon flux [us]
at 10 K

CaF2:Tm”" *F5/5—"Fr/2 8961 - 36007
(*He,eg)S = 3/2 —°F1/5 13720 ° ¢

CaCly:Tm>" *Fs/0—"Fr/2 8799 0.1 5210
(*He,teg)S = 3/2 —F7 )5 12840 98.66 322
(*Fa,tee)—°Fr /o 20050 1.24 —°

SrClo:Tm?* "Fs/2—Fr1/5 8840 0.1 4720
(*He,e5)S = 3/2 —°F7 /s 14020 22 222
(*Fa,e5)—"Fr)s 20740 77.9 21

BaCly:Tm?" *Fs/o—"Fr/2 8796 66.8 2600
(*He,5d")S = 3/2 —°F7 5 (site A) 12250 12.3 340
(*He,5d")S = 3/2 —°Fy 5 (site B) 13730 20.9 213

“The overview spectrum could not be measured.
btaken from Ref. [4].
“The lifetime is too fast to be determined with our equipment.

The absorption spectra of CaFy:Tm?t and
SrCly:Tm?* (Fig. 6 (a) and (c)) are discussed together
because the site symmetry as well as the coordination
geometry (cubal) of the Tm?* ion is the same in the
two hosts. The onset of the 4f5d absorption bands is
redshifted from CaFp:Tm?* to SrCly:Tm?t by about
150 em~! (Fig. 6 (a) and (c)). The spectra of these two
samples bear some resemblance at the lowest energies
as can be expected because of the isostructural systems.
Above the multiplets labeled (3Fy, e4), the similarities
end. Due to the action of Hop(d), the 5d electron is in
the e, in the lowest absorption band. The lowest two
multiplets of the Tm?®" staircase in e, can be identified
and are indicated on top of the bands. This is the
result of the Heourso(f) interactions. Further Tm3+
multiplets are not assigned because of the increasing
overlap of bands towards higher energies.  Finally,
the action of Heoyi(fd) is most obvious at the lowest
4f-5d excitations. The first absorption bands which
are hardly seen in Fig. 6 (a) and (c) correspond to the
spin-forbidden transition indicated by the arrow labeled
S = 3/2. At higher energies the spectra are dominated
by intense broad bands. The onset of the spin-allowed
bands is marked by the arrow labeled S = 1/2. The
spin-forbidden and spin-allowed bands overlap towards
higher energies and the spin state of the bands cannot
be assigned unambiguously anymore [16, 29]. Also in
trivalent rare earth ions it is observed that spin is not
a good quantum number anymore towards higher lying
4£5d bands [30].

In the CaFo:Tm2* spectrum in Fig. 6 (a), the
3Hg—>F,4 absorption transition of the Tm?* impurity is
located just below the onset of the (*Hg,ez)S = 3/2 band
of Tm2*. The Tm>* bands are not analyzed in detail be-
cause up to four different Tm37 sites were identified in
CaFy:Tm3t [31].

The 4f£5d absorption spectrum of CaCly:Tm2* is
shown in Fig. 6 (b). The action of Hop(d) causes the 5d
electron to be in the tog in the lowest absorption bands.
The action of Hoouirso(f) is identified at the lowest en-
ergies where the (3Hg,t2,) and the (3Fy,to,) are assigned.
The spin-forbidden and spin-allowed bands in the region
of the (®Hg,tag) multiplet in Fig. 6 (b) are the result of
the Heou(fd) interaction.

In BaCly:Tm?* (Fig. 6 (d)), an identification of the
five multiplets caused by Heop(d) is not possible. Sim-
ilarly, the Tm3* multiplets caused by Heooursso(f) are
not identified. Therefore, only the (*Hg,5d") multiplet
is labeled in Fig. 6 (d), which corresponds to the low-
est 4£-5d absorption transition. It is to be expected that
the overlap of multiplets is increased in this sample. The
low site symmetry causes large splittings. Further, mul-
tiple sites may be present which will cause broadening of
the bands as well. However, a distinction between the
spin-forbidden and spin-allowed 4f5d absorption bands
caused by the Heoy(fd) interaction can be made at the
lowest energies.

A blueshift of the onset of the lowest 4f5d bands is
observed along the chloride series. The location of the
lowest absorption band is determined mainly by the
splitting of the 5d orbitals and the energy separation
between the 4f and the 5d orbitals. The latter separation
is decreased due to the increased radius of the earth al-
kaline host ion (see Table I). The 5d orbital can expand,
which reduces the Coulomb repulsion between the 4f and
the 5d orbitals of the Tm?* dopant. 10 Dq is expected
to decrease between CaCly:Tm?T and SrCly:Tm?+ by
about 1600-2000 cm~!. The overall splitting of the
5d orbitals in BaCly:Tm?* is most likely larger than
the splitting in a Op Ba site. The combination of the
splitting of the 5d orbitals and the energy separation
between the 4f and the 5d orbitals results in a blueshift
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FIG. 6: 10 K absorption spectrum of (a) CaFz:Tm?*",

(b) CaCl2:0.81% Tm*", (c) SrCl»:1.27% Tm?>", and (d)
BaCl:1.16% Tm?". The absorption transitions in this region
are due to the Tm** 4£5d transitions from the ?F; /2 ground-
state. The assignment of the absorption bands is given on top
of each spectrum. The peak in (a) labeled with an asterisk
(*) is assigned to the Tm®* *Hg—>F, absorption transition.

of about 2200 cm~! from CaCly:Tm?*t to BaCly:Tm?*.
The overall shape of the three chloride spectra does not
reflect that Tm?" is doped into a series of compounds as
was found for the CsCaXj (X=Cl, Br, I) series [16, 29].
The chemical as well as the structural variation is re-
sponsible for the differences in the splittings of the states.

