PHYSICAL REVIEW B, VOLUME 65, 125112

Sharp 2E upconversion luminescence of Git in Y ;GagO,
codoped with Cr** and Yb®*
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We report on upconversion luminescence igG¢;0;, codoped with Ct" and YB'. This is, to our
knowledge, the first upconversion process directly involving*CrAt low temperature excitation around
10314 cm? leads to relatively strong red luminescence in the title compound. The sharp upconversion
luminescence around 14 300 chis identified as thé E—*A, transition of CF". The upconversion excita-
tion spectrum follows the Y& 2F,,—2Fs;, absorptions in the range 11 200—10 315 ¢mFrom transient
measurements the upconversion mechanism is found to be dominated by an energy transfer step: Two excited
Yb3* ions simultaneously transfer their excitation energy to the' Gon. In Y;Ga;0,,:2% CP*, 1% Yb**
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.
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. INTRODUCTION crystallize in the cubic space group3d.*® The unit cell
contains eight formula unitsA is a dodecahedrallyB an
One possibility to convert long-wavelength radiation into octahedrally, andC a tetrahedrally coordinated site with
shorter-wavelength radiation is by the photophysical phepoint symmetrie®,, Sg, andS,, respectively. In ¥Ga 01,
nomenon of a so-called photon upconversibiC) process. ~ Crystals, the large ¥ ions occupy theA and the G&" ions
Especially in the field of generating visib&/IS) radiation  the B and C sites. The impurity ions Cf and Yb'" are
by near-infraredNIR) pump sources, the upconversion pro- expected to substitute for the &aon theB and the ¥* on
cess has become important in recent years since strong NifR€ A sites, respectively. The octahedrally coordinaesite
diode lasers became available. Several lasérgging ma- 1S weakly trlgonally distorted along the diagonals of _the unit
terial device€ and IR quantum counting devicdsave been cells. The; distorted o_ctahedra are surrounded antiprismati-
reported based on UC pumping mechanisms. Thus desigff!ly PY Six edge-sharing dodecahedra. Whereagtgoc-
and characterization of solid-state materials that show NIR'@hedra are isolated from each other, the dodecadhedra are

to-VIS upconversion is an attractive and relevant researcHOt: T_hey are connected via four edge_s to other QOdecahedra.
field. This paper reports on the observation of relatively strong,

+ 2 4 i 2

In the field of NIR-to-VIS upconversion the main interest sha_rp .C? B AZ Ifm|ness+cenc_e upon NIR % Fsp2
. . . : > excitation in YGG:C#*, Yb®". With the exception of our
is centered on UC materials containing lanthanides sinc

th h . ited states f hich lumi rief communicatiol it is the first report on an upconver-
ese have various excited states from which fuminescencg , process directly involving €. We present experimen-
may originate. The much younger research field of

. ) ) tal results, propose a mechanism for the observed UC pro-
transition-metal upconversion has grown in recent years bylegs and describe the intrinsic loss mechanisms that are
is much less explored. UC has been observed T active in the title compounds.

Ni?"-°5 Mo®*- 6 Re*"- " and O4*- (Ref. 8 doped systems.

The major advantage of the transition-metal ions over rare-

earth ions is their sensitivity towards the ligand-field envi- Il. EXPERIMENT
ronment. On the other hand, multiphonon relaxation pro-
cesses are much more competitive in transition-metal-ion-
doped crystals and glasses, leading to important loss Single crystals of YGG:Cr, YGG:Yb, and YGG:Cr, Yb
processes. As a result, multiple excited-state emission angith three different Cr and equal Yb concentrations, were
upconversion phenomena are very rare. The idea to combirgrown by the flux techniqu& A 3:5 molar ratio of high-

the different spectroscopic properties of rare-earth angburity Y,05; (99.9999%, Johnson & Matthgyand GaOs;
transition-metal ions for new UC materials is promising. (99.995+%, Chempurwere used as starting materials. Dop-
Very recently, YB*-sensitized MA* upconversion has been ing with Yb®" and CF* was achieved by adding defined
observed in YB"-doped RoMnGJ,%* CsMnCL,** and  amounts of YbO; (99.9999%, Ultrafunction Enterprises &
CsMnBr,. 12 Co,) and Cf{NOg3)3-9H,0 (99.999%, Alfa Johnson & Mat-

