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ABSTRACT

Recent spectroscopic results in the emerging area of transition-
metal NIR-to-visible upconversion are related. The examples of
Ti2t-, Re**-, and Os*'-doped materials showing upconversion
illustrate GSA/ESA, GSA/ETU, and photon avalanche multiphoton
excitation mechanisms, respectively. Strategies for manipulation
of such upconversion processes using the spectroscopic or mag-
netic properties of the host material are described. High-resolution
low-temperature continuous-wave absorption and emission and
time-resolved emission experiments combine to yield information
about energy splittings, intensities, and excited-state dynamics, and
assist in the design and development of luminescent materials
showing novel multiphoton excitation properties.

[. Introduction

Advances in the development of new luminescent inor-
ganic materials have traditionally involved contributions
from both academic and industrial research groups.
Fundamental research in this area has ultimately led to
the application of luminescent inorganic materials in a
wide variety of commercial settings, including such com-
monly encountered items as color televisions and fluo-
rescent lighting tubes, as well as more specialized appli-
cations such as fiber amplifiers, plasma display screens,
and quantum counters.! The combination of emission
with other chemical, optical, magnetic, and conducting
properties of inorganic materials is also an area showing
immense promise and rapid progress, and is at the heart
of several nascent molecular technologies.? The functions
of many promising new materials often involve energy
and/or electron transfer. A thorough understanding of
these mechanisms is clearly invaluable for the rational

Daniel R. Gamelin received his B.A. from Reed College and his Ph.D. from Stanford
University. His Ph.D. research, supervised by Edward Solomon, was in bioinor-
ganic spectroscopy. He held a Swiss NSF postdoctoral fellowship at the University
of Bern, and has recently joined the chemistry faculty at the University of
Washington, Seattle.

Hans U. Glidel was born and educated in Switzerland. He received his Ph.D. in
1969 from the University of Bern, working with Andreas Ludi. He worked as a
postdoc with Carl Ballhausen (Copenhagen) and James Ferguson (Canberra)
for a total of four years before joining the chemistry faculty at the University of
Bern. He became a professor in 1978, spent time as a visiting professor at the
University of Copenhagen in 1982, a visiting scholar at Stanford University in
1983—84, and a visiting scientist at the Los Alamos National Laboratory and the
Hughes Research Laboratories in 1992—93. His primary research interests are
in the optical and magnetic properties of new transition-metal and rare-earth-
metal compounds.

10.1021/ar990102y CCC: $19.00
Published on Web 03/02/2000

[J 2000 American Chemical Society

design and optimization of such materials. Because of the
nature of the luminescence phenomenon itself, the search
for new phenomena or applications involves an interplay
between design synthesis and spectroscopic characteriza-
tion, and includes interdisciplinary collaboration between
chemists, physicists, and engineers.

In this Account, we relate some recent results involving
the use of spectroscopy in the emerging area of transition-
metal (TM) upconversion and describe two strategies for
manipulation of these processes using the spectroscopic
or magnetic properties of the host material. The host
materials in this research are well-known crystalline
materials having low phonon energies, and into these the
TM is doped. The upconversion phenomena are closely
associated with the electronic structures of the dopant
ions, however, and are not limited to these hosts. This
research has been spawned by our parallel efforts in
several related areas of TM and rare-earth (RE) spectros-
copy and electronic structure. Three areas of research in
our laboratories that will not be described in this Account,
but which are of equal relevance to the general topic of
luminescent inorganic materials, are (a) the spectroscopic
characterization of RE upconversion in low-phonon host
matrixes,® (b) the development and characterization of
new broadband emitters and potential laser materials
involving d* and d? TMs,* and (c) detailed description of
excited-state electronic structure in d® TM complexes with
polypyridyl or related ligation. All of these rely on high-
resolution absorption and luminescence spectroscopy of
single crystals at cryogenic temperatures, using polarized
light where applicable. In special cases, we have also used
the technique of luminescence line narrowing, or the
application of external pressures or magnetic fields. Stud-
ies using pulsed excitation allow dynamic processes such
as energy transfer to be probed. Combined, these tech-
niques provide significantly more information about
energy splittings, intensities, and excited-state dynamics
than low-resolution spectra of solutions or glasses at room
temperature. This information is highly valuable in the
characterization of excited states and may assist the
development of more advanced photonics materials.