2. 4f-5d Emission Transitions

In Fig. 7 the spectral range of the 5d-4f emissions is
displayed. In contrast to the 4f£4f emission in Figs. 1-
4, the 5d-4f emissions are intense broad bands. In all
samples, emission from the lowest 4f-5d absorption band
is observed between 11000 cm™! and 15000 cm™!. This
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FIG. 7: Overview 5d-4f emission spectra of CaFg:Tm?*
(a), CaCl:0.81% Tm>" (b), SrCly:1.27% Tm>* (c) and
BaCl»:1.16% Tm?>" (d) at 10 K. Laser excitation occurred
at 19436 cm ™! for (a) and at 21839 cm ™! for (b), (c) and (d),
respectively. The labeling of the emission bands is given on
top of each spectrum. Note the emissions from Tm?*t impu-
rities in (a) and the scale change in (b).

5d-4f emission originates in the lowest spin-forbidden 4f
5d absorption band. The spin-forbidden character of the
emission is reflected in the lifetime of a few hundred pus,
which is rather long for a parity allowed transition (Table
II). The measured lifetimes of the spin-forbidden tran-
sitions in the title compounds compare well with other
Tm?* doped systems [13, 15, 16]. In CaCly:Tm?* (Fig. 7
(b))and SrCly:Tm?* (Fig. 7 (c)) an additional 5d-4f emis-
sion is observed at higher energy between 19000 cm ™!
and 21500 cm™!. The position as well as measured life-
time of each emission band is given in Table II.

The (*Hg,eg)S = 3/2 to 2F7/o emission has not been
reported before for CaFo:Tm?* (Fig. 7 (a)). Because of
the inevitable presence of Tm37 this emission was most
probably quenched. We think that in our sample the
emission is observed because a higher percentage of Tm
was reduced to Tm?*. The chemical production of Tm?*
may be beneficial for this, in contrast to the ionization
methods applied in earlier investigations [4-6]. The emis-
sion spectrum in Fig. 7 (a) is excited at 19436 cm™!. At
this excitation energy, Tm?* is selectively excited be-
cause no energy level of Tm>* falls in this energy range.
Upon excitation at 21834 cm™! the relative intensity of
the Tm?*t emission is reduced compared to the Tm?*
emission because the excitation energy is almost reso-
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nant with the !G4 state of Tm3*. The lifetime of the
(*Hg,e5)S = 3/2—?F7/5 emission was too short to be
determined in CaFy:Tm?*. This points to a significant
quenching of this emission by energy transfer to Tm>*
impurities, but also by non-radiative relaxation to the
2Fy s2 multiplet. The phonon energies are higher in a
fluoride than in a chloride, and thus multiphonon relax-
ation processes will be enhanced compared to the chlo-
ride samples. No emission from the higher lying (3F4,eq)
multiplet is observed in CaF5:Tm?*. The two quenching
processes discussed before will also dominate the relax-
ation processes between the higher lying 4/5d states.

In CaCly:Tm?*, two 5d-4f emission bands are ob-
served, Fig. 7 (b). The spin-forbidden emission
(*Hg,t24)S = 3/2—2F7/ dominates the spectrum, see
also the relative percentages of the emission bands in
Table II. The intensity of the (3F4,t2g)—>2F7/2 emis-
sion in contrast is very low. This is not surprising con-
sidering the absorption spectrum of the sample (Fig. 6
(b)). The gap between the highest level of (3Hg,to,)
and the lowest level of (3F4,to,) is less than 2000 cm ™.
Thus, multiphonon relaxation from (3F4,to,) to (*Hg,tog)
will dominate at all temperatures. The lifetime of the
(*F4,%2¢)—*F7/2 emission could not be determined with
our equipment because it is too fast.

In SrCly:Tm?* (Fig. 7 (c)), in addition to the pre-
viously reported spin-forbidden emission (*Hg,ez)S =
3/2—>2F7/2, emission from the higher lying (3F4.e,) is
observed. So far, this emission has not been reported
for SrCly:Tm?* [15, 20]. The gap between the high-
est level of (®Hg,e,) and the lowest level of (°Fy.eq) is
around 4200 cm~!. This is the largest gap between
these two multiplets among all Tm2* doped systems
reported so far [16, 29]. In CsCaCl3:Tm?*t the same
gap is 2760 cm™! and the percentage of the higher ex-
cited state emission from (3F4,toe) is 36.5%. Multi-
phonon relaxation is thus significantly reduced across
the gap in SrCly:Tm?*, which explains the dominance
of the (*F4,e5)S = 3/2—7F7/5 emission at 10 K (see
also Table II). The (*Hg,eg)S = 3/22F;/, and the
(*F4,eg)«>?F7 /o transitions show considerable fine struc-
ture in SrCly:Tm?*, see Fig. 8 and 9. A detailed analysis
of the spectra is planned.

In BaCly:Tm?* (Fig. 7 (d)) a double emission band
is observed from the (*Hg,5d')S = 3/2 absorption multi-
plet. This points to the existence of two sites in the struc-
ture. Accordingly, the emission band centered at 12250
em™! is labeled (*Hg,eq)S = 3/2—2F7,5 (site A) and
the one centered at 13730 em~! is labeled (*Hg,eq)S =
3/2—%F7 5 (site B) in Fig. 7 (d) and Table IL. The decay
curves of these two emission bands are double exponen-
tial and the prominent decay time is given in Table II for
both bands. Also in the discussion of the 4f-4f transition
(Fig. 4) the possibility of multiple sites was mentioned.
This is thus confirmed here. The absence of any large
gap at higher energies in the absorption spectrum (Fig.
6 (d)) explains why we only observe emission from the
(®Hg,5d")S = 3/2.
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FIG. 8: Detail of the (*Hg,ez)S = 3/2<”F;/, transition in
SrCly:Tm?+.
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FIG. 9: Detail of the (*Fu,ey)«°F7/» transition in
SrCly:Tm?*.