In the following text we report on the spectroscopic prop-they). In all syntheses BD; (99.9995%, Chemplrwas
erties of Y;Ga;0,, (YGG) codoped with Ct" and YB'*. A added to the mixture of the starting materials in a ratio 9:1 as
great deal of attention has been devoted to the light-emissioa flux medium. The reaction mixture was filled in 30 or 50
properties of Ct" in a big variety of crystal and glassy en- ml platinum crucibles closed by a platinum lid. The crucibles
vironments. Garnets are well-known host lattices for manywere placed in a corundum tube that was introduced in a SiC
dopant ions. They have the general formalfB,C;0,, and  furnace for heating. The furnace was heated to 1300 °C to

A. Crystal growth
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melt the B,O; flux and to dissolve the starting materials. sured on a Cary 5EVarian) spectrometer. Sample cooling
The resulting melt was homogenized for 24 h at 1300 °CcWas achieved using a closed-cycle cryosgit Products.

The furnace was Coo|ed from 1300 to 1000 °C Wlth a Slowcon“nUOUS'WaVe Upconvers|0n |Um|nescence SpeCtra were
rate of 0.02 K/min to achieve nucleation and initial growth of excited by an Af"?” laser(Spectra Physics 2060-10 $A
crystals. Further growth was performed by cooling fromPuUmped tunable Ti:sapphire lasg3pectra Physics 3900S

o ; ; The emission was dispersed by a 0.85-m double monochro-
1000 to 800°C at a rate of 0.5 K/min. Finally the crystals ;
were cooled to room temperature y 4 mator (Spex 1402 using 500-nm blazed 1200 grooves/mm

By this synthetic method and under the conditions de_gratings and detected by a cqoled photomultiplier
scribyed abO\B//e we obtained a small numt®8) of single (Hamamatsu 3310-QJand recorded with a photon-counting

crystals with dimensions around 1-10 mm. Crystals do e@ystem (Stanford Research SR 400 Continuous-wave
Y n . m. LTy P€Yownconversion luminescence spectra were excited with the
with Cr®* were light to dark green depending on the concen

. In all the G+ -doped | X i Ti:sapphire laser or the 457.9-nm line of the*Aion laser
tration. In all the Cr™-doped crystals a concentration gradi- 54 qetected as described above. In all the measurements the

ent was obse_rve_d. The borders of the cryst_als were S_“ghtlYaser beam was focused on the crystal with a lens of focal
brgzvnlsh, which is most probably due to the incorporation Ofjeng4h £ — 53 mm. All the spectra were corrected for the sen-
Bi*" from the flux. The crystals doped with ¥b were sitivity of the monochromator and detection system and the
Gefractive index of air\vacuum correction They are repre-
sented as photon counts versus wave numbers. For excitation
spectra, the Ti:sapphire laser was scanned using an inch-

The actual Cr and Yb concentratiofr®ol % per site of
the resulting crystals were determined by inductively
coupled plasmaCP) elemental analysis and were YGG:2% worm controller (Burlei ; e

_ _ gh PZ-50] to drive a birefringent
cr, l%on’ YGG: 5% .Cor, 1% Yb, YGG.:14% Cr, 1% Yb, filter, and the wavelength was monitored with a wavemeter
YGG:2% Cr, and YGG:1% Yb. Additionally, we determined g eigh WA2100. All excitation scans were corrected for

the Bi and Er impurity concentrations that were aroundy,e nower dependence of the Ti:sapphire laser source over

1-2% and<0.001%, respectively, in all the samples. They,q 4ning range. For two-color experiments two Ti:sapphire
ICP method cannot distinguish between valence states of t Esers were used as excitation sources

ions, but since we have no direct spectroscopic evidence for For pulsed upconversion and ¥bdownconversion exci-
other valence states, we ascribe the concentrationso, Cr tation experiments the output of a Nd:YAGttrium alumi-

