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Sharp 2E upconversion luminescence of Cr3¿ in Y3Ga5O12
codoped with Cr3¿ and Yb3¿

S. Heer, M. Wermuth, K. Kra¨mer, and H. U. Gu¨del*
Department of Chemistry and Biochemistry, University of Bern, 3000 Bern 9, Switzerland

~Received 6 September 2001; published 14 March 2002!

We report on upconversion luminescence in Y3Ga5O12 codoped with Cr31 and Yb31. This is, to our
knowledge, the first upconversion process directly involving Cr31. At low temperature excitation around
10 314 cm21 leads to relatively strong red luminescence in the title compound. The sharp upconversion
luminescence around 14 300 cm21 is identified as the2E→4A2 transition of Cr31. The upconversion excita-
tion spectrum follows the Yb31 2F7/2→2F5/2 absorptions in the range 11 200–10 315 cm21. From transient
measurements the upconversion mechanism is found to be dominated by an energy transfer step: Two excited
Yb31 ions simultaneously transfer their excitation energy to the Cr31 ion. In Y3Ga5O12:2% Cr31, 1% Yb31

the efficiency of the process at 10 K and for 150 mW laser power is 6% and decreases with increasing
temperature due to intrinsic loss mechanisms of the system.

DOI: 10.1103/PhysRevB.65.125112 PACS number~s!: 78.55.2m, 42.79.Nv, 78.20.2e
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I. INTRODUCTION

One possibility to convert long-wavelength radiation in
shorter-wavelength radiation is by the photophysical p
nomenon of a so-called photon upconversion~UC! process.
Especially in the field of generating visible~VIS! radiation
by near-infrared~NIR! pump sources, the upconversion pr
cess has become important in recent years since strong
diode lasers became available. Several lasers,1 imaging ma-
terial devices,2 and IR quantum counting devices3 have been
reported based on UC pumping mechanisms. Thus de
and characterization of solid-state materials that show N
to-VIS upconversion is an attractive and relevant resea
field.

In the field of NIR-to-VIS upconversion the main intere
is centered on UC materials containing lanthanides si
these have various excited states from which luminesce
may originate. The much younger research field
transition-metal upconversion has grown in recent years
is much less explored. UC has been observed in Ti21-,4

Ni21-,5 Mo31-,6 Re41-,7 and Os41- ~Ref. 8! doped systems
The major advantage of the transition-metal ions over ra
earth ions is their sensitivity towards the ligand-field en
ronment. On the other hand, multiphonon relaxation p
cesses are much more competitive in transition-metal-
doped crystals and glasses, leading to important
processes. As a result, multiple excited-state emission
upconversion phenomena are very rare. The idea to com
the different spectroscopic properties of rare-earth
transition-metal ions for new UC materials is promisin
Very recently, Yb31-sensitized Mn21 upconversion has bee
observed in Yb31-doped RbMnCl3 ,9,10 CsMnCl3 ,10,11 and
CsMnBr3 .12

In the following text we report on the spectroscopic pro
erties of Y3Ga5O12 ~YGG! codoped with Cr31 and Yb31. A
great deal of attention has been devoted to the light-emis
properties of Cr31 in a big variety of crystal and glassy en
vironments. Garnets are well-known host lattices for ma
dopant ions. They have the general formulaA3B2C3O12 and
0163-1829/2002/65~12!/125112~10!/$20.00 65 1251
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crystallize in the cubic space groupIa3d.13 The unit cell
contains eight formula units.A is a dodecahedrally,B an
octahedrally, andC a tetrahedrally coordinated site wit
point symmetriesD2 , S6 , andS4 , respectively. In Y3Ga5O12
crystals, the large Y31 ions occupy theA and the Ga31 ions
the B and C sites. The impurity ions Cr31 and Yb31 are
expected to substitute for the Ga31 on theB and the Y31 on
the A sites, respectively. The octahedrally coordinatedB site
is weakly trigonally distorted along the diagonals of the u
cells. The distorted octahedra are surrounded antiprism
cally by six edge-sharing dodecahedra. Whereas theBO6 oc-
tahedra are isolated from each other, the dodecadhedra
not: They are connected via four edges to other dodecahe

This paper reports on the observation of relatively stro
sharp Cr31 2E→4A2 luminescence upon NIR Yb31 2F5/2
excitation in YGG:Cr31, Yb31. With the exception of our
brief communication14 it is the first report on an upconver
sion process directly involving Cr31. We present experimen
tal results, propose a mechanism for the observed UC
cess, and describe the intrinsic loss mechanisms that
active in the title compounds.

II. EXPERIMENT

A. Crystal growth

Single crystals of YGG:Cr, YGG:Yb, and YGG:Cr, Y
with three different Cr and equal Yb concentrations, we
grown by the flux technique.15 A 3:5 molar ratio of high-
purity Y2O3 ~99.9999%, Johnson & Matthey! and Ga2O3
~99.9951%, Chempur! were used as starting materials. Do
ing with Yb31 and Cr31 was achieved by adding define
amounts of Yb2O3 ~99.9999%, Ultrafunction Enterprises &
Co.! and Cr~NO3)3•9H2O ~99.999%, Alfa Johnson & Mat-
they!. In all syntheses Bi2O3 ~99.9995%, Chempur! was
added to the mixture of the starting materials in a ratio 9:1
a flux medium. The reaction mixture was filled in 30 or 5
ml platinum crucibles closed by a platinum lid. The crucibl
were placed in a corundum tube that was introduced in a
furnace for heating. The furnace was heated to 1300 °C
©2002 The American Physical Society12-1
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melt the Bi2O3 flux and to dissolve the starting material
The resulting melt was homogenized for 24 h at 1300
The furnace was cooled from 1300 to 1000 °C with a sl
rate of 0.02 K/min to achieve nucleation and initial growth
crystals. Further growth was performed by cooling fro
1000 to 800 °C at a rate of 0.5 K/min. Finally the crysta
were cooled to room temperature.

