
PHYSICAL REVIEW B 67, 134111 ~2003!
Cooperative Yb3¿-Tb3¿ dimer excitations and upconversion in Cs3Tb2Br9:Yb3¿
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Green Tb31 5D4→7FJ luminescence visible by eye is observed under near-infrared laser excitation. Optical
spectroscopic techniques including absorption, luminescence, and excitation spectroscopy are used to charac-
terize this upconversion~UC! luminescence. The Tb31 UC luminescence is present for all temperatures within
a range from 10 to 300 K, and gains intensity by three orders of magnitude between 10 and 300 K. ForT
>100 K the dominant upconversion mechanism is the cooperative sensitization of Tb31 by two Yb31 ions. In
this temperature regime the Tb31 UC luminescence dominates the visible~VIS! spectrum for all near-infrared
~NIR! excitations, resulting in the characteristic green luminescence. At 10 K, the color of the luminescence
changes from green to blue, depending on the excitation wavelength corresponding to the dominance of Tb31

UC luminescence or the Yb31-Yb31 cooperative pair luminescence. Two color excitation spectroscopy is
performed to directly observe an excited state absorption~ESA! step in the Tb31 UC luminescence excitation
spectrum at 10 K. This allows the unambiguous assignment of a type of ground state absorption/excited state
absorption~GSA/ESA! mechanism responsible for the upconversion in this system at 10 K. We explain this
cooperative interaction in the framework of an Yb31-Tb31 exchange-coupled dimer. An energy level diagram
for this dimer is presented. Excitation into dimer levels around 12000–14500 cm21, where neither Yb31 nor
Tb31 single ions have levels, leads to Yb31 luminescence at 10 K. For laser excitation, 53 W/mm2, resonant
with an ESA transition a VIS/NIR photon ratio of 2.7(10)25 is found at 10 K.

DOI: 10.1103/PhysRevB.67.134111 PACS number~s!: 78.55.Hx, 75.30.Et
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I. INTRODUCTION

The conversion of near-infrared~NIR! photons to visible
~VIS! photons has been studied extensively since Auzel
described this phenomenon in 1966.1 Many papers with fun-
damental and practical interest have been published on
subject since then. Practical interest in upconversion~UC!
materials is found in the fields of solid-state lasers, la
phosphors, optical data storage, IR counters, and oth2

Many fundamental research papers on this subject are
published every year. To improve the efficiency and lig
yield of UC materials one must understand the mechan
which drives the process.

The mechanisms in mixed UC systems consisting of t
different chromophores, such as Yb31-Tb31, have histori-
cally been assigned to processes involving energy tran
steps.3 The energy transfer steps can occur sequentially,
GSA/ETU ~ground state absorption/energy transfer upc
version!, or simultaneously, e.g. cooperative sensitization4,5

These processes can be extremely efficient and some
laser systems have been created using this principle.2

A recent report demonstrated a UC process for the mi
Yb31-Mn21 system.6–8 It was assigned to a mechanis
based on exchange interactions between the Yb31 rare-earth
~RE! ion and the Mn21 transition metal ion. A sequence o
GSA and ESA steps on an Yb31-Mn21 dimer was found to
be important, and is the first observation of a GSA/E
mechanism in a mixed UC system. Further studies on sim
compounds revealed a dependence of the efficiency of
upconversion process on the Yb31-Mn21 bridging
geometry.11,9,10

The intriguing aspect of UC in the Yb31-Tb31 system is
that there is no possibility for direct one-step energy trans
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between the ions due to a large separation of relevant en
levels.12 Although some reports in the past have postulate
GSA/ESA type mechanism for Yb31-Tb31, no clear evi-
dence has been presented.13,14Most studies have assigned th
UC in the Yb31-Tb31 system to the cooperative sensitizatio
mechanism, which was first proposed in 1969.15–21Recently,
a temperature dependent study demonstrated that in m
Yb31-Tb31 systems this process must be mediated
phonons to bridge the electronic energy gap between
Tb31 5D4 level and two times the lowest crystal field lev
of Yb31 2F5/2.22,23

We have chosen to study Cs3Tb2Br9 :Yb31 because of the
dimer nature of the structure~see Fig. 1 Sec. IV!, and be-
cause previous reports have demonstrated an exchange
action between RE ions in the pure Cs3Tb2Br9 and
Cs3Yb2Br9.24,25 Also, no evidence or trace Er31 impurity
luminescence was found, eliminating problems which co
fused the interpretation of the UC mechanism in ear
studies.22,23,26

FIG. 1. Relevant dimeric unit of the Cs3Tb2Br9 structure. Tb
and Yb are contained in face-sharing octahedra.
©2003 The American Physical Society11-1
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G. M. SALLEY, R. VALIENTE, AND H. U. GÜDEL PHYSICAL REVIEW B 67, 134111 ~2003!
We present spectroscopic results which allow a clear
signment of the dominant UC process in Cs3Tb2Br9 :Yb31 to
a cooperative GSA/ESA dimer mechanism at 10 K and t
cooperative sensitization mechanism at 300 K. At 10 K
ESA step is observed directly through two-color excitati
spectroscopy. An enhancement of the UC luminescence
ciency is demonstrated by choosing an excitation ene
which is resonant with an ESA transition. We also obse
excitation lines from 12000 to 14500 cm21 at 10 K which
lead to Yb31 luminescence. These lines are assigned to tr
sitions of the Yb31-Tb31 dimer with oscillator strengths
which are four orders of magnitude weaker than single
transitions. In the following sections we use single-ion no
tion to designate energy levels and transitions, until
change to dimer notation in Sec. IV C.