The relative percentage of the 4f£4fand the 5d-4f emis-
sions at 10 K varies along the series, see Table II. For
CaFy:Tm?" we assume that the 2F5/5—2F7/ (Fig. 1)
emission is dominant at all temperatures. We were not
able to detect the 5d-4f emission in an attempt to de-
termine the overview spectrum. In CaCly:Tm?t and
SrCly:Tm?* the percentage of the 4£4f transition is low.
This is similar to CsCaCls (see Ref. [16]) and we conclude
that multiphonon relaxation from the (*Hg,t2)S = 3/2
and (®He,eq)S = 3/2, respectively, to 2Fj/o is very
low. It is likely that non-radiative relaxation is inhib-
ited by a spin selection rule [16, 17]. In BaCly:Tm?* the
2Fy /2—>2F7 /2 emission is the dominant emission already
at 10 K, see Table II. Efficient multiphonon relaxation
from the lowest component of (*Hg,5d')S = 3/2 to the
2Fy /2 is therefore present which may also be attributed
to the presence of multiple Tm?* sites.
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IV. CONCLUSIONS

The present series of Tm?* doped compounds is a nice
example to demonstrate the influence of chemical and
structural variation on the spectroscopic properties of
Tm?*. The coordinating anion and the site symmetry
strongly influences the 4£5d transitions. The number as
well as the position and relative intensity of the 4f5d
transitions varies along the series and can be understood
from the energy level structure in the (4/)*2(5d)! elec-
tron configuration. The most important interactions are
presented in order to understand the splittings in this
configuration.

The very simple principle of variation proves to be a
powerful tool to influence the spectroscopic properties of
Tm?*. This is interesting considering potential applica-
tions. Laser action on the 2F; /2<—>2F5 /2 transition was

demonstrated 40 years ago in CaFo:Tm?* [9]. The en-
ergy of this transition is in a range where few laser sources
are available. Further, the 4f5d transitions are ideal to
build a tunable solid state laser [32]. In the present con-
tribution we demonstrate that Tm?* can be successfully
stabilized in a variety of materials despite its preference
for the trivalent oxidation state in solids. This opens the
possibility for creating materials with preferred proper-
ties.
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Abstract

The upconversion properties of divalent nickel doped into KZnFj; are reported. By exciting into the *T, CF) or 'E,
excited state of Ni** with monochromatic light, a broad green luminescence around 20,000cm ™" is observed that
originates in the 'ng higher excited state. The upconversion is shown to be a single ion process, consisting of a
sequential two-photon absorption. The green luminescence is observed at all temperatures between 15K and room
temperature. This is strikingly different from what is observed in Ni?" doped chloride and bromide materials in which
the szg—>3A2g luminescence is located in the red spectral range and is quenched well below room temperature.
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1. Introduction

The spectroscopic properties of NiZ* (3d®) have
been the subject of extensive studies in the past [1].
It was found already in the 1970s that octahedrally
coordinated Ni** in halide and oxide lattices
exhibits multiple emissions from a higher excited
state [2-5]. Luminescence transitions from more
than one excited state are a rare phenomenon
among transition metal doped materials. Usually
non-radiative decays are predominant due to
strong electron—phonon coupling. Only a limited
number of transition metals has been known up to
date, in which radiative processes from higher

*Corresponding author. Fax: +41-31-631-4399.
E-mail address: hans-ulrich.guedel@iac.unibe.ch
(H.U. Giidel).
"Present address: California Institute of Technology, 1200
East California Boulevard, Pasadena, CA 91125, USA.

excited states compete successfully with non-
radiative processes [3,6-8].

The presence of multiple metastable excited
states is an important precondition for upconver-
sion (UC) processes [12]. UC is a non-linear
optical process that generates short wavelength
luminescence upon excitation at longer wave-
lengths. These processes rely on either absorption
or energy transfer (ET) from an intermediate
excited state to reach the higher emitting state.
The most common processes are denoted GSA/
ESA and GSA/ETU. The former consists of a
sequence of ground state absorption (GSA) and
excited state absorption (ESA) steps on a single
ion. The latter is cooperative and requires two
interacting ions. Both are initially excited to the
intermediate state, and in the subsequent ET step
one of the ions is excited to the upper state, while
the partner relaxes to the ground state. Both
mechanisms lead to the population of a higher

0022-2313/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Tanabe Sugano diagram for the 3d® configuration in an
octahedral crystal field plotted for a ration C/B =4.2. The
dashed line indicates the situation for KZnF3:Ni>".

excited state from which radiative emission can
occur. The intermediate level, the lifetime of which
should not be too short, typically at least 10~ °s,
serves as an energy reservoir until the second step
in the UC process takes place.

The energetic structure of divalent nickel is best
illustrated in terms of a Tanabe-Sugano-diagram
for d® ions that is shown in Fig. 1. The dashed line
shows where the ligand field strength of a fluoride
host material is. In KZnF5 as well as other fluoride
hosts, Ni?* exhibits luminescence from the lowest
excited state (3T2g) as well as multiple emissions
from the szg to lower lying states [3-5,9]. In
KZnF;:Ni’>", three emissions are observed from
the szg state: szg—>3A2g, 3T2g, 3T1g (*F) and one
transition from 3T2g to 3A2g. The emissions from
the szg state are not only observed at cryogenic
temperatures, they persist up to room temperature,
in contrast to Ni>* chloride and bromide crystals,
in which the szg emissions are quenched below
200K [10,11].

2. Experimental

The methods of sample preparation and crystal
growth have been described elsewhere [13]. Ab-

sorption spectra were measured on a Cary 5Se
(Varian) Spectrometer. The samples were cooled
using a closed-cycle helium cryostat (Air Products
Displex). Continuous-wave luminescence measure-
ments were performed using the 21,008 or
21,839 cm ™' line of an Ar ™ laser (Spectra Physics).
For the UC experiments, a frequency doubled
Nd*>*:YVO, laser (Spectra Physics Millenia Xs)
pumped Ti®*:sapphire laser (Spectra Physics
3900S) and the 15.454cm™" line of a Kr™'-laser
(Innova 300) were used. Wavelength control for
the Ti’*:sapphire laser for the UC excitation
measurements was achieved with a step-motor-
driven birefringent filter and a Burleigh WA 2500
wavemeter. The wavelength dependence of the
laser power was measured simultaneously on a
powermeter (Coherent Labmaster). The sample
luminescence was dispersed by a 0.85 double
monochromator (Spex) equipped with a
1200 grooves/nm grating blazed at 500 nm. Ni**
luminescence between 490 and 1000nm was
detected by a cooled photomultiplier tube (Hama-
matsu P3310-01) connected to a photon counting
system (Stanford Research 400). For short pulse
experiments the sample was excited with a
frequency doubled pulsed Nd**:YAG (Quanta-
Ray DCR-3, 20Hz) pumped dye laser (Lambda
Physik FL3002, Pyridine I in methanol). The
detection system consisted of a %m single mono-
chromator (Spex 1702) equipped with a
600 grooves/mm grating blazed at 750 nm and a
cooled photomultiplier tube (RCA C31034) con-
nected to a photon counting system (Stanford
Research 400). The decay curves were recorded on
a multi-channel scaler (Stanford Research 430).
Sample cooling for all luminescence measurements
was achieved with a He gas flow technique. All
luminescence spectra were corrected for the
wavelength dependence of the detection system
and were converted to photon counts versus
energy.