By this synthetic method and under the conditions
scribed above, we obtained a small number~3–8! of single
crystals with dimensions around 1–10 mm. Crystals do
with Cr31 were light to dark green depending on the conc
tration. In all the Cr31-doped crystals a concentration grad
ent was observed. The borders of the crystals were slig
brownish, which is most probably due to the incorporation
Bi31 from the flux. The crystals doped with Yb31 were
transparent, except for the brownish color mentioned abo

The actual Cr and Yb concentrations~mol % per site! of
the resulting crystals were determined by inductive
coupled plasma~ICP! elemental analysis and were YGG:2
Cr, 1% Yb, YGG: 5% Cr, 1% Yb, YGG:14% Cr, 1% Yb
YGG:2% Cr, and YGG:1% Yb. Additionally, we determine
the Bi and Er impurity concentrations that were arou
1–2% and,0.001%, respectively, in all the samples. T
ICP method cannot distinguish between valence states o
ions, but since we have no direct spectroscopic evidence
other valence states, we ascribe the concentrations to C31,
Yb31, Er31, and Bi31. All the samples were characterize
by x-ray powder diffraction. They are single-phase cubic m
terials, space groupIa3d with a512.28 Å. A crystal of
YGG:2% Cr31, 1% Yb31 was cut using a diamond saw an
polished for absorption measurements. For luminescence
periments, selected crystals of the various concentrat
were directly used.

B. Spectroscopic measurements

Absorption spectra of a YGG:2% Cr31, 1% Yb31 crystal
of 2.70 mm thickness mounted in a copper cell were m
12511
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sured on a Cary 5E~Varian! spectrometer. Sample coolin
was achieved using a closed-cycle cryostat~Air Products!.
Continuous-wave upconversion luminescence spectra w
excited by an Ar1-ion laser~Spectra Physics 2060-10 SA!
pumped tunable Ti:sapphire laser~Spectra Physics 3900S!.
The emission was dispersed by a 0.85-m double monoc
mator ~Spex 1402! using 500-nm blazed 1200 grooves/m
gratings and detected by a cooled photomultipl
~Hamamatsu 3310-01! and recorded with a photon-countin
system ~Stanford Research SR 400!. Continuous-wave
downconversion luminescence spectra were excited with
Ti:sapphire laser or the 457.9-nm line of the Ar1-ion laser
and detected as described above. In all the measuremen
laser beam was focused on the crystal with a lens of fo
length f 553 mm. All the spectra were corrected for the se
sitivity of the monochromator and detection system and
refractive index of air~vacuum correction!. They are repre-
sented as photon counts versus wave numbers. For excit
spectra, the Ti:sapphire laser was scanned using an i
worm controller ~Burleigh PZ-501! to drive a birefringent
filter, and the wavelength was monitored with a waveme
~Burleigh WA2100!. All excitation scans were corrected fo
the power dependence of the Ti:sapphire laser source
the tuning range. For two-color experiments two Ti:sapph
lasers were used as excitation sources.

For pulsed upconversion and Yb31 downconversion exci-
tation experiments the output of a Nd:YAG~yttrium alumi-
num garnet! laser ~Quanta Ray DCR 3! pumped dye laser
~Lambda Physik FL3002, Pyridine 1! was Raman shifted
~Quanta Ray, RS-1, H2 , 340 psi!. For time-resolved Cr31

downconversion the output of the dye laser was direc
used. The sample luminescence was dispersed by a 0.7
single monochromator~Spex 1702! equipped with a 750-nm
blazed 600 grooves/mm grating and detected by a coo
photomultiplier ~Hamamatsu 3310-01! and recorded with a
multichannel scaler~Stanford Research SR430!. Sample
cooling was achieved using a quartz He flow tube for lum
nescence measurements.
f

-

f

-
x-
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-

FIG. 1. ~a! shows the relevant
part of the absorption spectrum o
YGG: 2% Cr31, 1% Yb31 at 13
K. The y axis on the left and the
right side give the extinction coef
ficients for Yb31 and Cr31, re-
spectively. The excited states o
Cr31 and Yb31 are assigned.~b!
shows the 15 K upconversion lu
minescence spectra after laser e
citation at 10 314 cm21 ~indicated
by the arrow! of YGG: 2% Cr31,
1% Yb31. The laser power was
150 mW with a focusing lens of
53 mm. The emitting states are a
signed. The Cr31 and Yb31-pair/
Er31 emissions are blown up by
factors of 20 and 150 000, respec
tively.
2-2
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III. RESULTS

The overview 13-K absorption and 15-K upconversi
luminescence spectra of YGG:2% Cr31, 1% Yb31 excited at
10 314 cm21 are depicted in Figs. 1~a! and 1~b!, respectively.
In the NIR between 10 000 and 11 000 cm21, the absorption
is assigned to the2F7/2→2F5/2 transitions of Yb31. The VIS
spectral region consists of the typical absorption bands
Cr31 in an octahedral oxo coordination. 150-mW laser ex
tation at 10 314 cm21 into the prominent absorption line~in-
dicated by the arrow! at 15 K leads to Yb31 2F5/2→2F7/2
luminescence in the NIR. In addition, we observe a relativ
intense red emission and very weak features in the gr
between 18 000 and 21 000 cm21. The number of emitted
photons in the red~13 000–14 530 cm21! and green~18 000–
20 640 cm21! spectral regions are 18 and 35 000 tim
smaller, respectively, than for the2F5/2 NIR luminescence of
Yb31 ~9500–10 000 cm21!. The upconversion efficiency
i.e., the fraction of emitted VIS photons, is thus 5.6% at 15
for this excitation density. The red and green emissions
assigned to Cr31 and Er31, Yb31, respectively. Below 200
mW at 15 K the red and green upconversion luminesce
intensities excited at 10 314 cm21 show a quadratic depen
dence on the laser-excitation power, whereas the Y31