1. Upconversion

Upconversion (UC),%7 simultaneous two-photon absorp-
tion (STPA),2 and second-harmonic generation (SHG)®
(Figure 1) are well-established methods for generation of
short-wavelength radiation from long-wavelength pump
sources. In contrast with SHG, which generates new
frequencies through the (relatively) weakly wavelength-
dependent hyperpolarizability of a substance, and STPA,
which requires only one real excited state, upconversion
relies on sequential discrete absorption and luminescence
steps for shorter-wavelength generation, and hence on the
presence of multiple metastable excited states. Whereas
SHG requires coherent radiation, upconversion does not.
Upconversion has been demonstrated as an efficient
process for producing highly excited species that show
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FIGURE 1. Schematic illustration of second-harmonic generation
(SHG), simultaneous two-photon absorption (STPA), and upconver-
sion (UC) processes capable of converting low-energy photon input
into higher-energy photon output. The horizontal dashed (solid) lines
indicate virtual (discrete) levels.

spontaneous or stimulated emission at wavelengths sig-
nificantly shorter than those of excitation.

The minimum prerequisite for generation of upcon-
version luminescence by a material is the existence of two
metastable excited states, the first serving as an excitation
reservoir, and the second as the emitting state. RE ions
are particularly well suited to satisfy this prerequisite. Due
to the shielding of their f electrons, RE ions are character-
ized by an extreme insensitivity to their environment. As
a result, RE excited states typically luminesce if separated
from the nearest lower excited state by at least ca. 5 quanta
of the highest frequency nuclear vibration.® RE ions often
have a series of luminescent f—f excited states, in contrast
with Kasha'’s rule for organic chromophores,* which states
that typically only the lowest state of a given spin
multiplicity will luminesce. Since the first observations of
upconversion in the mid-1960s, hundreds of studies on
RE upconversion involving most of the lanthanide and
actinide ions have been reported.® In many cases, efficient
three- or four-quantum upconversion is observed. Recent
milestones include the development of all-solid-state RE
upconversion lasers operable at room temperature’ and
the demonstration of a viable three-dimensional imaging
technique based on RE upconversion.'?

Our contributions in RE upconversion have mainly
centered on the use of host lattices with low phonon
energies, i.e., chlorides and bromides.® With respect to the
commonly studied oxides and fluorides, multiphonon
relaxation is significantly less efficient in the heavier
halides, leading to new excited-state dynamics and emis-
sion properties. Recently, we have been interested in
expanding the repertoire of available upconversion sen-
sitizer and activator ions in the search for new lumines-
cent materials and photophysical processes. We have
synthesized and explored the photophysical properties of
a variety of TM-doped halide hosts, in some cases in
combination with lanthanide doping. The use of TMs in
this way is appealing in view of their rich coordination
chemistry, redox behavior, and magnetic properties, which
provide opportunities to couple their chemical properties
with the photophysical properties of interest, as has been
done in many other areas of inorganic luminescence. The
same properties that make TMs accessible to chemical and
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magnetic perturbation, namely the poorer shielding of the
d orbitals, also lead to greater intrinsic luminescence
quenching mechanisms, however, and the ability of
upconversion to compete with nonradiative relaxation is
generally more tenuous. In this Account, we present
results from three TM upconversion systems studied in
our laboratories, chosen to illustrate three important
mechanisms for generating upconversion luminescence.