3. Results

Fig. 2 shows the 15K survey absorption spec-
trum of 3% Ni*":KZnF;. The Ni*" ion occupies
a perfectly octahedral site in the cubic perovskite
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Fig. 3. Green part of the UC luminescence spectrum (15K)
corresponding to the szg—>3A2g transition obtained under
excitation at 14,063 cm ™. The inset shows in a semilogarithmic
representation the time dependence of the luminescence
intensity measured at 20,000cm ™" after a 10ns laser pulse at
14,493cm ™.

KZnF; lattice and the observed bands are readily
assigned, see Fig. 1 [13].

The 15K '"Ta,— A, luminescence band in the
green obtained under 14,063 cm ™! excitation of a
2% Ni*" doped crystal is shown in Fig. 3. In this
UC excitation mode, the first GSA step is into the
T, CF). The same luminescence can be excited
with the 15,454 cm ' Kr " -laser-line (spectrum not
shown). In this case, the GSA step is into lEg.
The emission in Fig.3 is broad with some

Energy [cm™]

Fig. 4. The lower trace is a 15K excitation spectrum. The Ti*"-
sapphire laser was scanned in the region between 13,700 and
14,500 cm ™" while the 'ngHSAzg luminescence was monitored
at 20,000cm™'. The upper trace shows the red 'Toz— 3T,
luminescence spectrum at 15 K.

vibrational fine structure and its position and
shape matches the one obtained by directly
exciting into the szg state (data not shown). In
the inset of Fig. 3, the time dependence of the
1T2g—>3A2g emission intensity of KZnF 3:Ni2 *
(0.5%) at 15K excited with a 10ns laser pulse of
14,493 cm ™' is shown in a semilog representation.
The luminescent transient is a single exponential
curve and the decay time extracted from this data
is T =518 ps.

In Fig. 4 the excitation spectrum of the UC
luminescence of KZnF3:Ni (2%) at 15K is shown
as a full line. In this experiment, the laser
was scanned in the energy range between 13,700
and 14,500 cm ™! while monitoring the 'T, —>3A2g
luminescence intensity at 20,000cm™ . The
sharp origin observed at 14,063 cm ™~ is coincident
with that of the red 'T,,—’T,, luminescence
band at 15K, also shown in this figure as a dotted
line.

Fig. 5 shows the integrated intensities of the
green szg luminescence as a function of tempera-
ture for 15,454cm™' Kr'-laser excitation. The
luminescence persists up to room temperature,
where the integrated intensity still amounts to
roughly 50% of the one measured at 15K.



62

3. Upconversion in a Ni** Doped Fluoride

J. Grimm et al. | Journal of Luminescence 102-103 (2003) 380-385 383

—
T
| ]
1

Relative Intensity
oS O
AN
T
|

n
0.4L . i
02+ " -
0 1 1 1 1 1 1
0 50 100 150 200 250 300

Temperature [K]

Fig. 5. Temperature dependence of the integrated szg—>3A2g
luminescence intensity under 15,454 cm ™! excitation.

4. Discussion

4.1. Mechanism of the upconversion luminescence
in KZnF3: Ni**

We have established fingerprinting techniques
for the identification of the UC mechanisms [12].
A GSA/ESA sequence reveals itself in the excita-
tion spectrum of the upconverted luminescence. It
is the product of the GSA and ESA spectra and
usually contains recognizable features of both. In
contrast, the excitation spectrum of a GSA/ETU
excited UC luminescence corresponds to the
square of the GSA spectrum. A second technique
for a clear-cut distinction is by measuring the time
evolution of the UC luminescence immediately
after a 10ns excitation pulse. In the case of the
GSA/ESA sequence both excitation steps are
radiative, and thus both have to occur during the
laser pulse. As a consequence the UC transient
simply consists of a decay of the upper emitting
state. The intermediate state leaves no trace in this
measurement. In contrast, in a GSA/ETU process
all the excitation is stored in the intermediate state
during the laser pulse. Energy-transfer UC then
sets in and is followed by the decay of the upper
excited state. The UC transient thus exhibits a rise
and a decay part. In our KZnF5:Ni*" system we
have applied both techniques, and they lead to and
unambiguous identification of the mechanism.

The UC transition after a 10 ns pulsed excitation
into the 3T2g at 15K is shown in the inset of Fig. 3.
No rise is observed, and the decay time of 518 s is
identical within the experimental error with the

'T,, lifetime obtained under 'T,, direct excitation
(578 ps, transient not shown). This means that the
'ng is populated within the duration of the laser
pulse. In MgF»:Ni*", Tonucci et al. reported a
lifetime of the °T, e (F) intermediate state of 12 ps
[14]. Since we do not observe any rise in our
transient, we conclude that in our system the
relaxation from °T, e (F) to 3T2g occurs within the
laser pulse and a GSA/ESA sequence is respon-
sible for the UC process.

The complete picture for the UC mechanism in
KZnFyNi*" is obtained with the help of the
excitation spectrum shown in Fig. 4. When the
laser energy is scanned from 13,700 cm ™' to higher
energy, UC luminescence intensity is registered
starting from 14,063 cm~!. The 14,063cm™! ex-
citation line is coincident with the sharp origin line
of the 1T2g—>3T2g emission which is also shown in
Fig. 5 [15], and which is the reverse of the ESA.
We conclude that the second step in the UC
process is an ESA transition from 3T2g to 1T2g. The
UC excitation spectrum corresponds to the pro-
duct of the GSA and ESA. The GSA in the energy
range between 14,000 and 14,500 cm~! is broad
and featureless, and therefore the excitation
spectrum in Fig. 4 is mainly given by the ESA.