2F5/2→2F7/2 luminescence has a linear dependence.
Figure 2 shows a comparison of excitation spectra

YGG:2% Cr31, 1% Yb31 at 15 K. Figures 2~a!, 2~b!, and
2~c! are the excitation scans monitoring the NIR Yb31, the
red Cr31, and the green Yb31-pair luminescence intensity
respectively. Figure 2~d! shows the square of the NIR Yb31

excitation spectrum of Fig. 2~a!.

FIG. 2. Comparison of excitation spectra of YGG: 2% Cr31, 1%
Yb31 at 15 K in the region of the2F7/2→2F5/2 transition of Yb31.
~a!, ~b!, and~c! are the excitation scans monitoring the NIR Yb31

~at 9770 cm21!, the red Cr31 ~at 14 388 cm21! and the green
Yb31-pair luminescence~20 628 cm21! intensites, respectively.~d!
shows the square of spectrum in~a!.
12511
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Figure 3 compares the 15-K downconversion lumin
cence spectra of YGG:2% Cr31 @Fig. 3~a!# and YGG:2%
Cr31, 1% Yb31 @Fig. 3~b!#, both excited at 21 839 cm21,
with the 15-K red-upconversion luminescence spectrum
YGG:2% Cr31, 1% Yb31 excited at 10 314 cm21 Fig. 3~c!.
The three spectra show a close analogy: The 14 290–14
cm21 region that is dominated by sharp lines is followed
a broader, slightly structured band on the lower energy s
The relative contribution of the sharp lines to the total lum
nescence intensity of this spectral region is enhanced b
factor of 2.4 in the spectrum excited at 10 314 cm21.

Figure 4 shows the red-upconverted luminescence spe
of YGG:2% Cr31, 1% Yb31 after 10 314-cm21 excitation
with 150 mW laser power at various temperatures. The sp
tra above 50 K are blown up by the scaling factors given
the right-hand side. The integrated photon flux decreases
idly with increasing temperature above 50 K. Above 100
the broadband luminescence, extending from 12 000
15 500 cm21, replaces the sharp features observed at
temperatures.

Figure 5 shows the 15-K upconversion-luminescen
spectra in the region 14 250–14 550 cm21 of three samples
with different Cr31 concentrations upon 150-mW laser exc
tation at 10 314 cm21. Increasing the Cr31 concentration
leads to a small decrease of the overall red-upconver
efficiency: At 15 K the efficiencies are 5.6%, 2.3%, and 1.7
in the garnets YGG:2% Cr31, 1% Yb31, YGG:5% Cr31,
1% Yb31 and YGG:14% Cr31, 1% Yb31, respectively. All
three samples show three similar groups of lines separate
roughly 100 cm21, see theY, X, and R systems in Fig. 5.

FIG. 3. ~a! and~b! show the 15 K luminescence spectra of YGG
2% Cr31 and YGG: 2% Cr31, 1% Yb31, respectively, after 21 839
cm21 laser excitation.~c! shows the 15 K upconversion lumines
cence spectrum of YGG: 2% Cr31, 1% Yb31 after 10 314 cm21

laser excitation.
2-3
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With increasing Cr31 concentration, the intensity shifts from
theR to theX to theY system. Site-selective spectroscopy
YGG:2% Cr31, 1% Yb31 in the region 14 250–14 550 cm21

at 15 K revealed two different pairs of correspondingR lines.
In Fig. 5 they are labeledR1 ~14 488 cm21!, R2 ~14 516
cm21!, andR18 ~14 497 cm21!, R28 ~14 524 cm21!, separated
by 28 and 27 cm21, respectively. In theX andY systems, no
corresponding pairs of lines were observed.

The curves~a! and ~b! in Fig. 6 show the measured tim
dependence of the 15-K red downconversion~excited at
14 641 cm21! and upconversion~excited at 10 315 cm21!
luminescence intensities, respectively, of YGG:2% Cr31, 1%
Yb31 after a 10-ns excitation pulse detected at 14 388 cm21

~X line!. The inset shows the upconversion transient wit
better time resolution. The solid lines represent fits to
experimental data and will be discussed in Sec. IV C 2.

In Fig. 7 the diamond markers~l! represent the inte
grated photon ratio~in a logarithmic representation! of the
VIS ~red! to NIR emission after 10 314-cm21 excitation as a
function of 1/T. The circle markers~d! represent the inte
grated photon ratio~in a logarithmic representation! of the
NIR to VIS ~red! emission after 21 839-cm21 excitation as a
function of 1/T. The solid lines represent fits to the expe
mental data and will be discussed in Sec. IV D.

IV. DISCUSSION

A. Substitution of Yb3¿ in YGG and single ion spectroscopy

Yb31 has a 4f 13 electron configuration giving rise to th
ground and excited multiplets2F7/2 and 2F5/2, respectively.