[1l. Transition-Metal Upconversion Case
Studies

A. Excited-State Absorption (ESA) in Ti?*:MgCl,. The first
TM upconversion observed in our laboratories was found
in Ti>" doped into MgCl,.** As shown in the d? energy-
level diagram of Figure 2a, octahedral Ti*" has an orbitally
degenerate 3T,(t,%) ground state. This is split in MgCl, due
to a weak trigonal (Dsg) distortion, yielding a A, ground
state.’® The 10 K axial absorption spectrum of 5% Ti?*:
MgCl; is shown in Figure 3a. Two features are observed
in the visible and near-IR (NIR) energy regions, corre-
sponding to the first two spin-allowed electronic transi-
tions from the ground state (3T(t,2) — 3Ta(t.e) and 3T, —
3T1(t2e)). From Figure 2, a number of spin-forbidden (°T;
— 1I') electronic transitions are also expected in this same
energy region, but these carry extremely small oscillator
strengths due to the spin selection rule AS = 0, and are
unobservable in absorption. The lowest-energy of these
is the 1E(Dsq) component of the 1Ty(t,?) octahedral parent
state. This excited state is located at 7665 cm™! using
emission spectroscopy (Figure 3b). As a result of the
inverse relationship between oscillator strength and radia-
tive decay rate, this NIR luminescence has an extremely
long lifetime of 109 ms at 10 K. A second luminescence is
observed from the 3T (t,€)(Oy) higher excited state (13 340
cm~! maximum) at low temperatures (T < 100 K). This
upper-excited-state luminescence is only possible due to
the large energy gap below the 3T,(t,e)(Op) emitting state
(Figure 2) and is assisted by the low vibrational energies
of the chloride host material. Detailed spectroscopic
studies have been used to quantify the radiative and
nonradiative decay processes involving these two excited
states in Ti2":MgCl,.3

The upper-excited-state (°T;) luminescence is observed
not only with higher-energy excitation, but also with
broadband excitation in the NIR using a lamp.'® At low
excitation powers, this upconversion luminescence shows
a quadratic dependence on excitation power, as would
be expected from a two-photon process. Shown in Figure
3c is the excited-state excitation (ESE) spectrum of this
sample, obtained by pumping the 3T,(t,e) absorption at
9300 cm™! and monitoring the visible upconversion
luminescence intensity as a function of the wavelength
of a second NIR beam. This ESE spectrum shows features
not observed in the ground-state absorption (GSA) spec-
trum. They reflect ESA transitions from the long-lived
1E(Dsq) level and are assigned as the 'E(Dsq) — Ay (t2%) and
1T,(t,e)(Oy,) transitions, respectively, on the basis of their
energies and band shapes. The 'E(Dsq) — 3T1(t,€)(Or) ESA
transition, which should occur in the same energy region,
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FIGURE 2. (a) Energy levels of a d? ion in an octahedral environment as a function of ligand-field strength 10 Dq and the Racah parameter
B. The vertical dashed line indicates the position of Ti*":MgCl, in this diagram. The bold lines indicate the luminescent excited states of Ti2".,
(b) GSA/ESA upconversion mechanism in TiZ":MgCl,. Only the spin-allowed transitions are observed. Curly arrows represent rapid multiphonon

relaxation.

T

e=10M'cm’!

Table 1. Transition Metals for Which Upconversion
Luminescence Has Been Demonstrated, Including
Relevant Mechanistic and Electronic-Structural
Information?

20000 17500 15000 12500 10000 7500
Energy (cm’")

FIGURE 3. 10 K spectra of 5% Ti¢*:MgCl,. (a) Axial (cr) absorption,
(b) luminescence, and (c) two-color upconversion excitation, the first
color exciting the 3T, absorption at 9300 cm~. The dashed line in
(c) is the same as the full line but has been shifted to higher energy
by 7664.6 cm~1, the energy of the metastable E(Dsq) origin, and thus
shows the true energies of the 1A; and 1T, excited states. Adapted
from ref 13.

is not observed due to the stringent adherence to spin
selection rules in this ion. GSA therefore provides a probe
of the triplet excited states, while the 1E(Dsq) ESE spectrum
provides a probe of the singlet excited states. The mech-
anism for generation of visible luminescence from NIR
excitation thus involves sequential GSA and ESA steps, as
described by Figure 2b. The first photon promotes the ion
to the long-lived intermediate E(Dsq) excited state via
STi(tx?) — 3To(t,e) GSA followed by fast multiphonon
relaxation, and a second photon then promotes the ion
to the upper excited state by E(Daq) — *As(t2?) or T(te)
ESA, followed by rapid multiphonon relaxation to the
luminescent 3T, state. This single-ion mechanism is the
simplest process by which higher excited states may be
produced, and is one of the most important and efficient
upconversion mechanisms operative in RE upconversion
materials.

