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ABSTRACT: Optical excitation of ions or molecules typically leads to an expansion of the

equilibrium bond lengths in the excited electronic state. However, for 4f"'5d" excited states in

lanthanide ions both expansion and contraction relative to the 4f" ground state have been reported, ,

depending on the crystal field and nature of the 5d state. To probe the equilibrium distance offset photon 2

between different 4"7'5d" excited states, we report excited state excitation (ESE) spectra for Tm**

doped in CsCaBr; and CsCaCl; using two-color excited state excitation spectroscopy. The ESE

spectra reveal sharp lines at low energies, confirming a similar distance offset for 4f"715d(tzg)1 states. photon 1 \ pulse 1
At higher energies, broader bands are observed, which indicate the presence of excited states with a —
different offset. On the basis of ab initio embedded-cluster calculations, the broad bands are

assigned to two-photon d—d absorption from the excited state. In this work, we demonstrate that pulse 2
ESE is a powerful spectroscopic tool, giving access to information which cannot be obtained
through regular one-photon spectroscopy.
he luminescence of lanthanide (Ln) ions doped in sharp line spectra, whereas transitions between contracted and
crystalline solids has been widely investigated. Both expanded excited states will result in a broad band. The most
intraconfigurational 4f* < 4f' (f—f) as well as interconfigura- sensitive technique to measure absorption is excitation
tional 4f" < 4f"7'5d' (f—d) transitions find application in a spectroscopy. However, to measure excitation from a lower
wide range of luminescent materials for lighting, displays, excited state to higher excited states, it is crucial that emission
medical imaging, homeland security, biomarkers, afterglow, can be observed from a higher excited state. The situation is
lasers, and more.' ™ The characteristic sharp line spectra of f—f schematically depicted in the configuration coordinate diagram
transitions are well-understood. For the broad band spectra (CCD) in Figure 1, which gives the energy of excited states as a

arising from f—d transitions, the fundamental insight is not as
complete and important questions remain open, for example,
on nonradiative decay (quenching) processes from 4f"7'5d'
(fd) states. For understanding nonradiative relaxation between
excited states and relaxation to the ground state, the change in
the equilibrium distance between the Ln cation and
surrounding anions for the various states involved is crucial.”*
Previous work has revealed that for fd excited states both
expansion and contraction relative to the 4f* ground state can
occur, depending on the nature of the state of the 5d electron
in the fd states.” In one-photon excitation spectra both
contraction or expansion in the excited state gives rise to
vibrationally broadened bands and no information is obtained
on the direction of the change in bond length associated with
the electronic transition."’
In order to probe the variation in equilibrium distance for
different excited states, a powerful tool would be to measure

function of the vibrational coordinate (ion-ligand distance). In
an excited state excitation process, the first photon (green line
in Figure 1) excites the system to the lowest excited state. A
second photon, resonant with the energy difference between
the lowest and higher energy excited states (red lines in Figure
1) can bring the system to a higher energy state. By monitoring
the (anti-Stokes) emission from the emitting high energy state
(long blue line in Figure 1) as a function of the energy of the
second photon, an excited state excitation (ESE) spectrum is
obtained, giving information on the nature of the transition
between different excited states.

For f—f transitions of Ln-ions and d—d transitions of
transition metal ions, a small number of ESE spectra have been
reported, for example, aimed at revealing high energy 4f" levels
in the vacuum UV or to obtain insight in mismatches for energy
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Figure 1. Schematic configuration coordinate diagram (CCD) of a
two-color excited state excitation experiment in Tm**. The experiment
starts with a photon from a first laser pulse (green line), bringing Tm?*
in the lowest excited 4f'>5d' state. A second photon (red lines), of
which the energy can be varied, will excite the ion to higher excited
4f125d" states while the (°F,, t,,) emission (long blue line) is probed.
The excited state excitation (ESE) spectrum is measured by varying
the energy of the second photon. The gray area is the part of the CCD
that is calculated in Figure 4.