FIG. 4. Temperature dependence of the upconversion lumi
cence spectrum of YGG: 2% Cr31, 1% Yb31 in the region 13 000–
15 000 cm21 after 10 314 cm21 laser excitation. The temperature
are indicated on the left side. Note the scaling factors on the r
side.
12511
a
e

The two multiplets are separated by roughly 10 000 cm21.
Above 10 000 cm21 Yb31 is transparent throughout the NIR
and VIS. In an oxide environment the first allowed tran
tions are the ligand-to-metal charge transfer orf -d transi-
tions on the Yb31. They fall outside the range of the ove
view absorption spectrum of YGG:2% Cr31, 1% Yb31

shown in Fig. 1.16 In Yb31 compounds the electronicf - f
transitions between the2F7/2 and 2F5/2 multiplets are usually

FIG. 5. The top, middle, and bottom parts show the upconv
sion luminescence spectra of YGG: 2% Cr31, 1% Yb31, YGG: 5%
Cr31, 1% Yb31, and YGG: 14% Cr31, 1% Yb31, respectively,
upon 10 314 cm21 excitation at 15 K.

FIG. 6. 15 K time evolution of YGG: 2% Cr31, 1% Yb31

luminescence following 10 ns pulsed excitation.~a! and ~b! show
the X-line intensity for 14 641 and 10 314 cm21 excitation, respec-
tively. The inset shows the rise of~a! with a better time resolution.
The solid lines are least-squares fits of Eq.~1! to the experimental
data as explained in the text in Sec. IV C 2.
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accompanied by remarkably intense vibronic sidebands.
to the large energy gap between2F7/2 and 2F5/2 of roughly
10 000-cm21 multiphonon relaxation is not important i
Yb31-doped ionic compounds and2F5/2 luminescence is
commonly observed. These properties make Yb31 an excel-
lent upconversion sensitizer for ions such as Tm31,17

Er31,18 Ho31,19 and Pr31.20

The absorption and luminescence spectra of YGG:
Yb31 have been analyzed in Ref. 21, and we only give
brief summary here. In YGG, Yb31 replaces Y31 on a site of
D2 point symmetry. In this low-symmetry environment2F7/2
and 2F5/2 are split into four and three crystal-field leve
labeled 0, 1, 2, 3 and 08, 18, 28, respectively. The absorp
tion, luminescence, and excitation spectra of YGG:2% Cr31,
1% Yb31 at 15 K in Figs. 1 and 2 show the transition
between these levels around 10 000 cm21. The spectra are
complicated by the presence of intense vibronic sideba
which obscure most of the electronic transitions and make
assignment very difficult. The 0↔08 transition at 10 314
cm21 is the only well-separated, sharp zero-phonon line ty
cal of lanthanidef - f transitions. Its intensity is drasticall
reduced in the 15-K luminescence spectrum due to reabs
tion, see Fig. 1. The absorption and luminescence spect
Yb31 are similar to those reported in Ref. 21, which sho
that the presence of Cr31 does not significantly affect the
Yb31 electronic structure. In YGG:2% Cr31, 1% Yb31 and
YGG:1% Yb31 the decay of the Yb31 2F5/2 luminescence
intensity at 15 K is single exponential with lifetimes of 48
ms and 880ms, respectively, after excitation at 10 315 cm21.
The lifetime of the YGG:1% Yb31 sample is similar to the
value of 1.1 ms observed for YAG:Yb31 ~Ref. 22! while
codoping with Cr31 leads to a significant reduction of th
Yb31 2F5/2 lifetime.

B. Substitution of Cr3¿ in YGG and single-ion spectroscopy

The optical spectroscopy of Cr31 has been studied in nu
merous materials. In crystals, glasses, and molecular c
plexes Cr31 exclusively adopts an octahedral ligand coor
nation that is usually slightly distorted. The absorption~and

FIG. 7. The diamond markers~l! represent the integrated pho
ton ratio of the red to NIR emission~in log representation! after
10 314 cm21 excitation as a function of 1/T. The circle markers~d!
represent the integrated photon ratio of the NIR to red emission~in
log representation! after 21 839 cm21 excitation as a function of
1/T. The solid lines are least square fits of Eq.~2! to the experi-
mental data below 70 K as described in Sec. IV D.
12511
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luminescence! of Cr31-doped YGG has been reported in th
literature.23–27 Here we focus on those aspects that are
evant for the upconversion process. In YGG, Cr31 replaces
the octahedrally coordinated Ga31 ions withS6-site symme-
try. Since Cr31 has the 3d3 electron configuration, the
ground state is4A2 ~O notation!. The nature of the first ex-
cited state depends on the crystal-field strength and is e
the 2E or the 4T2 state.26 The 4A2→2E and the closely lying
4A2→2T1 transitions take place within thet2

3 electron con-
figuration. As a consequence, these so-called spin-flip tra
tions have small Huang-Rhys parameters and appear as
and sharp lines in the spectrum. On the other hand, the s
allowed 4A2→4T2 transition appears as a more intense a
broad band with a large Huang-Rhys parameter.28 The ab-
sorption spectrum in Fig. 1~a! shows that in YGG:2% Cr31,
1% Yb31 the 4A2→2E, 2T1 lines appear just below the
onset of the broad4A2→4T2 band centered at about 16 40
cm21. Above 20 000 cm21 we identify the second broad
spin-allowedd-d band 4A2→4T1 , centered at about 22 80
cm21 and the sharp features around 21 200 cm21 correspond-
ing to 4A2→2T2 spin-flip transitions. From these band pos
tions we determinedDq51640 cm21, B5640 cm21, C
53240 cm21, which are in good agreement with the valu
in Ref. 25.

