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Upconversion luminescence in Yb 3¿ doped CsMnCl 3 : Spectroscopy,
dynamics, and mechanisms

Rafael Valiente,a) Oliver S. Wenger, and Hans U. Güdelb)

Departement fu¨r Chemie und Biochemie, Universita¨t Bern, Freiestrasse 3, CH-3000 Bern 9, Switzerland

~Received 5 November 2001; accepted 5 December 2001!

Single crystals of CsMnCl3 doped with 0.9% Yb31 were grown from the melt by the Bridgman
technique and studied by means of variable temperature optical spectroscopy. At cryogenic
temperatures, near-infrared Yb31-excitation around 1mm leads to intense Mn21 upconversion
luminescence in the red spectral region. This very efficient upconversion process is possible because
of magnetic Yb31 – Mn21 exchange interactions, and a new type of upconversion mechanism is
found to be active in this system. The upconversion properties of Yb31:CsMnCl3 are compared to
those of Yb31:RbMnCl3 and Yb31:CsMnBr3 . The upconversion efficiencies at cryogenic
temperatures differ by many orders of magnitude. The bridging geometry between Yb31 and Mn21

is found to be a key factor for the efficiency of the process. The highest efficiency is observed for
the title compound, and this is correlated with the most likely linear Yb31 – Cl2 – Mn21 arrangement
in this crystal. At 15 K the dominant upconversion mechanism in the title compound involves an
energy transfer step. By increasing the temperature to 100 K a new and very efficient mechanism
involving a sequence of ground state and excited state absorption steps becomes dominant. ©2002
American Institute of Physics.@DOI: 10.1063/1.1446430#
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I. INTRODUCTION

Photon upconversion processes are used to convert
wavelength radiation into shorter wavelength light.1,2 Upcon-
version is different from second harmonic generation in t
it requires at least two metastable excited states with a fi
lifetime.3 Systems which fulfill that criterion are most com
monly found among thef -elements.4–7 It is thus not a sur-
prise that over the past three decades upconversion res
has largely focused on lanthanides and actinides. Only r
tively recently it has been recognized that, in appropri
chemical and structural coordination, certain selec
d-metal ions are capable to exhibit interesting upconvers
phenomena.8 In our search for new upconversion materia
and processes this has prompted us to combine rare
~RE! and transition metal~TM! ions in the same host lattice

Thus we have doped Yb31 into several Mn21 hosts. We
have recently published the results of our upconversion s
ies on Yb31:RbMnCl3 and Yb31:CsMnBr3 .9–11 In these
systems near-infrared~NIR! excitation of the Yb31 ions
leads to more or less intense visible~VIS! Mn21 lumines-
cence, and this has been interpreted as a result of exch
interactions between the Yb31 and Mn21 ions. Thus
exchange-coupled RE-TM pairs are the chromophoric u
in these systems, and this has no precedent in the fiel
upconversion. The relative upconversion efficiencies
Yb31:RbMnCl3 and Yb31:CsMnBr3 are very different, and
this has been tentatively related to the different Yb31 – Mn21

bridging geometries in these two systems. However, wh
type of bridging arrangement is most effective f
Yb31 – Mn21 exchange and thus upconversion, is a ques
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that has not yet been answered unambiguously. With
present study on the structurally different Yb31:CsMnCl3 we
want to shine more light on this issue. More generally,
are interested in the effects of structural and chemical va
tion on upconversion properties. Previous studies on upc
version materials involving TM ions have demonstrated t
small chemical changes can alter their upconversion pro
ties significantly.12–15 Thus, in Yb31:CsMnCl3 , we expect
significant differences in upconversion behavior to the pre
ously investigated Yb31:RbMnCl3 and Yb31:CsMnBr3 sys-
tems.

II. EXPERIMENT

A. Crystal growth

Single crystals of Yb31 doped CsMnCl3 were grown
from the melt by the Bridgman technique using stoich
metric amounts of CsCl and MnCl2 , as well as a nomina
YbCl3 amount close to 2.5% of the present Mn21 ions. Crys-
tals of millimeter dimensions were obtained with good op
cal quality. The actual ytterbium dopant concentration in
crystals was determined by inductively coupled plasma~ICP!
measurements to be 0.9%. The crystals were selected
oriented with a polarizing microscope identifying thec-axis
by the conoscopic image. They were cut along a plane c
taining thec-axis using a diamond saw and polished for t
optical spectroscopic measurements. Due to the hygrosc
nature of the starting materials and the crystals, all the h
dling was carried out under N2 or He inert atmosphere.

B. Spectroscopic measurements

Polarized absorption spectra were measured on a C
5e~Varian! spectrometer withE'c(s) andEic(p), wherec
6 © 2002 American Institute of Physics
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is the hexagonal optical axis of the CsMnCl3 crystals. Yb31

2F5/2 excitation occurred with an Ar1 laser~Spectra Physics
2060-10 SA! pumped tunable Ti31:sapphire laser~Spectra
Physics 3900 S!. The luminescence was dispersed by a 0
m double monochromator~Spex 1402! using 500 nm blazed
1200 grooves/mm gratings and detected by a cooled ph
multiplier ~RCA C31034 or Hamamatsu 3310-01! and a pho-
ton counting system~Stanford Research SR400!. Direct
Mn21 excitation occurred with the 514.5 nm line of the Ar1

laser.
For excitation spectroscopy the Ti31:sapphire laser

wavelength was scanned using an inchworm~Burleigh
PZ501! controlled birefringent filter, and the wavelength w
monitored with a wavemeter~Burleigh WA2100!. For the
two-color experiments, two Ti31:sapphire lasers were used