Yb®*, EP*, and BP*. All the samples were characterized gamet laser (Quanta Ray DCR Bpumped dye laser
by x-ray powder diffraction. They are single-phase cubic May| ambda Physik FL3002, Pyridine) Was Raman shifted
terials, spac+e grou;ba3+d with a= ;2.28 A.. A crystal of (Quanta Ray, RS-1, H 340 psj. For time-resolved Gf
YGG:2% CF”, 1% Yb'" was cut using a diamond saw and ounconversion the output of the dye laser was directly
polished for absorption measurements. For luminescence e¥saq The sample luminescence was dispersed by a 0.75-m
periments, selected crystals of the various concentrationscing|e monochromataiSpex 1702 equipped with a 750-nm
were directly used. blazed 600 grooves/mm grating and detected by a cooled
photomultiplier (Hamamatsu 3310-Qland recorded with a
multichannel scaler(Stanford Research SR430Sample
Absorption spectra of a YGG:2% €F, 1% YB** crystal  cooling was achieved using a quartz He flow tube for lumi-
of 2.70 mm thickness mounted in a copper cell were meanescence measurements.

B. Spectroscopic measurements
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FIG. 2. Comparison of excitation spectra of YGG: 2% Cr1% Energy [cm|
Yb®* at 15 K in the region of théF,,—2Fg, transition of YB'*.
(a), (b), and(c) are the excitation scans monitoring the NIR3Yb FIG. 3. (a) and(b) show the 15 K luminescence spectra of YGG:

(at 9770 cm?), the red C¥* (at 14388 cm?) and the green 2% CP* and YGG: 2% C}*, 1% Yb**, respectively, after 21 839
Yb3*-pair luminescencé20 628 cm'}) intensites, respectivelyd) cm ! laser excitation(c) shows the 15 K upconversion lumines-
shows the square of spectrum(@&. cence spectrum of YGG: 2% &, 1% Y™ after 10314 cm?
laser excitation.
Il. RESULTS . .
Figure 3 compares the 15-K downconversion lumines-
The overview 13-K absorption and 15-K upconversioncence spectra of YGG:2% &t [Fig. 3@)] and YGG:2%
luminescence spectra of YGG:2%°Cr 1% YI** excited at  Cr3*, 1% YB** [Fig. 3b)], both excited at 21839 cff,
10314 cm " are depicted in Figs.(&) and Xb), respectively.  with the 15-K red-upconversion luminescence spectrum of
In the NIR between 10000 and 11 000 tinthe absorption YGG:2% CP", 1% YB** excited at 10314 cm' Fig. 3(c).
is assigned to théF;,—?F s, transitions of YB*. The VIS The three spectra show a close analogy: The 14 290—14 550
spectral region consists of the typical absorption bands ofm™? region that is dominated by sharp lines is followed by
Cr** in an octahedral oxo coordination. 150-mW laser exci-a broader, slightly structured band on the lower energy side.
tation at 10 314 cm' into the prominent absorption lié-  The relative contribution of the sharp lines to the total lumi-
dicated by the arrowat 15 K leads to YB" ?Fs,—2F;,  nescence intensity of this spectral region is enhanced by a
luminescence in the NIR. In addition, we observe a relativelyfactor of 2.4 in the spectrum excited at 10314 ¢m
intense red emission and very weak features in the green Figure 4 shows the red-upconverted luminescence spectra
between 18000 and 21000 ch The number of emitted of YGG:2% CP*, 1% YB3 after 10314-cmi’ excitation
photons in the red13 000—14 530 cnt) and greer{18 000—  with 150 mW laser power at various temperatures. The spec-
20640 cm’) spectral regions are 18 and 35000 timestra above 50 K are blown up by the scaling factors given on
smaller, respectively, than for tHé s, NIR luminescence of  the right-hand side. The integrated photon flux decreases rap
Yb®* (9500-10000 ci'). The upconversion efficiency, idly with increasing temperature above 50 K. Above 100-K
i.e., the fraction of emitted VIS photons, is thus 5.6% at 15 Kthe broadband luminescence, extending from 12000 to
for this excitation density. The red and green emissions ar@5500 cm?, replaces the sharp features observed at low
assigned to G and EF", Yb®*, respectively. Below 200 temperatures.
mW at 15 K the red and green upconversion luminescence Figure 5 shows the 15-K upconversion-luminescence
intensities excited at 10314 crhshow a quadratic depen- spectra in the region 14 250—14 550 chof three samples
dence on the laser-excitation power, whereas thé*Yb with different CF* concentrations upon 150-mW laser exci-
2F¢,—2F, luminescence has a linear dependence. tation at 10314 cm'. Increasing the Gf concentration
Figure 2 shows a comparison of excitation spectra ofleads to a small decrease of the overall red-upconversion
YGG:2% CP*, 1% YB** at 15 K. Figures @), 2(b), and efficiency: At 15 K the efficiencies are 5.6%, 2.3%, and 1.7%
2(c) are the excitation scans monitoring the NIR®b the  in the garnets YGG:2% @€f, 1% YB*, YGG:5% CF™,
red CP*, and the green Y -pair luminescence intensity, 1% Yb*" and YGG:14% Ct", 1% YB*", respectively. All
respectively. Figure @) shows the square of the NIR ¥b  three samples show three similar groups of lines separated by
excitation spectrum of Fig.(3). roughly 100 cm?, see theY, X, and R systems in Fig. 5.
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FIG. 4. Temperature dependence of the upconversion lumines- FIG. 5. The top, middle, and bottom parts show the upconver-
o i i 20, 0 + - 5O,
cence spectrum of YGG: 2% &, 1% YB** in the region 13000~ S luminescence spectra of YGG: 29%°Cr 1% YB**, YGG: 5%