In the S6 site occupied by Cr31 the octahedral coordina
tion is trigonally distorted along the diagonals of the cub
unit cell. The2E state, which is the emitting state and thus
major interest in this study, is split by the combined action
spin-orbit coupling and the trigonal ligand field into th
spinor components2A and Ē.28 Transitions to and from
these components are observed in the absorption and l
nescence spectra. In ruby the2E components are known asR
lines. In the low-temperature absorption spectrum
YGG:2% Cr31, 1% Yb31 in Fig. 1 as well as in the lumi-
nescence spectra of YGG:2% Cr31, 1% Yb31 and YGG:2%
Cr31 in Fig. 3, we observe more than the two expected sh
R1 and R2 lines in the 14 250–14 530 cm21 region. These
lines are labeled withR, X, andY in Fig. 3 and occur at the
same energetic positions in absorption and luminesce
They are assigned to2E electronic origins of different Cr31

sites. Using site-selective spectroscopy we found that e
theR system contains more than one Cr31 site. We identified
two R-line pairs with 2E splittings of 28 and 27 cm21 la-
beledR1 /R2 andR18/R28 , respectively, in Fig. 5. These split
tings are in good agreement with theR-line splitting of 27
cm21 reported for YGG:Cr31 in Ref. 23. We were unable to
determine the2E splitting in the other lines of theR, X, and
Y system. The sharp origin lines are followed by the e
pected weakly structured phonon sidebands, see Fig. 3.

Multisite effects in the garnet lattices have been studied
detail and were attributed to cation inversion.24,27,29,30These
effects lead to energetic shifts of theR lines on the order of
40 cm21, which is significantly smaller than the 250 cm21

spread of theR, X, andY systems in Fig. 5. Exchange effec
are not the origin for this splitting either, as Cr31 occupies
isolated octahedrally coordinated sites in garnets, thus le
ing to small exchange splittings of the order of the inhom
geneously broadened linewidths.31
2-5
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As no Y andX systems were described for YGG:Cr31 in
the literature, we attribute the occurrence of these additio
lines in the title compound to our synthesis method. T
additional lines are observed in all the Cr31-doped YGG
crystals grown from a Bi2O3 flux, independent of Yb31 and
Cr31 concentration, see Figs. 3 and 5. The importance of
X and Y sites strongly increases with Cr31 concentration.
ICP analysis showed that our crystals contain about 1–2 %
the flux ion Bi31, which most likely replaces Y31 ions. Due
to the ionic radius of Bi31 ~1.17 Å!, which is much larger
than that of Y31 ~1.019 Å!, a big distortion of the lattice
around Bi31 is expected.32 This could in turn lead to dis-
torted Cr31 sites in the neighborhood of Bi31 and thus give
rise to theX andY bands. As shown in Fig. 3, the occurren
of theX andY lines is independent of the presence of Yb31.

C. Upconversion

Figure 1 shows that at 15-K Cr31 upconversion lumines
cence is induced quite efficiently upon excitation arou
10 000 cm21 into 2F5/2 of Yb31. This new mode of inducing
2E→4A2 Cr31 luminescence after NIR Yb31 excitation is
unexpected and remarkable. There are many upconver
phenomena reported in lanthanide-doped crystals
glasses. Since thef electrons are well shielded from the
ligand-field environment, the electron-phonon coupling
small and therefore more than one metastable excited
with a sufficiently long lifetime is available in most lan
thanide systems. In contrast, thed electrons of transition
metal ions are less well shielded, the electron-phonon c
pling is stronger, and nonradiative multiphonon relaxat
processes are much more competitive. Thus, it is not surp
ing that multi-excited-state luminescence and upconvers
processes are very rare in transition-metal ion systems. S
examples of upconversion phenomena are reported
transition-metal ion systems to date: Ti21,4 Ni21,5 Mo31,6

Re41,7 and Os41.8 The combination of transition-meta
~TM! and rare-earth~RE! metal ions in the same crysta
is an appealing approach to explore new cooperative
cesses such as upconversion. The possibility to tune
properties of a transition-metal ion by chemical and str
tural variation together with the relative inertness of t
rare-earth ions toward such variation is promising. Ve
recently, we reported on Yb31-to-Mn21 upconversion pro-
cesses in RbMnCl3 :Yb31,9,10 CsMnCl3 :Yb31,10,11 and
CsMnBr3 :Yb31.12 These studies yielded some very surpr
ing and intriguing results, and at least two different upco
version mechanisms were found to be at work. Since Yb31 is
transparent above 11 200 cm21 throughout the NIR and VIS
spectral region it is an excellent partner for such mix
TM/RE systems. The title system YGG:2% Cr31, 1% Yb31

is the first one to exhibit VIS Cr31 emission excited by direc
NIR upconversion via Yb31. The mode of Cr31 2E→4A2
luminescence excitation by an upconversion process
which both the Yb31 and the Cr31 ions are directly involved
is new.33,34 Our process is distinctly different in that bot
Yb31 and Cr31 are active partners in the upconversion p
cess.

Beside the strong red luminescence we observe a
weak green luminescence after NIR excitation of YGG:2
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Cr31, 1% Yb31 at 15 K. This is not our main interest in thi
study. Nevertheless, this green upconversion luminesce
with all its fine structure can be completely understood.