Power dependent measurements were performed u
neutral density filters~Baltzers! to attenuate the laser excita
tion power. The laser power was measured with a po
meter ~Coherent Labmaster-E!. The Ti31:sapphire laser
beam with a diameter of 1 mm was focused onto the cry
with a 80 mm focal length lens. Thus, excitation densities
up to 3.2 kW/cm2 were obtained.45

For time resolved experiments 10 ns pulses of the s
ond harmonic of a Nd31:YAG ~Quanta Ray DCR-3! pumped
dye laser~Lambda Physik FL3002; pyridine 1 in methano!
were Raman shifted~Quanta Ray, RS-1, H2 , 340 psi!. The
sample luminescence was dispersed by a 0.75 m si
monochromator~Spex 1702! equipped with a 750 nm blaze
600 grooves/mm grating and detected with a photomultip
~see above!. Decay curves were recorded using a multicha
nel scaler~Stanford Research 430!.

Sample cooling was achieved using a closed-cycle
cryostat~Air Products Displex! for absorption measuremen
and with a He gas flow technique for emission experime

III. RESULTS

In Fig. 1 the 12 K axial survey absorption spectrum o
0.9% Yb31 doped CsMnCl3 crystal is shown. The Mn21

absorptions between 17 000 and 34 000 are due tod–d tran-
sitions, and they are assigned according to thed5 Tanabe-
Sugano energy level diagram.16 Below 17 000 cm21 Mn21 is

FIG. 1. Overview axial absorption spectrum of a 0.9% Yb31:CsMnCl3
single crystal at 12 K.
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spectroscopically innocent. The sharp and relatively we
features between 10 200 and 10 700 cm21 are due to Yb31

2F7/2→2F5/2 transitions, and they are shown on an enlarg
scale in the inset of Fig. 1. The broad absorption band
about 25 100 cm21 is assigned to anf –d transition of a
Yb21 impurity.17,18

Figure 2~a! shows a high resolution Yb31 2F7/2→2F5/2

absorption spectrum~s-polarized! of 0.9% Yb31:CsMnCl3
at 12 K. The three peaks at 10 200, 10 245, and 10 685 cm21

are assigned to electronic transitions to the three Stark c
ponents 08, 18, 28 of 2F5/2, as illustrated in the scheme o
Fig. 2~d!. As a consequence of the internal magnetic field
the CsMnCl3 host below the magnetic ordering temperatu
TN567 K,19 the bands show some additional fine structu
Figure 2~b! is a 15 K excitation spectrum monitoring Yb31

2F5/2(08)→2F7/2 ~2! luminescence at 10 020 cm21. This
spectrum is essentially identical with Fig. 2~a!, however, the
higher signal to noise ratio in the excitation spectrum allo
us to observe some vibrational side bands. As emphasize
the brackets, they appear 103, 135, 235, and 275 cm21 to
higher energies than their associated electronic origins.
ure 2~c! is a 15 K upconversion excitation spectrum of 0.9
Yb31:CsMnCl3 monitoring Mn21 4T1→6A1 luminescence
at 14 925 cm21. This spectrum shows peaks at the same
ergies as Figs. 2~a! and 2~b!, but with different relative in-
tensities.

In Fig. 3 the 10 K Yb31 2F5/2→2F7/2 luminescence
spectrum obtained after excitation of Yb31:CsMnCl3 into
the most intense absorption line at 10 685 cm21 is presented.
The assignment of the individual luminescence bands
made according to that given in Ref. 20 for Yb31:CsCdBr3 ,
whose Yb31 2F7/2↔2F5/2 absorption and luminescenc
spectra are very similar to those of Yb31:CsMnCl3 . We ex-
tract the2F7/2 and2F5/2 crystal field splittings given in Table

FIG. 2. ~a! s-polarized optical absorption spectrum of 0.9% Yb31:CsMnCl3
at 12 K. ~b! 15 K s excitation spectrum monitoring Yb31 2F5/2(08)
→2F7/2 ~2! luminescence at 10 020 cm21. ~c! 15 K s excitation spectrum
monitoring Mn21 4T1→6A1 upconversion luminescence at 14 925 cm21.
Both excitation spectra are corrected for the wavelength dependence o
laser power.~d! Schematicf – f energy level diagram for Yb31 in the C3v
site symmetry.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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I from Figs. 2 and 3. As illustrated by the brackets, ana
gous vibrational side band features as in Fig. 2~b! are ob-
served in emission. As in other Yb31 systems the 0↔08
transition carries most of the side band intensity.

Figure 4 shows the 10 K Mn21 4T1→6A1 upconversion
luminescence spectrum obtained after Yb31 excitation at
10 685 cm21 ~full line!. The dashed line is the 10 K Mn21

4T1→6A1 luminescence spectrum obtained after dir
Mn21 excitation at 19 436 cm21. It is essentially identical
with the upconversion luminescence spectrum except fo
small blueshift by about 60 cm21.

Figure 5~a! shows the temporal evolution of the 15
Mn21 4T1→6A1 luminescence after excitation pulses of
ns duration at 18 797 cm21, i.e., after direct Mn21 excitation
~faint line!, and at 10 685 cm21, i.e., after Yb31 excitation
~strong line!. The inset shows the same upconversion tr
sient on a extended time scale. After 10 685 cm21 excitation
most of the Mn21 4T1 population builds up slowly and
reaches a maximum about 220ms after the laser pulse. A
this temperature only about 15% of the Mn21 4T1 population
occurs within the laser pulse. Figure 5~b! shows the same
data on a semilogarithmic scale. This representation il
trates that the decay time of the Mn21 luminescence is es
sentially identical after direct Mn21 and after Yb31 excita-
tion.