II. EXPERIMENTAL TECHNIQUES

A. Synthesis

Single crystals of Yb31(1%) doped Cs3Tb2Br9 were
grown by the Bridgeman technique. The TbCl3 and YbCl3
starting materials were prepared from Tb4O7 ~99.9999%!,
Yb2O3 ~99.9999%!, NH4Cl (.99.9%), and HCl~47%! by
the ammonium halide method.27,28 At all stages of growth
and handling the samples were kept in an inert atmosphe
either vacuum, He, or N2, to prevent the adsorption of wate
Absorption measurements were performed on an unorie
0.1-cm-long clear crystal, which was sealed in a copper
with optical windows filled with He gas. Samples for lum
nescence measurements were sealed in quartz ampoules
a partial atmosphere of He gas.

B. Spectroscopy

The absorption spectra were recorded on a Cary 5e s
trophotometer coupled with a closed-cycle cryogenic refr
erator ~Varian! for cooling. Cooling for luminescence mea
surements was achieved via quartz He gas flow tubes.
luminescence of the sample was excited via an Ar1 ion laser
~Spectra Physics 2060-10 SA! or with a Ti:sapphire lase
~Spectra Physics 3900S!, pumped by the same Ar1 ion laser,
for Tb31 luminescence and Yb/UC luminescence, resp
tively. The emission was dispersed through a 0.85-m dou
monochomator ~Spex 1402! with 500-nm blazed 1200
groves/mm gratings, and detected with a cooled red sens
photomultiplier tube~Hamamatsu 3310-01!. A Stanford Re-
search SR-400 photon counter was used with a PC for
collection. The excitation laser beam was focused using
f 553 mm lens. The laser power was measured with a po
meter ~Coherent Labmaster-E!. All spectra are presented a
photons/sec vs cm21 and are corrected for the through put
the detection system, the detector response, and for the i
of refraction of air.

For excitation spectra, the Ti:sapphire laser was scan
using an inchworm controlled~Burleigh PZ-501! birefrin-
gent filter and the wavelength was monitored with
wavemeter~Burleigh WA2100!. Two color experiments were
performed with two Ti:sapphire lasers, pumped by two A1

ion lasers. The pump laser was fixed at a GSA energy w
13411
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60 W/mm2, and a weak probe laser with 0.25 W/mm2 was
scanned. The Tb31 luminescence was then monitored as
function of the probe laser energy. The spectrum recor
then is an excited state excitation spectrum which is dire
related to the excited state absorption.

Kinetic measurements were performed with the same
citation sources described above coupled through an acou
optical modulator~ Coherent 305, Stanford Research DS 3
function generator!. The luminescence was disperse
through and detected with the same system as above cou
with a multichannel scaler~Stanford Research SR 430!.

III. RESULTS

Yb31 2F5/2→2F7/2 NIR luminescence is plotted in Fig. 2
for T510 K, andñexc510590 cm21. The numbers indicate
the four electronic origins ending on the four Stark levels
1, 2, and 3, of the2F7/2 ground state. The transitions ar
located at 10121, 10016, 9972 cm21, and 9668 cm21, re-
spectively, and are depicted schematically. The2F5/2(0)
→2F7/2(0) origin at 10121 cm21 suffers in intensity from
reabsorption. This transition exhibits some vibronic sideba
structure. From the origin energies we determine the cry
field levels of the ground state,2F7/2, found in Table I. Fig-
ure 3 displays Tb31 5D4→7FJ emission atT510 K for exci-
tation at 20486 cm21.The numbers in the plot represent tra
sitions ending on different J-multiplets. Each multiplet
further split by the action of the local crystal field, but this
not relevant for this paper and is therefore not discussed.
5D4→7F5 is the strongest transition in total emission, yiel
ing a green color seen by eye.

FIG. 2. Yb31 luminescence at 10 K with an excitation energy
10590 cm21. The transitions ending on different Stark levels of t
2F7/2 ground state are noted and assigned in the inset.

TABLE I. Relevant energy levels of Yb31 and Tb31 and their
energies in wave numbers.