1. Green upconversion luminescence

The very weak green upconversion luminescence
served at 15 K between 17 800 and 20 630 cm21 ~see Fig. 1!
can be divided into two parts on the basis of its fine structu
The region 17 800–18 700 cm21 is built of very sharp and
closely spaced lines whereas the region 18 700–20 630 c21

shows much broader features.
The upconverted luminescence in the region 17 80

18 700 cm21 is identified as the4S3/2→4I 15/2 transition of
Er31 by comparison with Ref. 35. This Er31 impurity that
was likely introduced with the Yb2O3 starting material, could
be detected in our crystals by the ICP method, with an up
limit of 0.001% in all the samples. The excitation spectru
of the 4S3/2 upconversion luminescence follows the2F7/2
→2F5/2 absorption spectrum of Yb31, which identifies Yb31

as the sensitizer for this upconversion process. Yb31 sensi-
tized Er31 upconversion is a well-established and very e
cient process in oxide and halide crystals and glas
codoped with Yb31 and Er31. The Yb31 2F5/2 excitation is
transferred to Er31 4I 11/2, followed by the upconversion pro
cess to4F7/2 and then multiphonon relaxation to4S3/2. At a
given laser power the intensity ratio of the Er31 4S3/2 emis-
sion to the Yb31 2F5/2 emission in the NIR is the same fo
YGG:2% Cr31, 1% Yb31 and YGG:1% Yb31. From this
observation we can unambiguously rule out that the2E
→4A2 emission of Cr31 in YGG:2% Cr31, 1% Yb31 is
excited via an Yb31/Er31 upconversion process.

For energy reasons the green upconversion luminesc
in the region 18 700–20 630 cm21 is identified as coopera
tive Yb31-pair luminescence.36,37 The upconversion excita
tion spectrum of this luminescence shown in Fig. 2~c! is very
similar to the excitation spectrum of the red Cr31 2E→4A2
upconversion luminescence shown in Fig. 2~b!. It reflects the
energy and intensity distributions of the squared absorp
spectrum shown in Fig. 2~d!. This is a very nice illustration
of the quadratic character of this upconversion excitati
which is also reflected in the quadratic power dependenc
the upconversion-luminescence intensity.

The individual lines of this cooperative green lumine
cence can be assigned to (2F5/2-

2F5/2)→(2F7/2-
2F7/2) transi-

tions of Yb31 dimers with energies corresponding to the su
of single-ion Yb31 transitions. The intensity of this coopera
tive upconversion luminescence in YGG:2% Cr31, 1% Yb31

at 15 K is 20 000 times weaker than the2E→4A2 upconver-
sion luminescence intensity of Cr31.

2. Yb3¿-to-Cr3¿ upconversion

The quadratic dependence of the Cr31 upconversion lu-
minescence intensity on the power of the NIR laser exc
tion at 10 314 cm21 is evidence for a two-photon proces
The upconversion excitation spectrum of the red Cr31 2E
→4A2 upconverted luminescence in Fig. 2~b! is very similar
in terms of energies and relative intensities to the squa
2-6
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NIR excitation spectrum in Fig. 2~d!. This demonstrates tha
two Yb31 2F7/2→2F5/2 excitations are involved in the up
conversion process.

The four potentially most relevant UC mechanisms
our situation are schematically depicted in Fig. 8. A groun
state absorption~GSA! step to the intermediate state fo
lowed by an excited-state absorption~ESA! step to the upper
state is shown in Fig. 8~a!.38 The process~b! denoted GSA/
ETU involves an energy transfer step between two ions
are in close proximity and both excited to their intermedi
states.18 The process~c! in Fig. 8 is the least establishe
among the four. It has been postulated to account for the
emission after NIR absorption in Tb31- and Yb31-codoped
BaF2 and YF3 . It is a cooperative sensitization process,
volving two excited donor ions and an acceptor ion in clo
proximity.39 In the cooperative upconversion process~d! two
ions in close proximity excited to their intermediate sta
combine their energy to emit a photon at twice the ene
The single ions do not have stationary states at the emis
energy.36 The green Yb31 luminescence discussed in Se
IV C 1 is the most prominent example of such a mechani

GSA/ESA and GSA/ETU are the best established mec
nisms in lanthanide-doped materials. The GSA/ESA
quence usually takes place on a single ion. This can d
nitely be ruled out in the present situation, because i
established that both Yb31 and Cr31 are involved in the
process. However, a modified version of GSA/ESA has
cently been invoked to account for the observation of V
Mn21 emission after NIR absorption in Yb31-doped
RbMnCl3 and CsMnBr3 . Instead of a single ion an
exchange-coupled Yb31-Mn21 dimer was considered as th
relevant chromophoric unit. A similar mechanism has to
considered here. Of the two mechanisms involving
energy-transfer step, GSA/ETU@Fig. 9~b!# and cooperative
sensitization@Fig. 9~d!#, only the latter is a candidate in th
present situation, because Cr31 does not have any excite
states below2E→4A2 . We thus have to discuss the modifie
version of GSA/ESA and the cooperative-sensitizat
mechanisms.

The time evolution of the upconverted luminescence
tensity after a short excitation pulse contains important inf
mation on the upconversion mechanism. The experime

FIG. 8. Schematic representation of the four most relevant p
ton upconversion mechanisms. The full arrows represent radia
transitions and dashed lines and arrows represent nonradiative
cesses.
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data on YGG:2% Cr31, 1% Yb31 at 15 K are presented in
Fig. 6 curve~b!. In this experiment, the pulsed laser w
tuned to the prominent Yb31 absorption line at 10 314 cm21,
and the Cr31 upconversion luminescence transient was
corded at 14 388 cm21 ~X system!. The transient consists o
an initial rise followed by a decay. The solid line in Fig.
curve~b! represents a least-squares fit of the empirical eq
tion

I ~ t !5a0 exp~2t/tdecay!2a1 exp~2t/t rise! ~1!

to the experimental data with a decay timetdecay5614ms
and a rise timet rise5145ms. The inset to Fig. 6 shows tha
the rise starts at zero intensity immediately after the la
pulse. The 15-K decay transient of the2E→4A2 downcon-
version luminescence after direct Cr31 excitation at 14 641
cm21 is depicted in Fig. 6 curve~a!. It is essentially a single-
exponential decay curve with a very weak rise part befort
530ms. Despite this initial rise a single-exponential fun
tion was fitted to the experimental data, see the solid line
transient Fig. 6~a!. We thus obtain a decay timetdecay
5611ms. This decay time compares well with the dec
part of the upconversion transient in Fig. 6~b!. A similar
decay timetdecay5590ms was determined for theX system
in YGG:2% Cr31. This decay time is shorter than thet
52.4 ms reported for the Cr31 2E→4A2 luminescence in
YGG:2% Cr31 in Ref. 40. We attribute this shortening to th
presence of the Bi31 ions in the neighborhood of theX-type
Cr31 ions in our garnets.