(@) &-absorption IE(D3d) representative ¢ (crystal,
ion electrons host UC mechanism cm1)
(b) luminescence Tiz+ 3d? MgCl, two-color GSA/ESA 100
. Ni2* 3d8 CsCdCls GSA/ESA, 620
A avalanche
(c) upconversion : Mo3+ 403 CsoNaYClg  two-color GSA/ESA 600
excitation ;. : Ret+ 5d3 Cs2ZrCls ETU 2300
B Os** 5d4 CsyZrBrg GSA/ETU, 2600
N i GSA/ESA,
P it . avalanche
T J i 4J664.6cm Prt 42 LaCl; 749
- Tmdt 412 LaCls 2638

2The lightest and heaviest lanthanides showing single-ion
upconversion are also listed.

Ti?*:MgCl, provides a clear example of the role of spin
selection rules in 3d TM photodynamics. Such selection
rules are more dramatic in the 3d TMs than in RE ions
due to the smaller spin—orbit coupling parameter, &, in
the former (Table 1). In Table 1, ¢ values of the lightest
(Pr¥t) and heaviest (Tm?3") lanthanides capable of mediat-
ing single-ion upconversion are shown for comparison.
Large spin—orbit coupling convolutes the spin and orbital
contributions to the multielectron wave functions involved
in an electronic transition, making spin a poor quantum
descriptor, and thus relaxing spin selection rules. As
shown in Table 1, ¢ in Ti?* is roughly an order of
magnitude smaller than in those commonly studied RE
upconversion ions.

B. Energy-Transfer Upconversion in Re*":Cs,ZrCls.
More recently, a number of studies have been undertaken
in our laboratories with the specific aim of designing
TM systems that display upconversion luminescence.*4~%7
We have initially focused on the d® and d* electronic
configurations, since such ions have multiple ligand-field-
independent excited states, and some are known in the
literature to luminesce from upper excited states.’® Octa-
hedral Re*" has a (5d)® electron configuration with an
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FIGURE 4. (a) Energy-level diagram for a d® ion in an octahedral environment, and the energy levels of Re**:Cs,ZrClg after spin—orhbit splitting.
The luminescent states of Re*™ are indicated by bold lines. (b) GSA/ETU mechanism observed in Re*":Cs,ZrClg. Dashed arrows indicate the
nonradiative energy-transfer upconversion step. The curly arrow represents rapid multiphonon relaxation.

orbitally nondegenerate “A, ground state and two sets of
ligand-field-independent doublet excited states to higher
energy, as shown in Figure 4. These excited states are
substantially split due to the large spin—orbit coupling in
this 5d element (Table 1). Figure 5a,b shows the 10 K
absorption and luminescence properties of 2.5% Re*":Cs,-
ZrCls. Luminescence from both the I'g(*T;) (7695 cm™!) and
I'7(°T,) (13885 cm™1) excited states is observed. These
luminescent states are separated from the nearest lower
excited states by energy gaps of 12 and 22 quanta,
respectively, of the highest frequency nuclear vibration,
vi(a;)) = 342 cm™L. The T'g(?T,) excited state has a 10 K
lifetime of 1.98 ms, which decreases to 0.91 ms at 300 K,
while the I';(T,) excited state has a 10 K lifetime of
0.12 ms that decreases to 0.05 ms at 300 K. Variable-
temperature absorption and luminescence studies show
that both lifetimes are purely radiative even at 300 K,
and the TI';(?T,) lifetime is shorter than that of I's(*T,)
primarily because of the additional interexcited-state
luminescence channels available to this upper excited
state.