+ 0, + . 0, + 0, + i
15000 cm* after 10 314 crn’ laser excitation. The temperatures Cr*, 1% Yb’', and YGG: 14% Ct", 1% Yb’*, respectively,

are indicated on the left side. Note the scaling factors on the righ%Ipon 10314 cm” excitation at 15 K.

side.
The two multiplets are separated by roughly 10000 tm

Above 10000 cm' Yb3* is transparent throughout the NIR

With increasing Ct' concentration, the intensity shifts from and VIS. In an oxide environment the first allowed transi-

the R to the X to the Y system. Site-selective spectroscopy in . : o .
YGG:2% CF*, 1% YE* in the region 14 250—14 550 crh t!ons are the I|g+and to-metal chgrge transferfed transi
. ; ) tions on the YB*. They fall outside the range of the over-
at 15 K revealed two different pairs of correspondiitines. ; b . f VGG 2% Tr 1% Y+
In Fig. 5 they are labeledR; (14488 cm?), R, (14516 view a_sorptlonlsspectrum ° 70 ML L0 T
' ! N shown in Fig. 1}® In Yb®" compounds the electronit-f

—1 ’ =1 ’ ~1
cm ), andR;] (14497 cm™), R, (14524 cm ™), separated o h 2 .
. & F Itipl I
by 28 and 27 cm?, respectively. In th&X andY systems, no transitions between the,, and “Fs,; ultiplets are usually

corresponding pairs of lines were observed.

The curvega) and(b) in Fig. 6 show the measured time 1'0—\ 1.0
dependence of the 15-K red downconversi@xcited at ’
14641 cm?) and upconversioriexcited at 10315 cm') 0.8 054
luminescence intensities, respectively, of YGG:2%'Crl% ‘
Yb3* after a 10-ns excitation pulse detected at 14 388%tm
0.6 0.0~

(X line). The inset shows the upconversion transient with a
better time resolution. The solid lines represent fits to the
experimental data and will be discussed in Sec. IVC 2.

In Fig. 7 the diamond markerc®) represent the inte-
grated photon ratidin a logarithmic representatiprof the
VIS (red to NIR emission after 10 314-cr excitation as a 024
function of 1. The circle markers®) represent the inte-
grated photon ratigin a logarithmic representatiprof the

T T
0 100 200 300 400
Time [us]

0.4 1

Photon flux

NIR to VIS (red emission after 21 839-cni excitation as a 0.0+ . . : S
function of 17T. The solid lines represent fits to the experi- 0 1 2 3 4 5
mental data and will be discussed in Sec. IV D. Time [ms]

FIG. 6. 15 K time evolution of YGG: 2% Gf, 1% YB**
IV. DISCUSSION luminescence following 10 ns pulsed excitatiga). and (b) show
the X-line intensity for 14 641 and 10 314 crhexcitation, respec-
tively. The inset shows the rise ¢f) with a better time resolution.
Yb®* has a 4'2 electron configuration giving rise to the The solid lines are least-squares fits of EB.to the experimental
ground and excited multipletsF,, and %Fs,, respectively. data as explained in the text in Sec. IV C 2.