The upconversion luminescence transient clearly indica
the presence of a slow step in the sequence of the proce
that finally leads to2E→4A2 upconversion luminescence
This must be an energy transfer step. The situation is c

o-
ve
ro-

FIG. 9. Simplified energy level scheme with the relevant p
cesses in the upconversion process: Straight up, dashed, curly
straight down arrows represent excitation, nonradiative ene
transfer, nonradiative multiphonon relaxation and luminesce
steps, respectively.
2-7
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plicated by the presence of energy transfer processes
tween the various Cr31 sites discussed in Sec. IV B. Ther
fore, it is nota priori clear whether this slow step belongs
the upconversion process itself or to an energy tran
among the Cr31 ions of different sites after the upconversio
process. We attribute the very weak and short~Fig. 6! rise
parts observed in the decay transients of theX line after
direct Cr31 excitation to the energy transfer between t
various Cr31 sites. This rise is one order of magnitud
shorter than the rise time of 145ms in the upconversion
luminescence transient. This is a strong indication, altho
not an unambiguous proof, that the slow step in the seque
of processes leading to Cr31 upconversion luminescence
the upconversion process itself. This rules out a GSA/E
mechanism and is a first indication for the cooperative s
sitization process.

Further strong evidence against a GSA/ESA sequenc
provided by the results of the two-color excitation expe
ments. A hypothetical sequence of GSA/ESA steps in a o
color experiment with 10 314 cm21 excitation energy would
hit the Cr31 in the foot of the4A2→4T1 absorption at 20 628
cm21, as indicated by the arrow in Fig. 1~a!. We performed
the following two-color experiment at 15 K: A first ver
weak laser of typically 2 mW output power was tuned to t
Yb31 GSA at 10 314 cm21. This produced a very weak up
conversion luminescence in the red. A second intense las
typically 300 mW output power, tuned to the Yb31→Cr31

ESA at 12 500 cm21 and thus hitting the4T1 band at 22 814
cm21, close to the absorption maximum, was then add
The GSA cross section is negligible at this wavelength,
the ESA cross section is certainly much bigger than at 10
cm21. The second laser did not enhance the upconver
luminescence intensity and thus we definitely rule ou
GSA/ESA sequence.

Both the observed rise in the upconversion transients
the results of the two-color excitation experiments point
wards the cooperative sensitization mechanism in Fig. 8~c!.
This mechanism is fully consistent with the similarity of th
upconversion excitation spectrum of the red Cr31 2E→4A2
upconverted luminescence and the squared NIR excita
spectrum of the Yb31 2F7/2→2F5/2 luminescence in Figs
2~b! and 2~d!, respectively. Figure 9 shows the relevant ste
of this mechanism for YGG:2% Cr31, 1% Yb31. A prereq-
uisite for such a mechanism to occur is either to have
Yb31 donor ions arranged as dimers in the crystal or a h
mobility of the Yb31 excitation energy in the lattice. Th
garnets do not favor dimers of Yb31 ions, we assume a sta
tistical distribution among the Y31 sites. We, therefore, at
tribute the high upconversion efficiency of 6% at 10 K to t
high mobility of the Yb31 2F5/2 excitation energy. Energy
migration of the2F5/2 excitation among the Yb31 ions has
been reported for GGG:5% Yb31.41 Energy migration takes
place at a doping level of 1% Er31 in Cs3Lu2Br9 :1% Er31

~Ref. 42! and is noticeable in YF3 :Yb31, Ho31 doped with
0.3% Yb31 only.18 It is thus not unreasonable to assume
mobility of the 2F5/2 excitation in YGG:2% Cr31, 1% Yb31

studied here. Once two Yb31 excitations are close to a Cr31

ion, a resonant process in which two excited Yb31 ions si-
multaneously transfer their excitation energy to the Cr31
12511
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becomes possible, since there is a small spectral overlap
tween twice the Yb31 2F5/2→2F7/2 emission and the Cr31

4A2→4T1 absorption.
This energy transfer step is followed by fast nonradiat

multiphonon relaxation to2E, which is the emitting state
see Fig. 9.

D. Loss mechanisms

The data in Fig. 7 show that the ratio of VIS/NIR-emitte
photons in YGG:2% Cr31, 1% Yb31 after 10 314-cm21 ex-
citation~150 mW! drop almost linearly between 10 and 50
from about 6–3 %. Above 100 K the drop is exponential.
250 K the VIS/NIR ratio has dropped by a factor of 1025

compared to 10 K. The data in Fig. 7 are represented in
form of an Arrhenius plot, and an analysis of the hig
temperature data~>70 K! by the equation

VIS/NIR5A exp~2DE/kT! ~2!

yields an activation energyDE5(550660) cm21, see the fit
line through the diamond data in Fig. 7.