FIG. 3. 10 K unpolarized Yb31 2F5/2→2F7/2 luminescence spectrum o
0.9% Yb31:CsMnCl3 excited at 10 685 cm21. The inset shows a Yb3 en-
ergy level scheme and indicates the observed 15 K luminescence transi

TABLE I. Energies of the crystal field levels of Yb31 in CsMnCl3 derived
from absorption, excitation, and emission spectroscopy at 15 K. All ener
are given in cm21 relative to the lowest energetic Stark level.

Multiplet Crystal-field level Energy (cm21)

2F7/2 0 0
1 135
2 180
3 540

2F5/2 08 10200
18 10245
28 10685
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Figures 6~a! and 6~b! show the upconversion lumines
cence transients at 15 K and 75 K, respectively. As emp
sized by the shaded areas, in this pulsed experiment at 1
about 15% of the total upconversion luminescence is du
Mn21 4T1 excitation within the laser pulse, whereas the
maining 85% are due to Mn21 4T1 population after the ex-

ns.

FIG. 4. 10 K Mn21 4T1→6A1 luminescence spectra of 0.9%
Yb31:CsMnCl3 obtained after excitation at 10 685 cm21 ~full line! and at
19 436 cm21 ~dashed line!.

FIG. 5. ~a! Temporal evolution of the 15 K Mn21 4T1→6A1 luminescence
excited at 10 685 cm21 ~strong line! and at 19 436 cm21 ~faint line! with
pulses of 10 ns width. The inset shows the first 500ms of the upconversion
transient in more detail.~b! The same transients as in~a!, but in a semiloga-
rithmic representation.

s
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citation pulse. At 75 K the respective percentages h
changed to 60% and 40%, respectively.

The spectrum in Fig. 7~a! is the result of a two-color
pump and probe experiment with 0.9% Yb31:CsMnCl3 at 15
K. The pump laser with a power of 200 mW was kept fix
at 13 700 cm21. At this energy there is neither Mn21 nor
Yb31 ground state absorption, but there is the peak of
Yb31 2F5/2→Mn21 4E,4A1 excited state absorptio
~ESA!.10 The probe laser with an excitation power below 2
mW was scanned through the Yb31 2F7/2→2F5/2 excitation
region while the Mn21 4T1→6A1 luminescence intensity a
14 925 cm21 was monitored. The spectrum obtained fro
this experiment is very similar to the 12 K Yb31 2F7/2

→2F5/2 absorption spectrum which is shown for comparis
in Fig. 7~b!. Figure 7~c! shows the spectrum obtained wi
the probe beam alone. The absence of any excitation pea
this trace proves that the probe laser excitation density
low enough to avoid upconversion by this light source alo
and we conclude that ESA contributes to the upconvers
process.

FIG. 6. Upconversion luminescence transients obtained after 10 ns p
excitation at 10 685 cm21 at ~a! 15 K and ~b! 75 K. The shaded area
indicate the GSA/ESA upconversion contributions.~c! Dots: ETU part of the
transient from~a!. Solid line: Fit with Eq.~1! to the experimental data. Th
fit parameters arek15740 s21, k25960 s21, andvETU58720 s21.
Downloaded 09 Sep 2002 to 193.144.183.170. Redistribution subject to 
e

e

in
as
,
n

Figure 8 displays the normalized integrated Mn21 4T1

→6A1 luminescence intensity of 0.9% Yb31:CsMnCl3 as a
function of temperature for direct Mn21 excitation at
19 436 cm21 ~circle markers! and Yb31 excitation at
10 685 cm21 ~cross markers!. Both data sets are correcte
for the temperature dependence of the absorption cr
section at the laser excitation wavelength. After direct Mn21

excitation the luminescence intensity increases by about 2
between 10 and 65 K. Above 70 K it steeply decreases an

ed

FIG. 7. ~a! 15 K two-color upconversion excitation spectrum monitorin
Mn21 4T1→6A1 luminescence at 14 925 cm21. Pump laser energy and
power: 13 700 cm21, 200 mW. Probe laser scanned with a power
,200mW. ~b! 12 K Yb31 2F7/2→2F5/2 absorption spectrum.~c! Spectrum
obtained under identical conditions as~a!, but without pump beam.

FIG. 8. Temperature dependence of the normalized integrated Mn21 4T1

→6A1 luminescence intensity after direct Mn21 excitation at 19 436 cm21

~circle markers! and after Yb31 excitation at 10 685 cm21 ~cross markers!.
Both data sets are normalized to one at their respective maximum valu
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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room temperature the luminescence is almost comple
quenched. After Yb31 excitation the temperature dependen
of the Mn21 upconversion luminescence intensity is ev
more pronounced: Between 40 and 90 K it increases b
factor of 5. This is followed by a similar reduction at high
temperatures as after direct Mn21 excitation.

In Fig. 9 we plot the upconversion luminescence qu
tum efficiencyhUC at 75 K as defined in Eq.~3! ~see Sec.
IV D ! as a function of the near-infrared laser excitati
power. We note that at the highest excitation power of 2
mW used in our experiments, we reach anhUC of 8%. This
means that 16 out of 100 absorbed NIR photons are use
create VIS photons in the upconversion process.