. . 11-16 .
transfer in upconversion processes. For f—d transitions,

only a few ESE experiments have been reported focused on
probing mid-infrared transitions between fd states and trapped
exciton states.'” ESE spectra on f—d transitions are hard to
realize, as emission from fd states at energies higher than the
lowest fd state is extremely rare. In almost all cases, there is
rapid relaxation to the lowest fd state which is the only emitting
td state. In the recent literature, a few exceptions can be found.
In 2005 it was shown that Tm?* (4f'*) doped in CsCaBr; shows
emission from three different 4f25d" excited states.'®

Here, we report 4f25d' — 4f'>5d' excited state excitation
spectra for Tm®* in CsCaBr; and CsCaCl, aimed at probing the
variation in equilibrium distance between different 4f'25d'
states. The 4f'25d"' configuration consists of 910 states and
therefore Tm>" shows a rich absorption spectrum with many
absorption bands. The excited 4f'*5d" configuration can in first
approximation be described in terms of the state of the 4f'* core
and the state of the 5d electron. The lowest excited state for
Tm™ in octahedral O, coordination is described as (*Hg, ty),
Hg being the ground state for the 4f'> configuration and ty
being the lower energy crystal field component for the 5d
electron in octahedral coordination. In addition, interaction
between the S = 1 spin of the *Hj state and the S = 1/2 spin of
the 5d electron can give rise to a high spin (HS) S=3/2 and a
low spin (LS) S = 1/2 splitting for the lowest excited state. The
HS state (°H,, tyg 3/ 2) is lowest in energy, followed at higher
energies by states of mixed HS and LS character, which we label
as (*Hg tyy 1/2). Because of stronger mixing of the higher
energy fd states, S ceases to be a good quantum number and is
therefore not included in the label for the (°F,, t,,) state.'®

Three emitting 4f'25d" states (see blue lines in Figure 1) have
been identified for Tm** in CsCaBr; by Grimm et al. and
assigned to (1) (*Hg, t,4; 3/2), (2) (*Hg, t,g; 1/2) and (3) CF,,
tzg). To allow emission from higher energy 4f'2Sd' states,
nonradiative relaxation from the higher fd states has to be
suppressed. This can be achieved if the potential energy
surfaces (PESs) of the excited states in the CCD of Figure 1 are
parallel.® In addition, the energy gap to the next lower excited
state should be large and the phonon energy low to prevent fast
multiphonon relaxation. These conditions are met for Tm?*" in
CsCaBr; and CsCaCls, allowing the observation of emission
from the (F,, tzg) excited state. This makes it possible to
perform ESE experiments. In this Letter we present ESE
spectra for Tm*" in both CsCaBr; and CsCaCl; from the
4£25d" (*Hg, tyg; 3/2) excited state, in which there is the unique
possibility of both observing intraconfigurational f—f and d—d
transitions. Sharp features in the spectra demonstrate that the
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Figure 2. Comparison between the one-photon and excited state excitation spectra in CsCaBr;:Tm?** (a—c) and CsCaCl;:Tm?* (d—f). In (a) and
(d), the emission (red lines for the (°Hj, tye 3/ 2) emission, green lines for the (°F,, tzg) emission) and one-photon excitation spectra (blue lines,
recorded for the red emission) are plotted on a regular energy axis. In (b,c) and (e,f) the energy axes are shifted by the energy of the lowest (*Hj, trgs
3/2) state to allow comparison between the one-photon excitation spectra (blue lines, recorded for the green emission) and the excited state
excitation spectra (purple lines). The shift was determined by taking the onset of the (*H, thg 3/ 2) — *F,, emission bands (dashed gray lines). In
this way, the position of the peaks in the excited state excitation spectrum should correspond with bands in the regular one-photon excitation
spectrum. Full experimental details can be found in the text and Supporting Information.
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Figure 3. High-resolution excited state excitation spectra of CsCaBry;:Tm** (red) and CsCaCl;:Tm*" (green). The gray areas in (a) indicate the
details shown in (b) and (c). Because CsCaCly:Tm*" did not show sharp peaks between 9800 and 9900 cm™" in (a), that range was not measured at

high resolution in (b).

PESs of the different 4f125d(t2g)1 excited states are parallel, that
is, have the same equilibrium distance. At higher energies,
broad bands appear in the ESE, and they are assigned to two-
photon absorption by transitions to (*Hg, ty,/e,) mixed states.

The measurements of ESE spectra were performed on single
crystals of CsCaBr;:Tm** 0.5 mol % and CsCaCly:Tm?* 1 mol
%. The crystals were cooled down to 4 K with an Oxford
Instruments liquid helium flow cryostat, because the (°F,, t,,)
high energy emission of Tm>' is quenched at elevated
temperatures. The ESE spectra were measured using two
tunable optical parametric oscillator (OPO) lasers. Excitation in
the lowest 4f'25d" state was done with an Ekspla NT 342B laser
(at 13158 cm™ for CsCaBry:Tm?** and 13072 cm™ for
CsCaCly:Tm*") and the second laser pulse of varying energy
was from an Opotek Opolette HE 355II laser coupled into an
optical fiber. To realize high resolution ESE spectra, the step
size was 0.1 nm. For emission detection, a 0.55 m Triax 550
monochromator and a Hamamatsu R928 photomultiplier tube
(PMT) were used. The PMT signal was analyzed in photon
counting mode with a Stanford Research SR400 gated photon
counter. The timing of the laser pulses was controlled with a
Stanford Research DGS35 pulse generator. A 100 us delay
between the pulses was used to suppress the detection of anti-
Stokes emission due totwo-photon absorption within the first
laser pulse. The emission was collected for a gate width of 10 us
immediately after the second laser pulse. A more complete
description of the experimental details and the results of two
control experiments can be found in the Supporting
Information.