Excitation into the 2T,/?E absorption features in the
range between 7500 and 9500 cm™! results in intense
visible luminescence from the higher-energy I'7(?T,) ex-
cited state.’> At low powers a purely quadratic power
dependence is observed, but at higher powers this de-
pendence becomes linear.!” The one-color upconversion
excitation spectrum at 10 K is shown in Figure 5c and
follows very closely the absorption spectrum (Figure 5a)
at this and all other temperatures. The excitation spectrum
lacks new features that could be associated with ESA
transitions, as observed in Ti2":MgCl,, but rather indicates
that the specific energy of excitation is not important as
long as the system is excited by GSA into the ?T,/°E
manifold. This strongly implicates an energy-transfer
upconversion (ETU) mechanism. In contrast with the
GSA/ESA mechanism of Ti?":MgCl,, GSA/ETU is a multi-
ion process. Two ions excited to the intermediate level
by GSA participate in a nonradiative transfer of one ion’s
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FIGURE 5. 10 K spectra of 25% Re**:Cs,ZrClg. (a) Absorption, (b)
luminescence, and (c) upconversion excitation. Adapted from refs
15 and 17.
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excitation energy to the other, resulting in one ion in the
ground state and one ion in the upper excited state. This
is illustrated in Figure 4b for Re*":Cs,ZrCls.

The ETU mechanism is confirmed by time dependence
measurements, in which the visible upconversion lumi-
nescence intensity is probed following a 10-ns NIR excita-
tion pulse. These data are shown in Figure 6c, in com-
parison with the decay curves observed upon low-power
direct excitation into the intermediate (Figure 6b) and
upper (Figure 6a) levels. From these data, two significant
observations can be made: (i) the upconversion lumi-
nescence shows a distinctly slow rise time following the
excitation pulse, and (ii) it decays substantially more
slowly following NIR excitation than it does following
direct excitation. These observations are readily explained
as follows. The laser pulse produces an intermediate level
population within 10 ns which can, in the absence of
additional photons, generate ions in the upper excited
state. The delayed maximum in Figure 6c results from the
fact that immediately after the laser pulse the upper state
population is still essentially zero, but grows in only as
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FIGURE 6. 10 K luminescence dynamics observed in 2.5% Re:Csy-
ZrClg. (a) Visible luminescence with visible excitation, (b) NIR
T5(%Ty) — Tg(*Ag) luminescence with NIR T'(*A) — T's(2T1) excitation,
and (c) visible T7(*T,) — Tg(*A;) luminescence with a 10-ns NIR
Ts(*Ay) — T4(*T1) excitation pulse. The solid lines show simulated
dynamics calculated from a rate-equation model. Adapted from
ref 17.

the intermediate excited ions undergo ETU. Similarly, the
long decay in Figure 6c results from the long decay of the
intermediate level. The solid lines in Figure 6b,c are
transient luminescence curves calculated for the NIR and
upconversion luminescence decay transients, respectively,
based on a three-level rate equation model using kinetic
parameters determined spectroscopically.t” From the
simulation of the variable-temperature time and power
dependence data for this system it is possible to determine
the branching ratio between luminescence and ETU of
the I'g(*T,) excited state. This branching ratio determines
the fate of a NIR excited ion and is highly power and
concentration dependent, but already favors upconversion
over downconversion by a factor of 4 in a moderately

(a)

doped (2.5% Re) sample using only 75 mW/mm?, 1047-
nm continuous wave excitation at 300 K. Thus, under
readily accessible experimental conditions, upconversion
is the dominant depletion mechanism for the intermediate
state, and not merely a minor side process. The shift from
quadratic to linear behavior observed in the power
dependence measurements reflects the shift from the low-
power regime, in which downconversion is the dominant
I's(*T,) depletion process, to the high-power regime, where
upconversion dominates.t"1?

C. Photon Avalanche in Os*":Cs,ZrBrs. Os*™ has one
additional electron relative to Re*t. This introduces sig-
nificant changes in the excited-state properties, despite
the seemingly similar d® and d* energy-level diagrams of
Figures 4a and 7a. In contrast with Re**, octahedral Os**
has an orbitally degenerate ground state (°T;). This
degeneracy is split by strong spin—orbit coupling (Table
1) into four spinor levels with a total spread of ca. 5000
cm™! (Figure 7b). The 10 K absorption spectrum of 0.2%
Os*":Cs,ZrBrg is shown in Figure 8a. Several sets of sharp
absorption features are observed between 2500 and 17 000
cm™1, due both to excitations involving the ligand-field-
independent spin-flip singlet excited states and to transi-
tions within the split ground state (Figure 7). Above 17 000
cm™, the first Br — Os charge-transfer (CT) intensity is
observed. The 10 K luminescence spectrum obtained with
CT excitation is presented in Figure 8b and shows
luminescence originating from the I's(*T,) (10 315 cm™?)
and the higher T';(*A;) (16 045 cm™?) states.