The following mechanism for the UC process,
schematically shown in Fig. 6 is thus firmly
established. The first photon induces a GSA into
the °T,, C°'F) or 'E state. The system relaxes non-
radiatively within picoseconds to the 3T2g first
excited state. At 10K this has a lifetime of 9 ms [3].

i | !Tlg

3
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g
=
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e ¥,

Fig. 6. Schematic representation of the UC mechanism.
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By the absorption of a second photon, excitation
to szg occurs, followed by the emission of green
luminescence. The nature of the UC mechanism
can also be understood in terms of energetic
considerations: Two quanta of 3T2g excitation at
6418cm~! are not sufficient to reach the szg
state at 21,109 cm ™", This rules out a two-center
GSA/ETU process with one color excitation. It
would be possible by a rather unlikely three-center
GSA/ETU.

4.2. Temperature dependence of the green
upconversion luminescence

As seen in Fig. 5, the UC luminescence intensity
when excited at 15,454cm™! decreases between 15
and 200K, and then increases again up to 300 K.
At room temperature its value is about 50% of the
15K value. The UC process consists of several
temperature dependent steps (GSA, multiphonon
relaxation, ESA). We have measured the GSA
cross-section at 15454cm™' as a function of
temperature. The GSA cross-section decreases
with increasing temperature. Multiphonon relaxa-
tion rates usually increase with increasing tem-
peratures. For the ESA cross sections there are no
direct measurements available. We consider the
temperature dependence to be similar to the GSA
into szg. At 21,872cm ! this cross-section first
becomes smaller due to the shift of the 'T,,
absorption band to lower energies, but it starts
increasing around 200 K because the much more
intense 3T1g (*P) band starts moving in. Since the
other factors become smaller with increasing
temperature we conclude that the observed in-
crease between 200 and 300K in Fig. 5 is mainly
the result of the increasing ESA cross-section at
this particular excitation energy.

5. Summary and outlook

In the present study some aspects of the UC
properties of Ni** doped into KZnF; are shown
and interpreted. The experiments performed so far
used monochromatic excitation of the Ni**. This
is, however, not the only and by far not the most
efficient way to excite UC luminescence in this

compound. One of the advantages of the system is
that it offers many possibilities to tune UC because
of the broad absorption bands. A two-color
experiment, in which one excitation source directly
populates the 3T2g state and the second one
induces a 3T2g—>1T2g ESA transition is expected
to be more efficient by several orders of magni-
tude. Both of the excitation sources can be sharp
line lasers or broadband lamps, and they can both
be tuned in the NIR region to increase the
efficiency of the UC process. We are also inter-
ested to explore multicolor excitation by just using
one broadband lamp source. Such a process would
be most interesting from point of view of lighting.
Present day lamps, and particularly incandescent
lamps, have a big part of their output in the near-
IR. If part of this could be recycled by broadband
NIR absorption followed by UC into VIS, the
efficiency of lamps could conceivably be improved.
Fluorides also have an advantage over the other
halides from a materials point of view: They are
much less air-sensitive, and they are harder. Their
handling is therefore much easier because they do
not need to be held under inert atmosphere. That
makes them more attractive for possible materials
applications. In terms of NIR to VIS UC there is
also an energetic advantage: The Ni*" lumines-
cence from the 1T2g state in KZnFj; is located in
the green, whereas in Ni*" doped chlorides and
bromides the same emission is in the red [11].
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We report on photoionization measurements of three Ce®t doped chlorides:

CS3L,LICI(37

Cs2LiLuClg and CsaLiYClg. These chlorides are hygroscopic and must be kept hermetically sealed
in quartz vials, complicating the use of standard techniques to determine electron transfer processes.
Thus, a solely optical technique, based on thermoluminescence excitation spectroscopy, is applied
to detect the photoionization energies of Ce** in the three compounds.

I. INTRODUCTION

When a rare earth or a transition metal ion is doped
into an insulator material, localized energy levels are in-
troduced in the bandgap of the host, leading to new ab-
sorption bands. Studies on the optical properties have
mainly been concerned with transitions between the lo-
calized states of the impurity. Knowledge about transi-
tions from the impurity to the host or vice versa is rather
limited. To obtain a complete picture of the optical prop-
erties of a material one also has to establish the relation-
ship between the impurity levels and the extended states
of the crystal lattice. Understanding these interactions is
important to understand the light emission properties of
a material. Enhanced, reduced or even inhibited perfor-
mance of phosphors and scintillators [1] or laser materials
(2, 3] has been shown to be due to electron transfer pro-
cesses.

Techniques to locate the impurity groundstate rela-
tive to the host valence (VB) and conduction band (CB)
are photoconductivity [1, 2, 4], thermoluminescence (TL)
[5, 6] and X-ray photoelectron spectroscopy (XPS) [3].
Since the materials of this study are hygroscopic, precau-
tions on the experimental set-up are required and not all
of the above mentioned techniques are readily applicable.
Here, a TL technique is introduced that allows measure-
ments on samples sealed in quartz envelopes: We use a
form of excitation spectroscopy based on thermally ac-
tivated luminescence, which is a solely optical technique
and gives direct insight in the location of the CB relative
to the Ce3t groundstate in the samples of this study.

*Electronic address: guedel@iac.unibe.ch

II. EXPERIMENTAL SECTION

Single crystals of the Ce?t doped chlorides were grown
from the melt by the vertical Bridgman technique as de-
scribed in Refs. 7-9. The nominal Ce3* concentrations
in the crystals of the present study are: Csz3LuClg: 0.1%
Ce?t, CsyLiLuClg: 0.5% Ce®t and Cs,LiYClg: 0.02%
Ce?*t. Due to their hygroscopic nature, the crystals were
handled under inert atmosphere at all times. For the
measurements they were sealed in small quartz vials,
filled with He gas for thermal coupling.