Yb31 Tb31

2F7/2
2F5/2

5D4

~0! 0 ~0! 10121 ~0! 20465 ~5! 20539
~1! 105 ~1! 10148 ~1! 20473 ~6! 20555
~2! 149 ~2! 10590 ~2! 20485 ~7! 20579
~3! 454 ~3! 20508 ~8! 20600

~4! 20519
1-2
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COOPERATIVE Yb31-Tb31 DIMER EXCITATIONS AND . . . PHYSICAL REVIEW B67, 134111 ~2003!
Figure 4 plots 10-K Yb31 and Tb31 luminescence inten
sity on a log scale vs the time after a square wave excitat
The solid data represent the NIR luminescence decay
Yb31, 9972 cm21, and Tb31, 18193 cm21, for excitation of
10590 and 20486 cm21, respectively. The dashed data re
resent the Tb31 UC luminescence decay after 10357 cm21

excitation. All three curves are single exponential and
decay rate constants are given in Table II. At 10 K the li
time of the Yb31 2F5/2(0) level and the Tb31 5D4(0) level
are 475 and 916ms, respectively.

Visible luminescence spectra under NIR excitation
plotted in Fig. 5, for~a! 300 K, ~b! 100 K, and~c! 10 K. The
excitation energy for all three plots was resonant with
temperature dependent2F7/2(0)→2F5/2(2) transition of
Yb31: ~a! 10607 cm21, ~b! 10596 cm21, and ~c! 10590
cm21. All spectra were corrected only for the response of
detection system. The dominant emission in~a! is clearly
Tb31 emission. Note that the resolution in this plot is wor
than in Fig. 3, resulting in different relative peak heights.
lower temperatures the Tb31 emission is still present bu
much weaker, and at 10 K Yb31-Yb31 pair luminescence
dominates. The inset plots the luminescence ratio of V
photons divided by NIR photons on a log scale as a func
of temperature. The down triangles and squares are for
Yb31-Yb31 pair luminescence and VIS Tb31 UC lumines-
cence under NIR2F7/2(0)→2F5/2(2) excitation, respectively

FIG. 3. Tb31 luminescence at 10 K under Ar1 excitation, 20486
cm21. The transitions ending on differentJ multiplets of the7FJ

manifold are labeled.

FIG. 4. Log plots of Yb31 ~detected at 9972 cm21) and Tb31

~detected at 18193 cm21) emission intensities at 10 K after squa
wave excitation with energies of 10590 and 20486 cm21, respec-
tively, ~solid data!. The dashed data represent 10-K Tb31 UC lumi-
nescence intensity~detected at 18193 cm21) after square wave ex
citation with an energy of 10357 cm21 at 10 K.
13411
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The VIS/NIR photon ratio of the Tb31 UC luminescence has
a strong temperature dependence and increases by thre
ders of magnitude from 10 to 100 K. The VIS/NIR photo
ratio increases by four orders of magnitude when exciting
10364 cm21. At 10 K in Fig. 5 the Tb31 VIS/NIR ratio is
2(10)25, represented by the up triangle, forñexc
510364 cm21. This will be discussed in more detail in Se
IV C.

The 100-K excitation spectrum in the NIR for Tb31 UC
luminescence~detected at 18193 cm21, solid! and the square
of the 100-K Yb31 NIR luminescence excitation spectru
~detected at 9972 cm21, dashed! are plotted in Fig. 6. The
inset plots the same curves expanded by a factor of 6 f
10000 to 10560 cm21. The transitions to different2F5/2 ~i!
crystal field levels are labeled as in Fig. 7. Three hot ban
a, b, and c, are observed and will be discussed in S
IV B 1.

FIG. 5. UC emission spectra at three different temperatures~a!
300 K, ~b! 100 K, and~c! 10 K. The excitation energy for each plo
was equal to the temperature dependent Yb31 2F7/2(0)→2F5/2(2)
transition:~a! 10590 cm21, ~b! 10596 cm21, and~c! 10607 cm21.
All spectra were corrected for the response of the system only.
inset plots the VIS/NIR photon ratio, described in the text, on a
scale vs temperature, for Yb31-Yb31 pair luminescence~down-
triangle!, and Tb31 UC luminescence~square!. The up-triangle de-
notes the VIS/NIR photon ratio at 10 K for an excitation reson
with an ESA transition, 10364 cm21.

TABLE II. Lifetimes and decay rate constants for Yb31 and
Tb31 luminescence at 10 K. The values are taken from fitting
data in Fig. 4 to single exponentials.

Transition t(ms) k(s21) Excitation energy (cm21)

Tb31(5D4→7FJ) 916 1092 20486
Tb31(5D4→7FJ) 971 1030 10357
Yb31(2F5/2→2F7/2) 475 2104 10590
1-3
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G. M. SALLEY, R. VALIENTE, AND H. U. GÜDEL PHYSICAL REVIEW B 67, 134111 ~2003!
10-K NIR excitation spectra of Tb31 UC luminescence,
detected at 18193 cm21, and NIR Yb31 luminescence, de
tected at 9972 cm21, are plotted in Figs. 7~a! and 7~b!, re-
spectively. In~b! transitions to the crystal field levels of th