At low temperatures, visible I';(*A;) luminescence can
also be observed with excitation in the NIR.X® Three
features are observed in the 10 K NIR excitation spectrum
of this visible upconversion luminescence (Figure 9a).
Remarkably, the most intense upconversion luminescence
is observed with excitation energies at which the sample
has little or no GSA. The lowest energy feature, at ca.
10 425 cm™1, resembles in energy and shape the I';(°T,)
— I3(*E)/T's(*T,) GSA shown in Figure 9b. To higher energy,

(;.uo) £310u9

20 30 40 50
10Dg/B

FIGURE 7. (a) Energy-level diagram for a d* ion in an octahedral environment, split by spin—orbit interactions in the ground state to yield the
levels shown in (b). The luminescent levels in Os*":Cs,ZrBrs are shown as bold lines. (b) The photon avalanche mechanism observed with
13 365-cm™! excitation at high pump powers. The long-dash arrow shows the negligible GSA at this excitation energy. The short-dash arrows
show the nonradiative energy-transfer cross-relaxation steps, CR1 and CR2, that populate the T4(°Ty) excited state. Curly arrows indicate

rapid multiphonon relaxation.
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FIGURE 8. 10 K spectra of 0.2% Os**:Cs,ZrBrs with the transition
assignments labeled: (a) absorption and (b) luminescence. Adapted
from ref 16.
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FIGURE 9. 10 K NIR (a) upconversion excitation and (b) absorption
spectra of 0.2% Os**:Cs,ZrBre. Inset: Logarithmic power dependence
of the upconversion luminescence intensity observed with 13 365-
cm~! excitation, showing a steep nonlinearity above ca. 1 mWw.
Adapted from ref 16.

two new features are observed at ca. 11 350 and 13 365
cm™! that have no corresponding features in the GSA
spectrum. These features mirror the I'1(*A;) — I's(®T1) and
I'1(*A;) — T4(3Ty) interexcited-state luminescence transi-
tions and are assigned as the corresponding I's(°T;) —
T1(*A;) and T4(PT,) — ' (*A,) ESA transitions, respectively.
Their dominance clearly indicates the importance of ESA
in this system.

Detailed spectroscopic studies have determined that
Os*":Cs,ZrBrg upconversion may proceed by a variety of
mechanisms, and that the relative importance of each
depends on excitation wavelength and power.¢ The first
feature (ca. 10 425 cm™?) in the UC excitation spectrum
of Figure 9a has contributions from both GSA/ESA and

240 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 33, NO. 4, 2000

GSA/ETU mechanisms. The second feature (ca. 11 350
cm™1) results from a pure GSA/ESA mechanism. The
GSA:ESA absorption cross-section ratio at 11 350 cm™ is
1:60 and thus large enough for this excitation sequence.
At 13365 cm™!, corresponding to the third feature in
Figure 9a, this GSA:ESA ratio has an upper limit of only
1:600, however, and this changes the excited-state dynam-
ics and the upconversion mechanism dramatically.

Upconversion excited at 13 365 cm™?, corresponding
to the T'4(°T,) — T'1(*A;) ESA transition, exhibits the very
unusual power dependence shown logarithmically in
Figure 9 (inset). At low powers, it has a slope of 2. As the
power is raised a steep incline is observed above 1 mW,
approaching a slope of 4. Above ca. 7 mW the power
dependence again levels out to a value of ca. 1.7. There
are thus two clearly identifiable regimes in this power
dependence: a low-power regime (<1 mW) and a high-
power regime (>7 mW). This behavior indicates the
presence of two competing mechanisms at this excitation
wavelength, a low-power mechanism and a high-power
mechanism, with the steep incline reflecting the power
region at which the two mechanisms are competitive in
efficiency. The data show that in the high-power mech-
anism the power dependence is reduced and the quantum
yield is increased by approximately 2 orders of magnitude
relative to those of the low-power mechanism.