Figure 7 also contains the NIR/VIS photon ratio after bl
21 839-cm21 excitation into4T1 of Cr31 in a similar Arrhen-
ius representation. This ratio is roughly constant
NIR/VIS50.1 between 10 and 50 K, and above 100 K
increases exponentially withT. Applying Eq. ~2! yields an
activation energyDE5(460650) cm21 ~see the fit in Fig.
7!. Within experimental accuracy this is the same value
obtained above for the VIS/NIR ratio in upconversion ex
tation. This immediately suggests that the thermal activat
is due to the same process in both experiments.

It is obviously a process that transfers the excitation
ergy from Cr31 to Yb31. Figure 4 contains the key to un
derstanding it. At 15 K the Cr31 luminescence is sharp line
and thus clearly assigned to2E→4A2 . At temperatures of
100 K and higher the shape changes to broadband, and
assignment to4A2→4T2 is straightforward. The4T2 excited
state is thermally populated in this temperature range, s
gesting that this4T2 population may be responsible for th
observed thermally activated excitation transfer from2E/4T2
on Cr31 to 2F5/2 on Yb31. We determined an activation
energy of aboutDE5(550660) cm21 for this transfer. This
compares very favorably with the energy difference of 6
cm21 between the 4T2 and 2E origins estimated from
YGG:Cr31 spectroscopy.43

We conclude that Cr31 4T2 to Yb31 2F5/2 transfer is
intrinsically more efficient by around seven orders of ma
nitude than Cr31 2E to Yb31 2F5/2 transfer, which deter-
mines the behavior below 50 K. We use the Yb31-Cr31

dimer picture shown in Fig. 10 to interpret this. The cruc
step is a multiphonon relaxation within this dimer. The re
evant states in Fig. 10 have double labels and are plo
against a single configurational coordinateQ. Q represents
the distortion coordinates of the4T2 excited state of Cr31.
All the other states involved are essentially undistorted.
are interested in the ratio of the two multiphonon relaxat
processes represented by bold and faint curly arrows
Fig. 10.
2-8
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Within the Condon approximation the nonradiative rela
ation rate between two statesub& and ua& is proportional to a
thermally averaged Franck-Condon~FC! factor within a
single-configurational coordinate~SCC! model. At low tem-
peratures this is given by:44

FCT505u^xa,pxb,0&u25
e2sSp

p!
, ~3!

whereS is the Huang-Rhys factor, a measure of the distort
of the upper stateub& with respect to the lower stateua& along
the coordinateQ, p is the reduced energy gap~in units of
\vQ between thev50 levels of theua& and ub&!. The 4T2
state of Cr31 is usually distorted along both thea1g andeg
coordinates.45,46 This leads to anSeff and aQeff comprising
both distortions in our SCC model. From Figs. 1 and 4
estimate the4A2↔4T2 electronic origins at about 15 00
cm21. Taking the average of thea1g and eg vibrational en-
ergies of the YGG lattice we get\veff>500 cm21, and from
the absorption and luminescence band shapesSeff(

4T2)>2.5.
From the2E luminescence band shapesSeff(

2E)>0.1 should
be an upper limit. The energy gap between the dimer st
(2F5/2-

2E) and (2F5/2-
4A2) is around 3500 cm21, corre-

sponding top(2E)>7. 4T2 lies about 650 cm21 higher lead-

FIG. 10. Single-configurational coordinate picture of
Yb31-Cr31 pair. The coordinateQeff is an effective distortion co-
ordinate of the4T2 state of Cr31. The potentials carry double labe
corresponding to the respective state of Yb31 and Cr31. The faint
and bold curly arrows represent the dominant relaxation proce
at low and high temperatures, respectively.
-

nc
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ing to p(4T2)>8. With these numbers we can now use E
~3! to estimate the relative importance of the two nonrad
tive relaxation processes in Fig. 10. The relaxation rate c
stant corresponding to the bold arrow is about 7–8 order
magnitude bigger than that for the faint arrow. This is in ve
good agreement with the experimentally determined se
orders of magnitude.

At 15 K only the (2F7/2-
2E)→(2F5/2-

4A2) relaxation pro-
cess is possible. Experimentally we find a NIR/VIS ratio
10% after blue excitation at this temperature. So the fa
arrow is just barely competitive with the radiative2E
→4A2 process of Cr31. This is in good agreement with th
2E luminescence lifetimes determined at 15 K for YGG:2
Cr31 and YGG:2% Cr31, 1% Yb31 of 612 and 590ms,
respectively~see Sec. IV C!.

V. CONCLUSIONS

We have identified and characterized a mode of excit
sharp Cr31 2E→4A2 luminescence in YGG codoped wit
Cr31 and Yb31. Excitation around 10 314 cm21 leads to
relatively strong red Cr31 luminescence at low temperature
We propose a cooperative sensitization upconversion me
nism to account for this phenomenon. The characteriza
and description of the underlying processes is complica
by the presence of multisites in our crystals.

The described loss pathways are intrinsic for syste
codoped with Cr31 and Yb31. One possibility to reduce
these is to strengthen the crystal field and thus increase
energy differenceDE between2E and 4T2 . For this reason,
we are planning to extend our studies to host materials s
as YAG and YAlO3 codoped with Cr31 and Yb31. The situ-
ation is less favorable for systems with broadband C31

4T2→4A2 luminescence, because in that case the nonra
tive relaxation from Cr31 4T2 to the Yb31 2F5/2 multiplet is
efficient and dominant down to the lowest temperatures.

Increasing the crystal field should also enhance the e
ciency of the upconversion process. In the YGG lattice
spectral overlap between twice Yb31 2F5/2→2F7/2 emission
and Cr31 4A2→4T1 absorption is small and thus the effi
ciency of the energy transfer step in the upconversion p
cess limited. At a higher crystal field the4T2 band would
move to higher energy and thus create the necessary spe
overlap. We are presently exploring this avenue.
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