FIG. 6. Excitation spectra in the NIR of Tb31 UC luminescence
~detected at 18193 cm21, solid! and Yb31 luminescence~detected
at 9972 cm21, dashed! at 100 K. The inset plots the same curv
from 10000 to 10560 cm21 expanded by a factor of 6. Transition
to the 2F5/2 ~i! levels of Yb31 are labeled. The three peaks a, b, a
c, are discussed in Secs. IV B 1 and Sec. IV C.
13411
2F5/2 Yb31 multiplet are marked with numbers, and the e
ergetic values can be found in Table I. An asterisk marks
Yb31 2F7/2(0)→2F5/2(2) transition found in the Tb31 UC
luminescence excitation spectrum, while the other two Yb31

transitions are clearly absent in~a!. Many other lines are

FIG. 7. ~a! Excitation spectrum in the NIR of Tb31 UC lumi-
nescence at 10 K.~b! Yb31 luminescence excitation spectrum at 1
K. The detection energies were 18193 and 9972 cm21, respectively.
Transitions to the2F5/2 ~i! levels of Yb31 are labeled in~b!. The
asterisk denotes the transition ending on the2F5/2(2) level seen in
both spectra. The insets show the relevant levels and transition
Yb31-Tb31 dimer notation.
ns the
m

FIG. 8. ~a! ESA spectrum at 10 K monitoring luminescence at 18193 cm21. The pump laser was set to 10121 cm21 with a power of 60
W/mm2, while the probe laser was scanned through the appropriate energy region with a power of 0.25 W/mm2. The lower traces show the
u2F7/2(0),7F6(0)&→u2F7/2(0),5D4( j )& absorption spectrum at 10 K, shifted in energy by -10121 cm21 ~b!, ~-101211 105! cm21 ~c!, ~-10121
1 149! cm21 ~d!, and~-101211 454! cm21 ~e!. The diagram on the right demonstrates the principle of the measurement and assig
various parts of the ESA spectrum to Yb31-Tb31 dimer ESA transitions. Each of arrows~b!–~e! corresponds to an absorption spectru
shown on the left. Note that the crystal field levels of the Yb31 ion are distinguished while only the spin-orbit labels of the Tb31 are
included.
1-4
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COOPERATIVE Yb31-Tb31 DIMER EXCITATIONS AND . . . PHYSICAL REVIEW B67, 134111 ~2003!
observed in spectrum~a! in the region from 10300 to 1090
cm21, and will be discussed in Sec. IV C.

The results of two color excitation experiments atT
510 K, described in Sec. II B, are shown in Fig. 8~a!. The
Tb31 UC luminescence intensity is plotted in Fig. 8~a! as a
function of the probe laser energy, 0.25 W/mm2, with the
pump laser, 60 W/mm2, fixed at the GSA energy of 1012
cm21. A multitude of lines is found between 10300 an
10900 cm21. Plotted in trace~b! is the 10 K Tb31 7F6
→5D4 absorption spectrum, shifted down in energy by
amount equal to that of the Yb31 2F5/2(0) level: 10121
cm21. The energetic positions of the5D4 crystal field levels,
derived from the 10 K absorption spectrum, can be found
Table I. Plots~c!, ~d!, and~e! are the same as b! but displaced
higher in energy by amounts equal to the Yb31 2F7/2 ground
state crystal field levels:~c! 105 cm21, ~d! 149 cm21, and
~e! 454 cm21.

The UC luminescence at 10 K are plotted in Fig. 9 f
10364 and 10590-cm21 NIR excitations in~a! and ~b!, re-
spectively. The two spectra are clearly differrent. All tran
tions in the visible region originate from Tb31 5D4 and are
labeled with the final transition in the Tb31 7FJ manifold
except for the broad luminescence around 20000 cm21 in ~b!
which is assigned to Yb31-Yb31 cooperative luminescence
Spectrum~a! has been multiplied by 50. The laser power f
both experiments was 53 W/mm2.

The 10-K excitation spectrum of the 9972-cm21 Yb31

luminescence, similar to Fig. 7~b!, is extended to 14500
cm21 in Fig. 10. The groups of transitions are labeled
dimer notation neglecting crystal field splittings. The data
energies higher than 11500 cm21 are multiplied by 2000.

IV. ANALYSIS AND DISCUSSION

Cs3Tb2Br9 crystallizes in the space groupR3̄c. The Tb31

ions are incorporated as face-sharing dimers separate
3.89 Å ~Fig. 1!. The site symmetry for a single Tb31 is C3v .
The threefold axis of the dimer coincides with thec axis of
the crystal.29 Yb31 dopant ions replace Tb31 host ions.
Therefore, the relevant complex for this study is
Yb31-Tb31 dimer, as shown in Fig. 1. With a 1% dopa
concentration 99% of all Yb31 ions are incorporated a

FIG. 9. 10-K UC luminescence spectra with an excitation
ergy of 10364 cm21 ~a! and 10590 cm21 ~b!. In both~a! and~b! the
excitation power densities were 53 W/mm2.
13411
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Yb31-Tb31 dimers with the remaining 1% as Yb31-Yb31

dimers. We will first discuss the energy levels and spec
scopic properties of the RE ions alone~Sec. IV A!, before
discussing the dimer states, transitions, and UC mechan
in Secs. IV B and IV C.