The first step in either mechanism must involve excita-
tion by photons at energies where the absorption is
essentially zero. Whether through a nonvanishing vibronic
or pair GSA cross section at this wavelength, an electronic
Raman process, or some other process, ions are promoted
to the T'4(°T,) excited state by the laser beam. At 13 365
cm™1, T4(3T1) — I'1(*A;) ESA is efficient, and at low powers
this is therefore effectively a GSA/ESA process. This low-
power mechanism is relatively inefficient due to the small
rate at which the intermediate T',(°T;) state is populated.

At higher pump powers, a new mechanism takes over
in which the relatively inefficient first step is replaced by
a more efficient mechanism for populating the intermedi-
ate I,(®T,) state. This mechanism is illustrated in Figure
7b, and begins with an ion excited to I';(*A;) by the 13 365-
cm™1 laser. Besides radiative relaxation of the I';(*A;) state,
there is also a very efficient nonradiative cross-relaxation
process, designated CR1 in Figure 7b, in which one
I'1(*Ay)-excited ion transfers part of its excitation energy
to a ground-state Os** ion. This is followed by a second
cross-relaxation step, CR2 in Figure 7b. As shown in Figure
7b, cross relaxation of one I'y(*A;) excited ion may thus
lead to three ions in the I'4(°T,) excited state. At high pump
powers, these ions have a significant likelihood of absorb-
ing a photon through ESA, followed again by cross
relaxation, and this cycle can be repeated several times
until steady-state conditions are reached. The extremely
nonlinear buildup of the intermediate excited-state popu-
lation arising in this way has earned this mechanism the
name of photon (or excitation) avalanche. Since the
upconversion luminescence intensity is directly related to
the population of the intermediate I'4(°T;) state, the
avalanche is observed in upconversion luminescence
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experiments. An alternative way of monitoring the T'4(3T,)
population is by measuring the crystal transmission at the
13 365-cm™! laser energy. It diminishes exactly in the same
way as the UC luminescence intensity increases. With the
buildup of the avalanche the crystal thus loses its trans-
parency at this wavelength.

In sections I11A and B we presented examples illustrat-
ing two different upconversion mechanisms, GSA/ESA and
GSA/ETU. Both examples involved population of an
intermediate level by GSA and differed in how ions were
subsequently promoted to the upper level. In this section,
we have presented an example in which two distinct
mechanisms are observed in the same sample and with
excitation at the same energy, 13 365 cm~. Both mech-
anisms involve ESA as the means of intermediate-to-
upper-level excitation, but they differ in how the inter-
mediate level is populated. At low powers (< ca. 1 mW),
excitation directly involves the laser beam and may be
treated as inefficient GSA. With increasing powers, an
iterative ESA/CR1/CR2/ESA... process grows in efficiency
and eventually takes over as the principal mechanism for
I'4(®T1) population. Upconversion proceeding by the latter
mechanism relies on both single-ion ESA transitions and
multi-ion energy-transfer steps.

IV. Host Perturbations

The spectroscopic properties of an upconversion material
can be modified by placing the active ion into a nonin-
nocent host environment. Here we describe two perturba-
tions that cause dramatic changes in the spectroscopic
properties of the Re*" and Ti?" ions discussed above.

A. Host-Sensitized Upconversion. To expand the ex-
citation range available for generating Re** upconversion,
a series of samples have been made involving addition of
Yb3* ions as sensitizers into Re*":Cs,ZrClg and Re**:Cs,-
NaYCle.2° Yb®* provides the material with several intense
NIR 2F;,, — °Fs/, absorption features centered at ca. 10 500
cm™1, easily accessible to Ti**:sapphire and diode lasers.
Excitation into this Yb®* absorption leads to bright red
Re*t I'7(°T,) — T'g(*Az) luminescence (see Figure 5b). In
samples with small Yb®" concentrations, Yb®" lumines-
cence is also observed and has intense features in exact
or near resonance with the vibronic T'g(*A;) — T6(°T1)
absorption transitions of Re*". This spectral overlap
provides an efficient channel for resonant nonradiative
Yb3* — Re*" energy transfer. When the RE elpasolite
Cs,NaYbClg is used as the host with 0.7% Re doping, the
Yb3t — Re** energy transfer is essentially quantitative. Yb®*
— Yb®" energy migration is extremely rapid in this host,
and the Re*" dopant ions act as “super traps” for the
migrating Yb®" excitation. Re*" ions are efficiently excited
in this way and then produce upconversion luminescence
via ETU as described in section I11B. An excitation scheme
for this sensitized UC process is shown in Figure 10. Using
this sample and Ti®":sapphire excitation, it has been
possible to conveniently generate intense upconversion
luminescence at room temperature. While more detailed
studies are required to fully understand the dynamics and
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FIGURE 10. Host-sensitized upconversion mechanism observed in
0.7% Re**:Cs;NaYbCls.
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FIGURE 11. 10K axial absorption spectra of Ti?* in the isostructural
hosts MnCl, and MgCl,, showing the effect of a magnetic environ-
ment on the intensities of spin-forbidden Ti?™ absorption features.
Adapted from ref 22.