IV. DISCUSSION

A. Crystal structure of CsMnCl 3 and Yb 3¿ dopant
sites: Analysis of the Yb 3¿ 2F7Õ2^

2F5Õ2 transitions

CsMnCl3 crystallizes in the space group R3m̄.21,22 The
crystal structure is illustrated in Fig. 10. It consists of trime
of face-sharing MnCl6

42 octahedra which are linked to si
other trimers in a corner-sharing arrangement. Conseque
there are two crystallographically distinct sites for the Mn21

ions: one site withC3v and one site withD3d point symme-
try. Thus the CsMnCl3 crystal structure can be considered
an intermediate between the CsNiCl3 and the KNiF3 struc-
ture types. Numerous studies of RE31 doped crystals with
the CsNiCl3 structure have demonstrated that already
RE31 dopant concentrations as low as 0.1% more than 9
of the trivalent dopant ions cluster in RE31-vacancy-RE31

trimer units in these crystals.23–25The vacancy at the centra
M21 site ensures charge compensation. This dopant sch
can also occur in Yb31:CsMnCl3 , see the upper part of Fig
10, and we consider this the most likely way of incorporati
Yb31 into the CsMnCl3 structure. This is in contrast to th

FIG. 9. Upconversion efficiencyhUC of 0.9% Yb31:CsMnCl3 at 75 K after
10 685 cm21 excitation, as a function of the laser power. For an estimate
the highest excitation power density achieved in this experiment see
II B. For the definition ofhUC , see Eq.~3!.
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system Yb31:RbMnCl3 which has recently been studied b
us.10 The RbMnCl3 does not provide the possibility of
face-sharing Yb31-vacancy-Yb31 unit, and this will signifi-
cantly effect the upconversion behavior, as will be discus
in Sec. IV C.

The low temperature Yb31 2F7/2↔2F5/2 absorption and
emission spectra of 0.9% Yb31:CsMnCl3 in Figs. 2~a! and 3
are consistent with a Yb31-vacancy-Yb31 arrangement.
These spectra exhibit a striking similarity to the correspo
ing spectra of Yb31:CsCdBr3 ,20,28 for which the above
RE31 dopant arrangement has been confirmed by E
experiments.25 Most of the intensity in the2F7/2↔2F5/2 tran-
sitions, both in absorption~Fig. 2! and in emission~Fig. 3! is
located in the electronic origins rather than in vibration
side bands, confirming that the Yb31 ions are situated in
noncentrosymmetric sites with a large odd-parity cryst
field contribution, such as theC3v sites in Fig. 10. In this
trigonal crystal field the2F7/2 and2F5/2 states split into 4 and
3 Stark components, respectively. These crystal-field lev
are labeled in Fig. 2~d!, and their energies are summarized
Table 1. The crystal field splitting in Yb31:CsMnCl3 is
somewhat larger than in Yb31:CsCdBr3 , and this is attrib-
uted to the stronger crystal field in the chloride compared
the bromide.

Finally, the splitting of the2F7/2(0)→2F5/2(08) transi-

f
c.

FIG. 10. Relevant elements of the CsMnCl3 crystal structure illustrating the
two distinct Mn21 sites,D3d andC3v , as well as the bridging geometries
The most probable Yb31 – Yb31 pair arrangement is also shown.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tion in the absorption and excitation spectra of Figs. 2~a! and
2~b! appears noteworthy. BelowTN567 K the CsMnCl3 host
is magnetically ordered,19 and consequently we attribute th
splitting to an effect of an internal magnetic field, created
the magnetically ordered Mn21 ions, on the Yb31 ions. This
leads to a Zeeman splitting of the Yb31 2FJ levels. Similar
effects have been observed in other RE31 doped manganes
lattices.26,27

B. Mn2¿ 4T1\
6A 1 luminescence and its temperature

dependence

At cryogenic temperatures excitation into the Mn21 ab-
sorption bands above 17 000 cm21 leads to intense Mn21

luminescence from its lowest excited4T1 state. This is illus-
trated by the dashed trace in Fig. 4. The luminescence b
is very broad because the4T1→6A1 luminescence transition
involves an electron promotion from a weakly antibondingt2

to a strongly antibondinge orbital. Consequently, the
MnCl6

42 complex undergoes an overall expansion after
light emission process, and this causes the luminesce
band to be broad.29

As shown in Fig. 8, the integrated Mn21 luminescence
intensity after excitation at 19 436 cm21 slightly increases
between 10 and 70 K~circle markers!. Above 70 K there is a
steep decrease which is attributed to the onset of effic
energy migration to killer traps. BelowTN567 K CsMnCl3
is antiferromagnetically ordered,19 and there is a spin-barrie
which impedes efficient energy migration.30 The killer traps
are present as nonintentional impurities such as Mn31,31 and
they act as very efficient luminescence quenchers. This
well known phenomenon in concentrated Mn21 systems, and
it prevents most compounds of this type from being effici
luminescent materials at room temperature.

Trace amounts of Mn31 are usually reduced by additio
of some Mn metal to the melt.31 In the case of Yb31 doped
Mn21 hosts, however, this approach has proven to be un
sible because it leads to a reduction of Yb31 to Yb21.10 The
spectroscopic evidence for this is given by the broad Yb21

f –d absorption feature around 25 100 cm21 in Fig. 1.