A. Single ion levels

The trigonal crystal field~CF! splits all degeneracies ex
cept for Kramers. Since the Tb31 has eight electrons in the
4f shell, there are no Kramers doublets, and therefore
observe the maximum number of CF levels in each spin-o
manifold.30 The nine CF levels of the Tb31 5D4 excited
state, derived from high-resolution absorption spectra,
listed in Table I. Transitions from the lowest CF level of th
7F6 ground state to each of the5D4 levels are observed in
the 10-K absorption spectrum presented in Fig. 8~b!. Note
that this absorption spectrum has been shifted by 10
cm21 for later discussions in Sec. IV C. Also present in th
spectrum are hot bands due to transitions from ground s
CF levels which are 12 and 21 cm21 above the ground level
The energetic position of the5D4 levels is important for later
discussions concerning upconversion and dimer transitio
Sec. IV C.

Tb31 5D4→7FJ luminescence spectrum is presented
Fig. 3 under 20486-cm21 excitation at 10 K. Each group o
lines has at least 2J11 peaks contained in them with som
having more due to relatively strong vibronic sidebands, e
5D4→7F5. The electronic transitions are typically shar
app. 1 cm21 full width at half maximum~FWHM!, with the
vibronic side band transitions being broader. The identifi
tion of transitions corresponding to only one Tb31 species
and the single exponential nature of the Tb31 luminescence
decay means there is only one Tb31 site.

Yb31 has 13 electrons, and therefore every level is
Kramers doublet, with four in the2F7/2 ground state and
three in the2F5/2 excited state. The luminescence spectru
in Fig. 2 allows the assignment of the energetic position
the four CF levels, labeled 0, 1, 2, and 3, of2F7/2 given in
Table I.

- FIG. 10. Excitation spectrum of u2F5/2(0),7F6(0)&
→u2F7/2(2),7F6(0)& luminescence monitored at 9972 cm21 at 10
K. Assignments for transitions are made in the Yb31-Tb31 dimer
notation. The bands higher in energy than 11500 cm21 are ex-
panded by a factor of 2000.
1-5
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FIG. 11. Energy level diagram of relevant levels of Yb31 ~left!, Tb31 ~right! and the Yb31-Tb31 dimer ~middle!. For simplicity the
crystal field splittings are neglected. The dashed lines demonstrate where the different components of the dimer levels come
arrows represent the transitions discussed in the text.
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The energies of the three2F5/2 crystal field levels, 0, 1,
and 2~Table I! are determined from Fig. 7~b!. The energies
of the Yb31 levels in Cs3Tb2Br9, both in 2F7/2 and 2F5/2, are
similar to those of Cs3Yb2Br9.31 As in the case for Tb31, the
luminescence and excitation lines of Yb31 have a FWHM of
approximately 1 cm21. We observe only one site for Yb31 in
this host as expected. The additional broader lines, bot
the luminescence~Fig. 2! and excitation spectra@Fig. 7~b!#,
are vibronic side bands on the (0)→(0) transition. Some of
the sharp lines present in the excitation spectrum of F
7~b!, which are not resonant with Yb31 single ion transi-
tions, will be discussed later in Sec. IV C.

B. Upconversion

Excitation at 10590 cm21 leads to visible by eye gree
Tb31 UC luminescence at all temperatures from 100 to 3
K ~Fig. 5!. This is remarkable since Tb31 has no energy
levels in this region to absorb this radiation. Yb31 does have
energy levels in this region, but has no straightforwa
means of transferring this energy. This is obvious from loo
ing at the single ion levels of Tb31 and Yb31 ~Fig. 11!.
Many papers in the past have reported on this phenome
in a variety of host.15–19,14,20,21Most researchers attribute
this luminescence to a cooperative sensitization mechan
whereby two excited Yb31 ions simultaneously transfer the
energy to one Tb31 ion.

We recently studied this process in SrCl2:Yb,Tb, and
found that phonon assisted cooperative sensitization is
dominant UC mechanism in this host.22,23The integrated UC
luminescence was found to increase by more than three
ders of magnitude between 10 and 300 K in SrCl2:Yb,Tb.
Below 100 K for all NIR excitation energies Yb31-Yb31
13411
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pair luminescence and luminescence from Er impurit
dominated the spectra. Most previous studies were don
room temperature, and therefore did not observe the dram
quenching of Tb31 UC luminescence at temperatures belo
100 K. Cs3Tb2Br9:Yb is special in that it exhibits clean
Tb31 UC luminescence at temperatures down to 10 K~Fig.
5!, and with certain excitation energies this emission
clearly the dominant emission~Fig. 9!. For excitation around
10590 cm21 into a 2F7/2→2F5/2 GSA of Yb31 the behavior
in the title compound is very comparable to SrCl2:Yb,Tb
with a similar mechanism at work.