In order to measure hygroscopic samples sealed in
quartz vials, a copper sample holder with spring mounts
was designed that accounts for the different thermal ex-
pansion coefficients of copper and quartz upon heating or
cooling. The sample holder is mounted onto the coldfin-
ger of a temperature variable cryostat. The sample is
illuminated at low temperature (typically 140 K) at se-
lected wavelengths between 200 and 350 nm with a 30
W Dy lamp filtered by a 0.125 m monochromator and
appropriate bandpass filters (10 nm) to avoid stray light.
Illumination times are chosen such that the total amount
of photons is constant for all illumination wavelengths. If
the energy of the incident photons is sufficient to bridge
the gap between the groundstate of Ce3* and the bottom
of the CB, electrons are released into the CB. A fraction
of the delocalized electrons will be trapped in electron
traps at low temperature (see Fig. 1(a)).

After illumination the sample temperature is rapidly
raised from the base temperature up to 570 K. As the
temperature is increased, the trapped electrons are re-
leased back into the CB due to thermal activation. From
the CB the electrons can recombine with a Ce** ion,
thus producing a Ce®* ion, which in turn will relax to
the groundstate under emission of its ion-specific 5d—4f
luminescence (see Fig. 1(b)). The TL signal is recorded
as a function of temperature using a cooled EMI PMT
equipped with a 400 nm bandpass filter (bandwidth 80
nm) to detect the Ce* 5d—4f emission intensity, result-
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FIG. 1: Principle of thermoluminescence excitation spec-
troscopy: a) Trap filling process: The sample is irradiated
at low temperature at a fixed photon energy. If the pho-
ton energy is sufficient to promote electrons to the CB, trap
states are filled. b) Trap reading process: The occupation of
the traps is monitored by thermally liberating the electrons
and detecting the impurity specific luminescence when the
electrons recombine with the probe ions.

ing in a so-called glowcurve. For a given excitation energy
the integrated glowcurve signal is proportional to the ion-
ization and trapping cross sections. Thus, a plot of the
integrated signal as a function of the incident excitation
energy will give information about the ionization energy.

III. RESULTS

In Fig. 2, a selection of glowcurves obtained in the ther-
moluminescence experiment is shown for all three sam-
ples for various excitation wavelengths. The peaks in the
glowcurves are related to traps of different depths: shal-
low traps are emptied at low temperature, deeper traps
at higher temperature. The peak pattern is characteris-
tic for each sample, indicating that the trap structure is
different in the three materials.

A constant glowcurve shape for varying excitation en-
ergy is an indication that there is no change in the pro-
cess of trap filling. In addition to ionization of the im-
purity other possible electron/hole transfers can be ob-
served in a thermoluminescence experiment: creation of
holes in the valence band, electron transfer to defects
near the impurity site without involving the extended
states of the host and others [10]. If the process changes
by varying the excitation wavelength, a change in the
glowcurve is expected. For CszLuClg and Cs2LiYClg the
peaks remain at the same position as a function of exci-
tation wavelength. In the case of CsyLiLuClg we observe
changes in the shape of the glowcurves upon variation of

(a)
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250 nm
270 nm

1 i 1 i 1
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log photon counts
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280 nm
300 nm _A
320 nm A

200 300 400 500
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FIG. 2: A selection of glowcurves excited at various wave-
lengths in a semilogarithmic plot for (a) CszLuCls, (b)
CszLiLuClg and (c) CsaLiYClg doped with Ce*. The curves
are scaled relative to each other and arbitrarily shifted along
the vertical axis.

the excitation wavelength. Up to 230 nm (5.4 eV) the
shape stays the same but then the relative peak strength
changes, indicating an excitation energy dependence of
the trapping probability as will be discussed later. At
higher excitation energies the curves are consistent again.

The integrated glowcurve signals as a function of ex-
citation energy for the three compounds are shown in
Fig. 3. These are effectively excitation spectra for the
promotion of a Ce3T 4f electron into the CB.
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FIG. 3: Integrated spectra of Cs3LuCls (circles), CspLiLuClg
(triangles) and Cs2LiYClg (squares) doped with Ce®*. The
signal is normalized to 1 at the highest excitation wavelength.
The straight lines are a guide to the eye. The location of the
5d bands of Ce®*" in the three title compounds is indicated
by light grey bars for comparison, see Refs. 7-9. Octahe-
dral notation is used to label the 5d states despite the fact
that they are Jahn-Teller susceptible and that small devia-
tions from exact octahedral coordination occur in Css3LuClg
and CszLiLuCls.

IV. DISCUSSION

In the excitation spectrum of CszLuClg (circles in
Fig. 3) the signal onset is rather weak at low energy (4.4
eV). The signal rises gradually with increasing excitation
energy up to 5.6 eV where after a huge signal increase is
observed. A comparison with the electronic structure of
Ce®t reveals that the increase after 5.6 €V is correlated
with the onset of the 5d(eg) band. The position of the 5d
bands which is roughly the same in all three samples is
given schematically by the shaded areas in Fig. 3. It has
been observed before that the ionization process is en-

hanced through the promotion of electrons into the 5d en-
ergy levels, followed by ionization of the Ce3* ion [11]. A
similar enhancement of the ionization signal is observed
in the excitation spectrum of CsoLiLuClg (Fig. 3): The
signal rises gradually between 3.6 and 5.6 eV, but then
it is more than doubled between 5.6 and 5.9 eV where
the ionization is resonant with the Ce®** 5d(ey) band. As
mentioned earlier, the glowcurves for the data points at
5.6 and 5.9 eV change shape (Fig. 2(b)). We interpret
this as a change in the preferred filling of traps when
the excitation energy becomes resonant with the 5d(ey)
band. For CsyLiYClg we cannot make the distinction of
ionization enhancement via the above discussed process
due to insufficient data.

The signal below the 5d(eg) energy levels (i.e. below
5.6 €V) is significant in all samples. We conclude that
the ionization energy lies below the 5d(eg) level in all
samples. This is compatible with the work of Dorenbos
and coworkers who also position the CB below the 5d(eg)
in the three samples under investigation (see Refs. 7—
9). In our experiments the electronic excitation and thus
the trap filling process occurred at 140 K, and we can-
not exclude the possibility of phonon assisted ionization
processes at this temperature. The gradual onset of the
integrated signal in Fig. 3 at low energies is an indication
in this direction. This prevents an exact quantitative de-
termination of the ionization energies on the basis of the
present data. We plan experiments at lower excitation
temperatures.