C. Upconversion mechanisms

At T,200 K, excitation into the Yb31 2F5/2 absorption
bands around 10 200– 10 700 cm21 @Fig. 2~a!# leads not only
to Yb31 2F5/2→2F7/2 NIR luminescence~Fig. 3! but also to
VIS Mn21 4T1→6A1 upconversion luminescence; see t
full trace in Fig. 4. There is a redshift at 15 K of the upco
version luminescence band relative to the4T1→6A1 lumi-
nescence band obtained after direct Mn21 excitation at
19 436 cm21 ~dashed trace! by roughly 60 cm21. Similar
redshifts have previously been observed at 15 K
Yb31:RbMnCl3 (200 cm21) and Yb31:CsMnBr3
(130 cm21).10,11 They are attributed to the fact that at 15
the normal Mn21 luminescence occurs from the bulk o
Mn21 ions, whereas the upconversion luminescence is e
ted from the subset of Mn21 ions in the neighborhood of a
Yb31 ion. This trivalent impurity leads to a distortion of th
neighboring MnCl6

42 unit, in particular to a squeezing, sinc
Yb31 is somewhat bigger than Mn21.32 Therefore the
Downloaded 09 Sep 2002 to 193.144.183.170. Redistribution subject to 
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crystal-field strength is increased and thus the Mn21 4T1

→6A1 upconversion luminescence transition is slightly re
shifted.

Since the first report of upconversion processes
1966,33 several upconversion mechanisms have been
scribed in the literature. By far the most important in la
thanide systems are the following:~i! Ground state absorp
tion ~GSA! to the intermediate state followed by an excit
state absorption~ESA! to an upper excited state on a sing
ion.34 ~ii ! GSA to an intermediate state on two neighbori
ions, followed by an energy transfer~ET! step to promote
one ion to the upper state and the other one to the gro
state. These GSA/ESA and GSA/ETU mechanisms acco
for most of the upconversion processes observed in
thanide systems. They can experimentally be distinguis
by their upconversion excitation spectra and by their ti
evolution after an excitation pulse.34 The excitation spectrum
for a GSA/ESA upconversion sequence corresponds to
product of the GSA and ESA spectra,14,35 whereas for a
GSA/ETU mechanism it corresponds to the square of
GSA spectrum.36 For a GSA/ESA mechanism the upconve
sion luminescence shows an immediate decay after a s
laser pulse, because both steps have to occur during
pulse. In contrast, the transients for a GSA/ETU mechan
after a short excitation pulse show a rise followed by a de
part.34 Both these mechanisms in their pure form can
ruled out in our system. But they are nevertheless a g
guide to understand the processes in Yb31:CsMnCl3 . Since
excitation is into2F5/2 of Yb31 and emission occurs from
4T1 of Mn21 the active mechanism in our system must
cooperative, with participation of both Yb31 and Mn21. It is
also clear that the role of Yb31 is not that of a sensitizer, a
it is in many lanthanide upconversion systems because M21

has no energy levels around 1mm. Yb31 is an active partici-
pant, and we use the most simple model of an exchan
coupled Yb31 – Mn21 dimer to discuss the observed beha
ior. We are aware that this is rather simplistic, in view of t
fact that the host lattice CsMnCl3 is magnetically ordered
below 67 K. But nearest neighbor interactions are by far
most important ones in a magnetic lattice, and a dimer mo
thus contains the principal interaction. With th
Yb31 – Mn21 dimer as the relevant chromophore the GS
ESA sequence can now be represented as shown in

FIG. 11. Schematic illustration of three potential upconversion mechani
in Yb31:CsMnCl3 . The solid upward arrows represent the radiative p
cesses of GSA and ESA. The solid downward arrows stand for luminesc
and the dashed arrows represent nonradiative energy transfer process
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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11~a!. The ESA step, which is very mysterious in a single-i
picture, because it takes the system from an excited Y31

level to an excited Mn21 level, is now a normal transition
between two excited states of the dimer. Similarly we c
draw Fig. 11~b! for a GSA/ETU process involving two
neighboring Yb31 – Mn21 dimers. We have used the mech
nism in Fig. 11~a! to account for the upconversion in Yb31

doped RbMnCl3 and CsMnBr3 . In the title compound the
situation is more complicated, and both Figs. 11~a! and 11~b!
will be relevant. In order to identify the relevant mechanis
in Yb31:CsMnCl3 we analyze the experimental data.

Yb31 2F5/2 excitation at 10 685 cm21 into the intense 28
absorption line~Fig. 2! with 10 ns excitation pulses at 15 K
yields the Mn21 4T1→6A1 upconversion luminescence tra
sient presented in Fig. 5~strong line!. There is a relatively
slow rise preceding the luminescence decay. However,
inset in Fig. 5~a! shows that already att50, immediately
after the excitation pulse there is a nonzero population in
Mn21 4T1 state. This is attributed to a GSA/ESA upconve
sion mechanism as illustrated in Fig. 11~a!. This conclusion
is supported by the result of the two-color pump and pro
experiment in Fig. 7; see description of this experiment
Sec. III.