1. Upconversion at high temperatures

As the temperature of Cs3Tb2Br9 :Yb31 is raised from 10
to 300 K the integrated Tb31 UC luminescence intensity
increases dramatically, see Fig. 5. The VIS/NIR photon ra
increases from 3.6(10)29 at 10 K to 9(10)26 at 300 K with
Yb31 2F7/2(0)→2F5/2(2) excitation at 10590 cm21. In
SrCl2:Yb,Tb we found an increase by more than three ord
of magnitude in the same temperature range for the s
type of excitation.22,23

One of the standard experimental techniques for de
mining an UC mechanism is excitation spectroscopy.3 A
GSA/ESA mechanism will show peaks in an UC excitati
experiment associated with a single GSA step and a sin
ESA step while a GSA/ETU mechanism will simply follow
the square of the GSA for the two photon process we
considering.4 Figure 6 displays the VIS Tb31 UC lumines-
cence excitation and the square of the NIR Yb31 lumines-
cence excitation spectrum at 100 K. The two spectra are v
similar, and only in the inset can subtle differences betwe
the two be observed. Based on the temperature depend
1-6
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COOPERATIVE Yb31-Tb31 DIMER EXCITATIONS AND . . . PHYSICAL REVIEW B67, 134111 ~2003!
and the similarity of the excitation spectra in Fig. 6, w
conclude that at 100 K the dominant UC process is a G
ETU mechanism involving two ground state absorpti
steps. We assign the dominant UC mechanism at temp
tures above 50 K to the phonon-assisted cooperative sen
zation mechanism as in SrCl2:Tb,Yb.22,23 There is a 223-
cm21 energy gap between two times the metastable Yb31

2F5/2(0) crystal field level and the lowest Tb31 5D4(0) crys-
tal field level, which is bridged by phonons. We also no
from Fig. 5 that with increasing temperature the Yb31-Yb31

cooperative luminescence decreases, suggesting a loss o
intensity to the Tb31 UC luminescence.

The two very weak peaksa andb observed in the 100-K
excitation spectra of Fig. 6 are transitions originating fro
thermally populated CF levels of the Yb31 ground state,
Sec. IV C. Peaksa and b are 108 and 154 cm21 lower
in energy than the peak at 10590 cm21, and correspond
to transitions from Yb31 2F7/2(1) and 2F7/2(2) CF levels
to Yb31 2F5/2(2). Peak c will be discussed later i
Sec. IV C.

2. Upconversion at 10 K

The dominant broad UC emission band around 200
cm21 at 10 K in Fig. 5~b! is assigned to cooperativ
Yb31-Yb31 pair luminescence.32 Tb31 luminescence is app
100 times weaker than the Yb31-Yb31 cooperative lumines-
cence for excitation at 10590 cm21 at 10 K. However, at the
same temperature but for 10369 cm21 excitation@Fig. 9~a!#,
the Yb31-Yb31 cooperative luminescence is suppressed
the Tb31 UC luminescence dominates the VIS spectru
This will be discussed in more detail in Sec. IV C. The 10
Tb31 5D4 lifetime is very similar for direct and UC excita
tion, see Fig. 4 and Table II. While direct excitation into t
5D4 level excites all Tb31 ions, UC excitation excites pref
erentially those Tb31 ions incorporated as an Yb31-Tb31

pair. Since there is no difference in the luminescence spe
or lifetime of the two separate species, this shows that
Tb31 ions which are located next to the Yb31 ions have very
small differences in the local crystal field compared w
those located next to another Tb31 ion.33 This is in contrast
to other lattices for which it was found that the5D4 level of
the upconversion active subset of Tb31 ions had a shorte
lifetime than the bulk ions.23,16,17,34

The 10 K UC luminescence excitation spectrum in F
7~a! clearly shows that this spectrum is not the square of
GSA spectrum@Fig. 7~b!#. The only common electronic ori
gin seen in these plots corresponds to the2F7/2(0)
→2F5/2(2) transition located at 10590 cm21. The two re-
markable features of the 10 K UC luminescence excitat
spectrum in Fig. 7~a! are the following: ~i! the 2F7/2(0)
→2F5/2(0) and 2F7/2(0)→2F5/2(1) GSA transitions of Yb31

are completely absent; and~ii ! numerous additional peak
not present in the GSA spectrum of Fig. 7~b! are found from
10300 to 10900 cm21. These additional peaks are due to
ESA, and will be discussed in Sec. IV C.

From simple energy conservation, the lowest level
Tb31 5D4, 20465 cm21 ~Table I!, cannot be reached at 10
by two photons with energies of 10121 and 10148 cm21,
13411
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corresponding to the2F5/2(0) and ~1! levels of Yb31, re-
spectively. However, two photons resonant with the Yb31

2F7/2(0)→2F5/2(2) transition at 10590 cm21 have enough
energy to reach the lowest Tb31 5D4 level.