To summarize, we have used thermoluminescence ex-
citation spectroscopy to measure the photoionization of
Ce?t ions in hygroscopic samples hermetically sealed in
quartz ampules. Our results show that the ionization en-
ergy in Cs3LuClg, CsoLiLuClg and CsyLiYClg lies below
the energy of the Ce®t 5d(e,) excited state.
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This thesis covers investigations on the spectroscopic properties of a variety of transi-
tion metal and rare earth doped systems. Excited states, luminescent properties, upcon-
version (UC) as well as photoionization processes have been the field of interest. In the
following, a short summary of the research is presented as well as an outlook on further
investigations on the respective projects.

5.1 Spectroscopy of Tm?" Doped Halides

Chapter two provides a systematic investigation of Tm?* doped halide compounds
(CaFy, CaCly, SrCly, BaCly, CsCaClz, CsCaBrs and CsCals). Prior to this investigation
only a handful of compounds had been studied. We found that Tm?" can be successfully
incorporated into crystals of the heavier halides without the presence of Tm?* impurities.
From the synthesis of many different compounds we conclude that it is not possible to
stabilize Tm exclusively in its divalent oxidation state in fluorides. In terms of possible
applications this is a serious drawback because hygroscopic materials (chlorides, bromides
and iodides) are not as easy to handle as air-stable compounds (fluorides and oxides).

The investigation of the spectroscopic properties of these Tm?" doped halides proved
to be a challenging but very rewarding task. The spectra of Tm?* in solids are composed of
two types of electronic transitions: weak sharp-line 4f-4ftransitions and strong broad 4f-5d
transitions at higher energies. The former are easily understood because of their analogy
to the transitions in the isoelectronic Yb3". Understanding of the 4f£-5d transitions is more
difficult because of the simultaneous action of the crystal field, Coulomb interactions and
spin-orbit coupling. Investigations of these transitions started in the 1960’s and much of
today’s understanding builds upon this work. For the interpretation of the Tm?* 4£5d
spectra we developed a simple picture to explain the energy level structure. The energy
level structure of the (4f)'?(5d)! can be understood by coupling the crystal field split
5d orbitals to the (4f)'? core terms of Tm?*. Further splitting of the multiplets into
high-spin and low-spin sets is observed. With this picture we have been able to interpret
the spectra of all compounds, at least to a certain extent. A complete assignment of all
observed bands from the (4f)!?(5d)! electron configuration is not possible - contrary to
our initial ambitions. The (4/)'2(5d)* electron configuration is 910-fold degenerate and
the aforementioned interactions are but the most important that lead to a splitting of
the 4f£-5d excited states. In recent years there has been a renewed interest in the 4f5d
transitions of lanthanides. The investigation of these transitions in trivalent lanthanides
has been mainly driven by the search for new phosphors for future solid state lighting
devices. A systematic study of the high energy 4£5d transitions of trivalent lanthanides
was performed [1, 2]. This has prompted theoretical work on this type of transitions, not
only for trivalent but also for divalent rare earth ions [3, 4, 5]. We started a collaboration
with Prof. M. Reid from the University of Canterbury (New Zealand) which aims at the
modeling of the 4£5d excited states of Tm?". However, at the time of writing this thesis
we are not able to present results yet.
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The investigation of the luminescent properties of Tm?* revealed the presence of un-
expected and previously not observed emissions. All the compounds investigated during
the course of this thesis exhibit sharp-line 4f4f emission from the *F5 5 state as well as
spin-forbidden emission from the lowest 4f£5d state. The observation of the latter emis-
sion in CaFy:Tm?" is a surprising novelty. Spin-allowed 4f£5d emission is observed in
CsCaBrs:Tm?* and CsCalz:Tm?*, which is attributed to the lower phonon energies in
these materials compared to chlorides and fluorides. In Tm?* doped CsCaCls, CsCaBrs,
CsCals, CaCly and SrCly, emission from a higher lying 4f5d state is observed. The
observation of spin-allowed and higher excited emission is without precedent for Tm?*
doped materials. Higher excited emission has not been reported in the entire literature
on 4f-5d transitions in rare earth ions. As a general trend, the number of 4/-5d emission
transitions increases towards the heavier halides which is mainly attributed to the lower
phonon energies of these materials.

The observation of multiple emissions makes Tm?* an ion suitable for UC. We were
able to demonstrate UC involving exclusively the 4f-5d excited states. This is a completely
new type of UC and the high efficiency in CsCals:Tm?" compared to CsCaBrz:Tm?"
and CsCaCls:Tm?* is a surprising result. SrCly:Tm?* is a promising candidate for fu-
ture investigations on this type of UC. We also tried to induce UC by first populating
the 2F5 »2 multiplet and subsequent UC to the 4f5d excited states as was demonstrated
in SrCly:Tm?" [6]. However, the experiments on CsCaCls:Tm?", CsCaBrs:Tm?** and
CsCal3:Tm?* yielded no measurable UC emission. For reasons that are not entirely clear
we may simply have not been able to create a high enough population in the 2F5 /2 excited
state to induce UC. This shows that there are limitations to induce UC from the first
excited 4f4f state to higher lying 4f-5d states.

A class of materials that are less hygroscopic than the heavier halides and where
Tm?" can potentially be stabilized are mixed halides. The existence of TmFCl, TmFBr
and TmFT is reported in the literature [7]. These materials crystallize in the tetragonal
PbFCI structure (space group P4/nmm) where the divalent cation is located on site 2¢
with symmetry Cy,. This could be an attractive class of materials for further investigation.
It would be interesting to find out what types of 5d-4femission can be observed from mixed
halide type compounds.

Laser action was demonstrated on the 4f4f transition in CaFy:Tm?" 40 years ago [8].
The energy of this transition (between 8800 cm™' and 9000 cm™') is in a range where
few laser sources are available. Additionally, Tm?* doped materials are also considered
as potential tunable solid state laser materials because of the broad 4f-5d transitions [9].
Excited state absorption measurements are needed to assess the laser potential of the
Tm?" doped systems.