We now return to the upconversion transient in Fig. 5~a!.
Its quantitative evaluation shows that 15% of the total int
sity is due to the GSA/ESA mechanism discussed ab
~shaded area! and 85% of the total Mn21 upconversion lu-
minescence builds up slowly after the excitation pulse. I
thus tempting to attribute this dominant part to a GSA/ET
mechanism. However, we first have to rule out an alterna
possibility, namely that not the upconversion process itse
slow, but a process which occursafter the upconversion step
A possible scenario of this type for Yb31:CsMnCl3 is sche-
matically depicted in Fig. 11~c!. In this scenario upconver
sion occurs instantaneously by GSA/ESA in a Yb31 – Mn21

pair. A slow energy transfer process to a neighboring Mn21

trap could then account for the observed slow rise in
transient. However, a detailed previous study of the p
CsMnCl3 system has demonstrated that at 10 K lumin
cence exclusively occurs from the Mn21 (D3d) site,29 be-
cause there is efficient Mn21(C3v)→Mn21(D3d) energy
transfer between nearest neighbors down to the lowest
peratures. If this step was slow, it should also be observ
after direct Mn21 4T1 excitation, since this predominantl
excites Mn21 (C3v) ions. Short pulsed excitation into4T1 at
18 797 cm21 leads to an immediate decay of the 10 K Mn21

luminescence; see faint curves in Fig. 5. There is no ind
tion for a slow energy transfer step. On that basis we rule
scheme 11~c! and conclude that in 0.9% Yb31: CsMnCl3 the
dominant upconversion mechanism at 15 K is indeed G
ETU, as schematically illustrated in Fig. 11~b!.

This is the first Yb31 – Mn21 system for which evidence
for this GSA/ETU mechanism is found. In order to unde
stand the kinetics governing the ETU process, we attemp
model the upconversion transient in Fig. 5~a!. For that pur-
pose the GSA/ESA contribution was subtracted, see
6~a!, and the new transient obtained in this way is presen
in Fig. 6~c! ~dots!. We use a simple dimer model, which h
first been used by Vialet al.,37 to simulate our experimenta
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transient. In our specific case, a dimer consists of t
Yb31 – Mn21 chromophoric units. The basic assumptions
the Vial model are described in detail in Refs. 38 and 4.
most relevant simplification is that it considers the dimers
isolated units, and consequently neglects interdimer ene
transfer. Figure 10 shows that for Yb31:CsMnCl3 this is
quite a reasonable assumption: Yb31 – Mn21 chromophoric
units do indeed occur as dimers in this systems, electros
cally held together by the vacancy. The beauty of the V
model lies in its mathematical simplicity: the temporal b
havior of the upconversion luminescence intensityI UC is
given by37

I UC~ t !}e2(vETU12•k1)•t2e2k2•t, ~1!

wherek1 , k2 are the decay rate constants of the intermed
and upper emitting states, respectively. In our ca
k151/t(Yb31 2F5/2)5740 s21 and k251/t(Mn21 4T1)
5960 s21, and these values were determined by independ
15 K lifetime measurements.vETU is the ETU rate constan
we are interested in. From the best fit with Eq.~1! to the
experimental data in Fig. 6~c! ~solid line!, we obtainvETU

58720 s21. This compares to ETU rate constants f
Er31:CsCdBr3 ranging from 128 to 1942 s21, depending on
the Er31 dopant concentration.39 Er31 is known to be a very
efficient upconversion ion, and thus this comparison und
lines the efficiency of the GSA/ETU mechanism in 0.9
Yb31:CsMnCl3 .

Figure 2~c! shows the 15 K upconversion luminescen
excitation spectrum. At this temperature upconversion occ
85% via GSA/ETU and 15% via GSA/ESA. We thus expe
this spectrum to correspond to the appropriately weigh
sum of GSA2 ~85%! and GSA•ESA ~15%! line shape func-
tions. The 15 K Yb31 2F5/2 GSA spectrum is given in Fig
2~a!. The intensity ratio of the 0, 1, 2 absorption peaks
roughly 3:2:4. We have no direct information about the ES
cross sections at the respective energies. We estimate
on the basis of the Mn21 GSA spectrum shown in Fig. 1
After baseline correction we find a ratio of roughly 1:1:10
for the ESA cross sections at 10 200, 10 245, a
10 685 cm21. The excitations at 10 200110 200/
10 245 cm21 fall essentially into the window between th
Mn21 4T1 and 4T2 absorptions, whereas the excitation
10 200110 685 cm21 occurs into the lower energy tail of th
Mn21 4T2 band. Thus we calculate a ratio of 2:1:20, resp
tively, for these three main upconversion excitation pe
maxima. Considering the experimental uncertainty, parti
larly in the involved ESA cross sections, this is in goo
agreement with the experimental intensity ratio of 3:1:45
the upconversion excitation spectrum of Fig. 2~c!.

In Fig. 8 ~cross-markers! the integrated upconversion lu
minescence intensity is plotted as a function of temperat
It increases by roughly a factor of 5 between 40 and 90
before it steeply drops and becomes essentially undetec
at temperatures above 200 K. The drop above 90 K para
the drop of the Mn21 4T1→6A1 luminescence observed afte
direct Mn21 excitation; see Fig. 8~circle markers!. It is thus
explained by the same luminescence quenching mecha
as described in Sec. IV B. Here, we focus on the incre
between 40 and 90 K.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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As demonstrated above, after 10 685 cm21 excitation at
15 K the dominant upconversion mechanism is GSA/ET
Because of the small ESA cross section GSA/ESA cont
utes only 15% at 15 K@Fig. 6~a!#. With increasing tempera
ture this changes dramatically. From the 75 K upconvers
transient in Fig. 6~b! we obtain a 40%:60% ratio for th
relative contributions of the GSA/ETU and GSA/ES
mechanisms, respectively, to the total upconversion lumin
cence intensity. Assuming a constant efficiency of the GS
ETU mechanism between 15 and 75 K, the efficiency of
GSA/ESA upconversion mechanism thus increases by a
a factor of 13 in this temperature range. On the basis
temperature dependent Mn21 absorption spectra~data not
shown!, we estimate that the GSA cross section at 10 2
110 685 cm21 increases by a factor of about 6 between
and 75 K. We can thus expect an increase of the relev
ESA cross section at 10 658 cm21 of about an order of mag
nitude between 15 and 75 K. In conclusion, we attribute
increase of the upconversion luminescence intensity betw
40 and 90 K@Fig. 8~b!# to the onset of an efficient GSA/ES
upconversion mechanism@Fig. 11~a!# in this temperature re
gime.