concentration dependence of this sensitization, the prin-
ciples of host sensitization and TM/RE combination are
well illustrated by this example.

B. Perturbation of Spin Selection Rules by a Magnetic
Host. Magnetic interactions can severely influence the
spectroscopic properties of a TM.?! The coupling of
magnetic and optical spectroscopic properties has also
been targeted as a promising area of supramolecular
chemistry in the development of new multifunctional
molecular devices. Several of our studies have focused on
fundamental properties of magnetic exchange-coupled
systems. We are now actively exploring the relationship
between spectroscopic, magnetic, and photophysical prop-
erties of inorganic materials related to upconversion. Here,
we describe results obtained for Ti?*.

As described above, the absorption spin selection rules
are rigorously adhered to in both the ground and ex-
cited states of Ti?*:MgCl.. In particular, although the 3T,
state lies at twice the energy of the 'E(D3q) state, providing
a good energetic match for both ESA and ETU, no
participation of the spin-forbidden E — 3T excitation in
Ti?*:MgCl, upconversion is observed. Figure 11 shows the
absorption spectrum of Ti?* substituted into the isostruc-
tural host MnCl,.22 A dramatic increase by more than
2 orders of magnitude in the oscillator strength of the
3A, — 1E(t,?) absorption feature is observed. This increased
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intensity derives from weak magnetic exchange inter-
actions between the Ti?" (S = 1) and its six neighboring
paramagnetic Mn?* ions (S = 5/,). From a photophysical
standpoint, this provides a means of overcoming the
stringent spin selection rules of ions such as Ti?".
More generally, it suggests a possibility to regulate the
photophysical properties of such species through mag-
netic interactions. Magnetic exchange interactions are
more easily induced in TM systems than in RE systems
due to the smaller orbital shielding in TMs, and such
effects may therefore be far more pronounced in this
relatively unexplored area of TM or mixed TM/RE upcon-
version. Future studies will address the influence of
magnetic perturbations on the excited-state properties of
a variety of TM and TM/RE systems, including Ti?*,3
Ni2*,28 and Mo®*,% all of which have shown the ability to
mediate upconversion and also have relatively small spin—
orbit coupling parameters (Table 1), leading to stringent
selection rules restricting some potentially interesting
upconversion processes.

[V. Conclusion

It has been the aim of this Account to summarize a few
key results from our research in the area of TM upcon-
version. A few cases have now been studied in detail, and
direct comparison between TM and RE upconversion
properties is becoming possible. The examples shown here
also suggest two promising avenues for future exploration,
namely the combination of TM and RE metals in the same
material to exploit their specific excited-state properties,
and the tuning of spectroscopic properties through mag-
netic perturbations using magnetic host materials. The
ability of TMs to interact with their environment to a
much greater extent than RE ions is in many ways a
hindrance because it enhances nonradiative relaxation,
which is in competition with upconversion. Alternatively,
it provides the opportunity to adjust the photophysical
properties of upconversion systems in unprecedented
ways through modification of the ligand environment and
the magnetic properties of the host. Such modifications
have yet to be thoroughly explored, and research in this
area will undoubtedly reveal new and unexpected photo-
physical processes.

The authors thank the Swiss NSF for financial support, and
M. Wermuth for valuable discussions.
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