C. GSAÕESA mechanism in the Yb3¿-Tb3¿ dimer

Recent publications from this group presented upconv
sion of NIR radiation resonant with Yb31 GSA transitions
to VIS luminescence of Mn21 in a variety of ternary
Mn21 halide lattices.6,7,11,8–10In some systems short puls
excitation into the Yb31 absorption region led to an imme
diate decay of the Mn21 UC luminescence intensity, indicat
ing a GSA/ESA sequence. Additionally, two color expe
ments were performed which directly revealed the E
transition. These results were explained by considering
exchange interaction between Yb31 and Mn21 ions which
provides intensity to the ESA step via the Tana
mechanism.35

An exchange induced mechanism has also been sugge
to account for the unusual2E→4A2 emission in Cr31 doped
EuAlO3.36,37 In addition to the normalR-line emission there
are lines in the NIR. The energy difference between th
and theR lines correspond to the energy differences betwe
the Eu31 7F0 ground state multiplet and the7FJ(J51 –6)
excited state multiplets. The process was found to be v
efficient, and some of the lines are more intense than thR
lines. A mechanism based on multipole-multipole intera
tions was therefore ruled out.

To establish the UC mechanism in this host at 10 K
consider the following facts. From Sec. IV B any mechani
involving a GSA step followed by an ETU step is eliminate
leaving only a GSA/ESA mechanism as a possibility. Clea
this must be a cooperative process between the Yb31 and
Tb31 ions. An exchange interaction for rare-earth ions in t
lattice is well established.24,25 The effectiveness of an ex
change interaction in mixed GSA/ESA driven UC syste
has also been established.6–11 Therefore, based on the prev
ous facts, we propose that the observed upconversion to
Tb31 5D4 state at 10 K is based on an exchange mechan
similar to the examples given above, within the YbTbBr9

32

dimer.
Since we are dealing with an undiluted Tb compoun

99% of all Yb31 ions are present in these units. The Ham
tonian for the Yb31-Tb31 dimer is then written

H̃Yb,Tb5H̃Yb1H̃Tb1H̃ex~Yb,Tb!, ~1!

The first two terms are the single ion Hamiltonians. The l
term stands for the exchange interactions. Without this te
the wave functions are simply those corresponding to
single ion Hamiltonians, e.g., Yb31 2F7/2(0) and
Tb31 7F6(0) for the ground levels of each of the two ion
However, these are no longer proper eigenstates w
H̃ex(Yb,Tb) is nonzero. The proper dimer states carry
double label,uYb31 2F7/2(0),Tb31 7F6(0)& e.g., for the low-
est level of the dimer ground state. The diagrams in Figs
8, and 11 use this notation, often without specifying the
level.
1-7
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For one-color excitation the minimum energy required
a sequence of GSA and ESA steps is 10344 cm21, i.e., the
energy difference between u2F7/2(0),5D4(0)& and
u2F5/2(0),7F6(0)&. This is exactly the energy at which the 1
K one-color UC excitation spectrum in Fig. 7~a! begins. In
fact the first set of peaks in Fig. 7~a! are exactly coincident in
energy with theu2F7/2(0),5D4( j )& energy levels when shifted
down by an amount equal to theu2F5/2(0),7F6(0)& energy of
10121 cm21, i.e., they correspond to ESA transitions with
the dimer.

A two-color excitation experiment provided the key
understanding the UC mechanism at 10 K in the title syst
The detailed description of the experiment is in Sec. II
The UC luminescence intensity at 10 K, as a function
probe beam energy for a fixed GSA pump beam energy
10121 cm21, is given in Fig. 8~a!. Many of the lines which
were observed in the one-color excitation spectrum@Fig.
7~a!# are also observed in this two-color excitation spectru
However, the most prominent peak in Fig. 7~a!, correspond-
ing to theu2F7/2(0),7F6(0)&→u2F5/2(2),7F6(0)& transition, is
absent in Fig. 8~a!. This is because the probe beam in t
two-color experiment scans the ESA transitions from
metastableu2F5/2(0),7F6(0)& dimer level to the multitude of
u2F7/2( i ),

5D4( j )& dimer levels, wherei 50→3 and j 50
→8, and therefore does not involve theu2F7/2(0),7F6(0)&
→u2F5/2(2),7F6(0)& transition. This is represented schema
cally in Fig. 8. There are 439536 possible electronic dime
transitions. For simplicity, in the diagram on the right, w
neglect the CF splitting of Tb31 5D4 but consider the four
CF levels of Yb31 2F7/2. Each of the ESA arrows in Fig. 8
then represents nine transitions from theu2F5/2(0),7F6(0)&
level to the CF levels ofu2F7/2( i ),

5D4( j )&, where i5 0, 1, 2,
3 corresponds to the arrows~b!, ~c!, ~d!, and~e!, respectively.

To help explain this graphically we have plotted the GS
spectrum of theu2F7/2(0),7F6(0)&→u2F7/2(0),5D4( j )& transi-
tions in Figs. 8~b!–8~e!. Each has been shifted down by th
energy difference between u2F5/2(0),7F6(0)& and
u2F7/2( i ),

7F6(0)& levels. Figures 8~b!–8~e! are then the puta
tive dimer ESA spectra broken into four groups, correspo
ing to i 50→3, respectively. There is an exact match
energy for each of the lines in Fig. 8~a! with the lines in Figs.
8~b!–8~e!. This remarkable result allows the unambiguo
assignment of the spectrum in Fig. 8~a! to
u2F5/2(0),7F6(0)&→u2F7/2( i ),

5D4( j )& dimer ESA transitions.
The intensity ratios are of course different, because F
8~b!–8~e! correspond to transitions originating from a diffe
ent level, u2F7/2(0),7F6(0)&, than Fig. 8~a!,
u2F5/2(0),7F6(0)&.