D. Upconversion efficiency and structure

Figure 9 shows a plot of the upconversion efficien
hUC as a function of the NIR laser excitation power at 75
Luminescence quantum efficienciesh are usually defined a
the ratio of the number of emitted photons per number
absorbed photons.40 In practice, direct measurement of the
quantum efficiencies is a very difficult task. In our case no
radiative relaxation from the2F5/2 excited state of Yb31 to
the ground state can in good approximation be neglec
Thus all2F5/2 excitations are either used for upconversion
emitted in the NIR. Since two NIR excitations are used
produce one VIS excitation, we get

NIRabs.NIRem12•VISem, ~2!

where VIS and NIR denote the numbers of visible and ne
infrared photons, respectively, and the subscripts abs and
stand for absorbed and emitted, respectively. In Eq.~2! we
have also assumed that emission to the ground state is
main depopulation mechanism for the4T1 state of Mn21.
Previous studies on Yb31 – Mn21 systems indicate that thi
is a reasonable assumption at low temperatures.10,11 This
then leads to the following definition for the upconversi
efficiency:

hUC5
VISem

NIRabs
.

VISem

NIRem12•VISem
. ~3!

Using Eq. ~3!, hUC is now experimentally accessible v
measurement of the ratio of VIS Mn21 4T1→6A1 versus
NIR Yb31 2F5/2→2F7/2 emitted photons at low tempera
tures. In the low-power limit, i.e., roughly below 30 mW
hUC has an approximately linear dependence on the exc
tion density. This is the limiting case in which upconversi
is a negligible depopulation pathway for the intermedi
level.34,41As shown in Fig. 9, there is a distinct leveling o
of the power dependence ofhUC at high excitation powers
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The theoretical limit forhUC is 0.5, and this is because tw
near-infrared photons are required to yield one visible p
ton. In this limit each NIR photon would be used for upco
version. As seen in Fig. 9, we reach a value at 75 K
hUC50.08 for an excitation power of 263 mW.

It is interesting to compare the upconversion efficien
of this system with those of the previously investigat
Yb31:RbMnCl3 and Yb31:CsMnBr3 systems. Under com
parable NIR excitation densities the upconversion efficien
of 0.9% Yb31:CsMnCl3 is almost one order of magnitud
higher than in 0.1% Yb31:RbMnCl3 and more than two or-
ders of magnitude higher than in 0.2% Yb31:CsMnBr3 .10,11

In all these systems and according to our model, the basis
their upconversion ability is an exchange coupling betwe
neighboring Yb31 and Mn21 ions. We conclude that this
type of upconversion is efficient, whenever there are effici
Yb31 – Mn21 exchange pathways. In Yb31:CsMnBr3 neigh-
boring Yb31 and Mn21 ions are connected all by face
sharing octahedra.11 In Yb31:RbMnCl3 both face- and
corner-sharing Yb31 – Mn21 bridging geometries are pos
sible. Experimentally two crystallographically distinct Yb31

dopant sites are found. However, only excitation into one
the two Yb31 sites yields efficient upconversion.10 This sug-
gests that the two sites correspond to corner- and fa
sharing Yb31 – Mn21 connections, respectively, and th
corner-sharing leads to more efficient upconversion. T
most plausible Yb31 substitution is that shown in Fig. 10
with a Yb31-vacancy-Yb31 face-sharing trimer unit. This
leads to a dominance of linear Yb31 – Cl2 – Mn21 bridges, in
agreement with the presence of one dominant Mn21 site.
This indicates that Yb31 – Mn21 exchange interactions ar
stronger for corner-sharing than face-sharing bridging geo
etries. This is supported by the results of a recent study
the system Yb31:Rb2MnCl4 ,42 in which only corner-sharing
bridging occurs.43 The upconversion efficiency of this sys
tem is even higher than in Yb31:CsMnCl3 . At the moment
this is a purely empirical correlation, based on a number
studies on Yb31 doped Mn21 halide lattices with different
bridging geometries between neighboring Mn21 ions. We are
in the process to put this correlation on a firm quantitat
basis and to attempt a theoretical calculation of the rela
strengths of exchange interactions for various Yb31 – Mn21

bridging geometries. The Yb31 – Mn21 distance is larger for
a corner-sharing Yb31 – Cl2 – Mn21 than for a face-sharing
Yb31(Cl2)3– Mn21 arrangement. And yet the upconversio
efficiency is at least two orders of magnitude higher in t
corner-sharing case. This is also a direct proof that it is
exchange mechanism and not a multipole-multipole mec
nism such as the mechanism suggested in Ref. 44 to acc
for an unusual upconversion in a Yb31/Tb31 system, which
is responsible for upconversion in our system.