To record ESE spectra, the energy of the second laser pulse
was varied between 12 500 and 6897 cm™'. In Figure 2¢f, the
ESE spectra for the green (°F,, tzg) emission are shown for
Tm*" in CsCaBr; and CsCaCl; (purple lines). The ESE spectra
are plotted together with the one-photon excitation (OPE)
spectra. The axis of the ESE spectra is shifted relative to the axis
of the OPE spectra by an energy corresponding to the zero-
phonon line (ZPL) position of the lowest energy (*Hg, tyg 3/ 2)
state from which the ESE starts. This allows direct comparison
of features observed in the ESE and OPE spectra. As no sharp
zero-phonon lines are observed in excitation or emission, the
ZPL position is estimated from the onset of the (*Hy, tye 3/ 2)
emission bands: 12 510 cm™ for CsCaBr;:Tm** and 12 580
cm™" for CsCaCly:Tm?*. The positions of the excitation bands
in OPE and ESE are in good agreement (see dashed lines) and
confirm that the bands observed in the ESE spectrum indeed
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correspond to transitions from the lowest (*Hy, tye 3/ 2) state
to a variety of higher energy 4f'Sd" states.

To further analyze the features in the ESE spectra, Figure 3
shows high-resolution ESE spectra. Figure 3a shows onsets of a
group of lines at 7100 cm™', followed by a gap and another
group of lines starting at 9000 cm™ (dashed lines). The
positions of the onsets are very similar for Tm** in CsCaBr,
and CsCaCl,. Transitions that involve a different Sd state will
strongly depend on the crystal field splitting and vary in energy
between a chloride and a bromide. However, transitions
involving a rearrangement in the 4f'> core are expected to be
largely independent of the host lattice and this warrants an
assignment of the peaks in Figure 3 to transitions within the
41" configuration of the 4f?3d(t,,)' state. For a more
quantitative comparison, we performed ab initio wave-
function-based embedded-cluster calculations for Tm®* in
CsCaBr; and CsCaCl,. A full discussion of the results will be
published in a separate paper, but we present the resulting
CCDs of the fd states in Figure 4a,b. The details of the
calculation methods can be found in the Supporting
Information. On the basis of the calculated CCDs, all the
sharp peaks in the ESE spectra, starting from 7100 cm™, are
assigned to transitions from the (*Hg, ty; 3/2) state to mixed
(F,/'Gy, tyy) states.

The energy of the *Hy — °F, transitions for Tm*" in
chlorides is ~5500—6000 cm ™. Clearly, the onset at 7100 cm™"
in the experiment and at 7500 cm ™" in the calculations is higher
in energy than expected based on the *Hs—’F, splitting. This
observation demonstrates that the energy level structure in the
4£25d" excited state is not a simple addition of 4f'> and Sd'
splitting. This is in line with earlier experimental observations
for 4f" — 4f"7'5d" transitions for trivalent lanthanides in the
vacuum UV spectral region. The much richer than expected
energy level structure for the simple sum of a 4f' and 5d'
splitting is observed and explained by Coulomb and spin—spin
interactions between the 4% core and 5d electrons."”

A remarkable difference between the one-photon excitation
spectra and the excited state absorption spectra is the spectral
width of the features observed. The 4f" — 4f'>5d' bands in
OPE have around 1000 cm™ full width at half-maximum
(fwhm), which is typical for f—d transitions. However, in the
detailed ESE spectra shown in Figure 3 many sharp lines are
observed with spectral widths between S and SO cm™'. The
irregular pattern of the positions of the lines in Figure 3c
excludes the possibility that the narrow lines are part of a
vibronic progression. The lines thus correspond to ZPLs of
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Figure 4. (a,b) Calculated CCDs of the 4f'2Sd' states in
CsCaBry:Tm*" and CsCaCl;:Tm?*, corresponding to the gray part
of the CCD in Figure 1. The 4f125d1(t2g) parallel PESs at low energy
(purple) explain the sharp lines in the ESE, whereas the shifted PESs
of mixed 4f125d1(t2g/ eg) states at higher energy (green) are responsible
for broad bands. Also, the impurity trapped excitons (ITE) states
(orange) are plotted. (c,d) Equilibrium distances of PESs in (a) and
(b). The gray lines show from left to right the equilibrium distances for
pure 4f'*(ITE), 4f125d(tzg)l, and 4f125d(eg)1 excited states.

transitions in which there is no change in PES equilibrium
position. This is confirmed by the calculated PES equilibrium
distances in Figure 4c,d, in which the lowest 4f'*53d' states
(plotted in purple) have the same equilibrium geometry.