The energy level diagram in Fig. 11 shows that, negle
ing CF splitting, there are six dimer states higher in ene
than u2F5/2,7F6& but lower thanu2F7/2,5D4&. Figure 10 dis-
plays a 10-K Yb31 luminescence excitation spectrum tak
by scanning a Ti:Al2O3 laser from 10000 to 14500 cm21,
and monitoring u2F5/2(0),7F6(0)&→u2F7/2(2),7F6(0)&
emission at 9972 cm21. As in Fig. 7~a!, two groups of
intense peaks separated by 460 cm21 in the region be-
tween 10000 and 11000 cm21 are observed correspond
ing to u2F7/2(0),7F6(0)&→u2F5/2(0,1),7F6(0)& and
13411
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u2F7/2(0),7F6(0)&→u2F5/2(2),7F6(0)& transitions. These are
the transitions also observed in the absorption spectrum
Yb31 single ions in this CF environment.31 Between 12000
and 14600 cm21 much weaker peaks are observed whi
correspond to dimer transitions involving a label change
both Yb31 and Tb31; see Fig. 10. Similar cooperative ab
sorption has been observed for homogeneous dimer p
such as in PrCl3 where the cooperative action between tw
Pr31 ions was attributed to a Coulombic interaction.38 The
data in Fig. 10 are grouped and labeled according to tra
tions ending on different spin-orbit levels of Tb31 7FJ. No-
tice that within each group we observe the same separa
of 460 cm21 into two subgroups as between 10000 a
11000 for the strong peaks. The many peaks within
groups correspond to the crystal field split leve
u2F5/2( i ),

7F6→3( j )&.
Evidence of dimer transitions is also found in the regi

between 10000 and 11000 cm21 where extra peaks are foun
which are assigned to dimer transitions such
u2F7/2(0),7F6(0)&→u2F5/2(1),7F6( j )&, where j Þ0. Other
evidence is found in Fig. 6, where peakc cannot be associ
ated with only an Yb31 ion. This line is assigned to a ho
absorption transition,u2F7/2(0),7F6(1)&→u2F5/2(2),7F6(0)&.

Excitation into the u2F5/2( i ),
7F5→3( j )& dimer states

between 12000 and 14500 cm21, ~Fig. 10! at 10 K does
not lead to any detectable UC luminescence. This
explained by the absence of any excited states betw
10121 1 ~12000–14500! >22121–24621 cm21. The next
higher state,u2F7/2(0),5D3(0)&, is expected above 2600
cm21.

It is also interesting that no u2F5/2(0),7F5(0)&
→u2F7/2( i ),

7F6( j )& luminescence was observed upon 10
u2F7/2(0),7F6(0)&→u2F5/2(i),

7F5(j) & excitation at 12332
cm21. There are two explanations for the lack of this lum
nescence. First, the energy gap betweenu2F5/2,7F5& and
u2F5/2,7F6& ~see Fig. 11! corresponds to 6.3 highest energ
phonons. Usually in lanthanides this is large enough for
diative f -f transitions to successsfully compete against n
radiative multiphonon relaxation.39 But in our case the radia
tive u2F5/2(0),7F5(0)&→u2F7/2( i ),

7F6( j )& transition involves
a change of both dimer labels. As seen in Fig. 10 these h
typically four orders of magnitude weaker oscillat
strengths and therefore the nonradiative relaxation do
nates. Second, the dimer can undergo the radia
u2F5/2(0),7F5(0)&→u2F7/2(i),

7F5(0)& transition followed by
a multiphonon or radiative relaxation to the ground state.
both cases the only observable luminescence occurs v
label change of only the Yb31 ion.

V. CONCLUSIONS

Visible by eye green Tb31 UC luminescence is reporte
for the title compound down to 10 K. Conclusive data a
presented which demonstrate a cooperative GSA/E
mechanism responsible for this UC luminescence at 10
We explain this result in terms of an Yb31-Tb31 dimer
coupled by an exchange interaction. Transitions involvin
change on both ions of the dimer typically have four ord
of magnitude smaller oscillator strengths than transitions
1-8
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volving only one label change. The latter are essentia
single-ion transitions.

The cooperative GSA/ESA mechanism for upconvers
within an exchange coupled system has only recently b
discovered. The system presented in this paper cle
demonstrates this mechanism for a RE-RE pair of uneq
ions. Other papers have looked at Yb31-Mn21

and Yb31-Cr31 systems, some of which are very efficien
In the present Yb-Tb dimer this mechanism can clea
be observed and characterized only at low temperatures
.
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100 K and above the cooperative sensitization mechan
which is typically 103 times more efficient, dominates th
UC behavior.
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