V. CONCLUSIONS

In the course of our systematic study of Yb31 – Mn21

upconversion systems we have found that in Yb31:CsMnCl3
at 15 K an upconversion mechanism is dominant which
not been observed in previous Yb31 – Mn21 systems. This
mechanism involves energy transfer between dimers
exchange-coupled Yb31 – Mn21 pairs, the formation of
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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which is favored by the CsMnCl3 crystal structure. An up-
conversion mechanism based on a sequence of radi
GSA and ESA steps, as previously observed
Yb31:RbMnCl3 and Yb31:CsMnBr3 , is thermally activated
in the title system. Thus the upconversion efficiency
Yb31:CsMnCl3 is highest around liquid-nitrogen temper
ture, and it is higher by orders of magnitude than
Yb31:CsMnBr3 . This is ascribed to the possible presence
corner-sharing Yb31 – Mn21 octahedra in Yb31:CsMnCl3 ,
opening a more efficient exchange pathway than face-sha
octahedra.

For decades upconversion research has focused on
earth based materials. The results of our study are encou
ing for an alternative approach in the search for new upc
version materials. This paper demonstrates that the comb
tion of rare earth and transition metal ions may lead to
discovery of new exciting and potentially very efficient u
conversion processes.

ACKNOWLEDGMENTS

The authors thank D. R. Gamelin, G. M. Salley, and
Wermuth for valuable discussions. This work was financia
supported by the Swiss National Science Foundation.

1J. C. Wright,Topics in Applied Physics: Radiationless Processes in M
ecules and Condensed Phases, edited F. K. Fong~Springer, Berlin, 1976!,
p. 239.

2E. Downing, L. Hesselink, J. Ralston, and R. Macfarlane, Science273,
1185 ~1996!.

3G. Blasse and B. C. Grabmaier,Luminescence Materials~Springer-Verlag,
Berlin, 1994!.

4M. P. Hehlen, G. Frei, and H. U. Gu¨del, Phys. Rev. B50, 16264~1994!.
5B. C. Collins and A. J. Silversmith, J. Lumin.62, 271 ~1994!.
6T. Y. Fan and R. L. Byer, J. Opt. Soc. Am. B3, 1519~1986!.
7W. Xu, S. Dai, L. M. Toth, and J. R. Peterson, Chem. Phys.193, 339
~1995!.

8D. R. Gamelin and H. U. Gu¨del, Acc. Chem. Res.33, 235 ~2000!, and
references therein.

9R. Valiente, O. Wenger, and H. U. Gu¨del, Chem. Phys. Lett.320, 639
~2000!.

10R. Valiente, O. S. Wenger, and H. U. Gu¨del, Phys. Rev. B63, 165102
~2001!.

11P. Gerner, O. S. Wenger, R. Valiente, and H. U. Gu¨del, Inorg. Chem.40,
4534 ~2001!.

12M. Wermuth and H. U. Gu¨del, J. Chem. Phys.114, 1393~2001!.
13O. S. Wenger, D. R. Gamelin, and H. U. Gu¨del, J. Am. Chem. Soc.122,

7408 ~2000!.
Downloaded 09 Sep 2002 to 193.144.183.170. Redistribution subject to 
ive
n

f

f

ng

are
g-
-
a-
e

.
y

-

14O. S. Wenger and H. U. Gu¨del, Inorg. Chem.40, 157 ~2001!.
15O. S. Wenger and H. U. Gu¨del, Inorg. Chem.40, 5747~2001!.
16S. Sugano, Y. Tanabe, and H. Kamimura,Multiplets of Transition Metal

Ions in Crystals~Academic, New York, 1970!.
17T. S. Piper, J. P. Brown, and D. S. McClure, J. Chem. Phys.46, 1353

~1967!.
18E. Loh, Phys. Rev.175, 533 ~1968!.
19M. Melamud, J. Makovsky, and H. Shaked, Phys. Rev. B3, 3873~1971!.
20P. Goldner, F. Pelle, D. Meichenin, and F. Auzel, J. Lumin.71, 137~1997!.
21J. Goodyear and D. J. Kennedy, Acta Crystallogr., Sect. B: Struct. C

tallogr. Cryst. Chem.29, 744 ~1973!.
22L. Ting-I, G. D. Stucky, and G. L. McPherson, Acta Crystallogr., Sect.

Struct. Crystallogr. Cryst. Chem.29, 1330~1973!.
23G. L. McPherson and L. M. Henling, Phys. Rev. B16, 1889~1977!.
24L. M. Henling and G. L. McPherson, Phys. Rev. B16, 4756~1977!.
25B. Z. Malkin, A. M. Leushin, A. I. Iskhakova, J. Heber, M. Altwein, K

Moller, I. I. Fazlizhanov, and V. A. Ulanov, Phys. Rev. B62, 7063~2000!.
26B. A. Wilson, W. M. Yen, J. Hegarty, and G. F. Imbusch, Phys. Rev. B19,

4238 ~1979!.
27M. Hirano and S. Shionoya, J. Phys. Soc. Jpn.28, 926 ~1970!.
28M. P. Hehlen, A. Kuditcher, S. C. Rand, and M. A. Tischler, J. Che

Phys.107, 4886~1997!.
29U. Kambli and H. U. Gu¨del, Inorg. Chem.23, 3479~1984!.
30H. Yamamoto, D. S. McClure, C. Marzacco, and M. Waldman, Che

Phys.22, 79 ~1977!.
31G. L. McPherson, K. Talluto, and R. A. Auerbach, Solid State Comm

43, 817 ~1982!.
32R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor. G

Crystallogr.32, 751 ~1976!.
33F. Auzel, C. R. Acad. Sci. Paris262, 1016~1966!.
34D. R. Gamelin and H. U. Gu¨del, inTopics in Current Chemistry~Springer-

Verlag, Berlin, 2000!, Vol. 214.
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