The line widths observed are narrow but still larger than the
typical ~1 cm™ inhomogeneous line width observed for 4f* <>
4f" transitions in crystals. As the quality of the crystals used is
high, inhomogeneous broadening for f—f transitions is expected
to be less than 1 cm™ and cannot explain the 5—50 cm™" line
widths observed. Indeed, narrow (<5 cm™') emission lines are
observed for the °F;/,—’F,/, f—f emission of Tm>" in these
crystals.”” We therefore ascribe the large 5—50 cm™ line widths
observed here to homogeneous (Heisenberg uncertainty)
broadening related to fast relaxation processes to lower energy
4f5d" states. The density of 4f'*Sd" states is very high and a
fast vibrational relaxation on a picosecond time scale can be
expected. Based on the observed spectral widths, the relaxation
rates can be estimated to be between 1 ps (S cm™ fwhm) and
0.1 ps (50 cm™ fwhm). The homogeneous line widths are
similar to values reported by Downer for 4f’ <> 4f transitions
on Eu*" in fluorides.”" Spectral widths varying from 2 cm™ (for
P lines) to 50 cm™" (for D lines) were reported and explained
by fast relaxation to a continuum of near resonant, overlapping
4£°5d" states.

Figure 3b shows the part of the spectra where the sharpest
lines appear. There is a larger number of peaks in
CsCaBry:Tm** than in CsCaCly:Tm?*, which we ascribe to
the lower site symmetry for Tm** in the bromide (C;) than in
the chloride (C,,), leading to more crystal field components in
the bromide.””***’

At energies above 10000 cm™" in the ESE spectra, broad
bands with a fwhm of hundreds to 1000 cm™" are observed.
The broad and structureless nature of these bands indicates that
they cannot be assigned by transitions within the 4f'
configuration of the 4f'>5d" excited state but rather to excited
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states with a PES offset different from the (*Hg, t,g; 3/2) state.
However, in the calculated CCD of Figure 4, no such states are
found up to 20000 cm™', where weakly absorbing impurity
trapped excitons (ITE, orange) and mixed 4f125d(t2g/ eg)1 states
(green) are found. For the lowest 4f'>5d' state, there is a
unique situation, with possible absorption by two types of
intraconfigurational transitions: f—f transitions within the 4f"
core and d—d transitions of the electron in the d-orbitals are
both possible. Both transitions are parity-forbidden in one-
photon absorption but allowed in two-photon absorption
(TPA). TPA d—d transitions have a cross section two orders of
magnitude larger than TPA f—f transitions.”*>> The most
plausible interpretation of the broad bands in the spectrum is
therefore that TPA takes place from the (*Hy, ty 3/2) state,
resulting in broad bands in the ESE spectra at half the energy of
the 4f125d(t2g/ eg)1 states (green lines in Figure 4). There is a
good agreement between experiment and calculations on the
observed energies. If our hypothesis is correct, this is the first
observation of TPA in ESE spectra. Because the strength of
TPA scales quadratically with the excitation density,”® power
dependent measurements can be used to verify the assignment.

In summary, we have reported excited state excitation spectra
for f—d transitions of Tm** in CsCaBr; and CsCaCl,. ESE is a
challenging technique that is rarely used, but which provides
unique information on excited states that cannot be accessed by
one-photon spectroscopy. The rare observation of emission
from high energy fd states for Tm®" in CsCaBr; and CsCaCl,
makes ESE spectroscopy possible for f—d transitions in these
systems. The ESE spectra for transitions between different
excited 4f'25d" states in Tm?" reveal sharp lines (fwhm ~ 5—50
cm™') at low energies and indicate small differences between
the Tm**—ligand equilibrium distance in the potential energy
surface for these low-lying fd states. At much higher energies
broader ESE bands are observed, reflecting a larger distance
offset between the lowest energy 4f125d(t2g)1 state and higher
energy states. We ascribe the broad bands to TPA by d—d
transitions from the lowest 4f'2Sd(t,,)" excited state to mixed
4125d(t,,/e,)" states.
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