The Tm?* doped compounds are ideal for photoionization studies. During a stay at
the lab of Prof. U. Happek, first photoionization studies were undertaken for SrCly:Tm?*.
However the data is not sufficient to make a clear assignment of the photoionization
threshold. The investigation of the isostructural perovskite series is interesting because
it is expected that the photoionization threshold decreases along the series. Divalent
lanthanides have the advantage that the photoionization experiments can be done using
visible radiation. Therefore experiments are easier to perform as compared to trivalent
ions where often the use of vacuum UV set-ups is the only way to measure photoionization.
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Figure 1: General trend of the shift of the Ni** excited state energies upon doping in
different crystalline environments. From bromides to oxides, the crystal field as well as
the Racah parameters are enhanced. As a consequence, a blueshift of the excited states
is observed. The blueshift from bromides to oxides is made clear by the increasing length
of the 1T2g—>3A2g emission arrow. The phonon energies are also increased, which makes
multiphonon relaxation increasingly more likely along the series.

5.2 Upconversion in a Ni’?* Doped Fluoride

In chapter three the UC properties of Ni®* in a fluoride host lattice are presented.
Most of the previous Ni?* UC studies had been performed on chlorides and bromides.
The observation of UC from a transition metal incorporated in halides, and especially in
a fluoride, is amazing. Generally it is expected that multiphonon relaxation will be the
dominant relaxation process between the higher excited states. In KZnF3:Ni** the en-
ergy level structure makes emission from the higher excited ' Ty, to the A, groundstate
possible. The 'Ty,—?A,, emission is at higher energies than in chlorides and bromides
(see Fig. 1) and persists up to room temperature. The crystal field and the Racah param-
eters are increased in fluorides compared to heavier halides and cause a blueshift of the
absorption and emission bands. The trend is continued towards oxides, see Ref. [10] and
Fig. 1. From energy considerations it is thus attractive to dope Ni** into fluorides and
oxides. Additionally, these materials have the advantage that they are not air-sensitive.
The investigation could have been extended to other fluoride host lattices and also to
oxides. However, the existing literature on Ni?* doped fluorides and oxides is very broad
and extensive. These materials were already intensively studied 20-30 years ago.

Wenger et al. demonstrated that Ni?*-Cl=-Mn?* superexchange interactions lead to
enhancement of the Ni*t Ay, —'E, spin-flip transition. As a consequence the UC lu-
minescence was increased by more than an order of magnitude in RbMnCl; compared
to CsCdCl3:Ni?* [11]. Additionally, it was observed that in CsMnClz:Ni?* the excitation
energy was transferred from Ni** to Mn**. Upon excitation into the 'E, state of Ni**| the
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Mn?2* 4T1g—>6A1g emission was observed which resulted in a very efficient UC process [11].
From energy considerations it is expected that a Ni**-F~-Mn?T superexchange could also
be possible in the KZnF3:Ni** system upon codoping it with Mn?*. Some preliminary
investigations were therefore performed on a KZnF5:Ni?* Mn?* crystal. However we did
not find any enhancement of the 'E, transition. The conclusion is that the effect in the
codoped fluoride is either absent or too weak to be detected. Perhaps a RbMnF3 crystal
doped with Ni?* would be a suitable material to induce superexchange interactions.

The investigation of higher emissions from transition metal doped halides is a rather
new research field, and of interest both from a fundamental and an applied perspective.
With regard to possible applications the KZnF5:Ni?* is an interesting material because
it is stable in air. A green Ni** laser could possibly be built on the *T5,—3A,, transition
in KZnF3:Ni**| see Fig. 1 [12].

5.3 Determination of the Photoionization Threshold in Ce?*
Doped Chlorides

In chapter four the photoionization studies of Ce?* doped CszLuClg, CsyLiLuClg and
CsyLiYClg are discussed. The aim of these studies is to get information about the loca-
tion of the rare earth ion states relative to the conduction (CB) and valence band (VB)
of the host material. By measuring the photoionization threshold, the location of the
rare earth states relative to the CB is determined. In all chloride samples we were able
to measure photoionization by applying the thermoluminescence technique. It was not
a priori clear that it would be possible to measure thermally stimulated luminescence
(TSL) from these samples as the hygroscopic nature of the chlorides requires additional
precautions on the experimental set-up. Except for one report in the literature [13], all
photoionization studies were performed on samples that can be handled in air. TSL was
chosen as experimental technique because it is very versatile. Our investigations prove
that TSL is a suitable technique to study hygroscopic samples. This opens the field to
a whole new class of compounds that were hardly ever considered for photoionization
studies so far.

The results on Ce3t doped CssLuClg, CsyLiLuClg and Cs,LiYClg suggest that fur-
ther and more detailed work is needed to clarify the issue of the location of the CB
of the host material relative to the groundstate of the Ce3* ion. TSL experiments are
planned in the Happek group, including cooling the samples to lower temperatures dur-
ing the irradiation process. That will significantly reduce thermally assisted photoioniza-
tion processes. Further, it is desirable to perform several different measurements on the
same sample, such as thermoluminescence, photoconductivity, X-ray photoelectron spec-
troscopy (XPS) and others. XPS measurements were performed by Bessiere and coworkers
on CsyLiLuClg:0.5% Ce®* [14]. However, their results are contradictive to both, the model
that was derived from the luminescence study (see Ref. [14]) as well as our TSL mea-
surements. We also attempted to do photoconductivity measurements on Ce®** doped
Cs3LuClg, CsyLiLuClg and CsyLiY Clg crystals. For photoconductivity measurements the
crystals need to be polished to thin disks with a diameter of more than 0.5 cm. This is not
an easy task considering the softness and brittleness of these crystals. First measurements
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performed by Dr. E. van der Kolk from the Technische Universiteit Delft (The Nether-
lands) on Cs,LiYClg:0.02% Ce3* did not yield any interpretable results, most likely due
to the low Ce3* concentration in the sample.

In conclusion, to answer the question of where the states of a rare earth ion are located
relative to the CB and VB is not easy. Further input is needed, also from a theoretical
point of view.
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