A. Substitution of Yb®* in YGG and single ion spectroscopy
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FIG. 7. The diamond marke(®# ) represent the integrated pho-
ton ratio of the red to NIR emissiofin log representationafter
10 314 cm ! excitation as a function of T/ The circle marker¢®)
represent the integrated photon ratio of the NIR to red emigdgion
log representationafter 21 839 cm' excitation as a function of
1/T. The solid lines are least square fits of EB) to the experi-
mental data below 70 K as described in Sec. IV D.

accompanied by remarkably intense vibronic sidebands. Dus

to the large energy gap betweéR-,, and 2F 5, of roughly
10000-cm* multiphonon relaxation is not important in
Yb3*-doped ionic compounds anéFs, luminescence is
commonly observed. These properties maké'Yhn excel-

lent upconversion sensitizer for ions such as 3T’
Er3+ 18 HO3+ 19 and Pi;+ 20

The absorption and luminescence spectra of YGG:19
Yb®** have been analyzed in Ref. 21, and we only give an

brief summary here. In YGG, Y8 replaces ¥* on a site of
D, point symmetry. In this low-symmetry environmeti -,
and 2Fg, are split into four and three crystal-field levels
labeled 0, 1, 2, 3 and’'Q 1’, 2’, respectively. The absorp-
tion, luminescence, and excitation spectra of YGG:2%' Cr
1% Yb®" at 15 K in Figs. 1 and 2 show the transitions
between these levels around 10000 ¢niThe spectra are

complicated by the presence of intense vibronic sideband
which obscure most of the electronic transitions and make a

assignment very difficult. The @0’ transition at 10314
cm 1is the only well-separated, sharp zero-phonon line typ
cal of lanthanidef-f transitions. Its intensity is drastically

reduced in the 15-K luminescence spectrum due to reabsora—:
tion, see Fig. 1. The absorption and luminescence spectra Sl
Yb3* are similar to those reported in Ref. 21, which shows

that the presence of &r does not significantly affect the
Yb3* electronic structure. In YGG:2% €&F, 1% Yb** and
YGG:1% YB** the decay of the Yb" 2F, luminescence
intensity at 15 K is single exponential with lifetimes of 485
us and 88Qus, respectively, after excitation at 10315 ¢m
The lifetime of the YGG:1% YB' sample is similar to the
value of 1.1 ms observed for YAG:Yb (Ref. 22 while
codoping with C#* leads to a significant reduction of the
Y3t 2Fg, lifetime.

B. Substitution of Cr®* in YGG and single-ion spectroscopy

PHYSICAL REVIEW B 65 125112

luminescenceof Crr*-doped YGG has been reported in the
literature?®>~2" Here we focus on those aspects that are rel-
evant for the upconversion process. In YGG® Creplaces
the octahedrally coordinated &aions with Sg-site symme-
try. Since CP* has the 8° electron configuration, the
ground state i$'A, (O notation. The nature of the first ex-
cited state depends on the crystal-field strength and is either
the 2E or the *T, state?® The *A,— 2E and the closely lying
4A,— 2T, transitions take place within thg electron con-
figuration. As a consequence, these so-called spin-flip transi-
tions have small Huang-Rhys parameters and appear as weak
and sharp lines in the spectrum. On the other hand, the spin-
allowed #A,— 4T, transition appears as a more intense and
broad band with a large Huang-Rhys paramé&téthe ab-
sorption spectrum in Fig.(&) shows that in YGG:2% Cf,
1% Yb** the “A,—2E, 2T, lines appear just below the
onset of the broadA,—*T, band centered at about 16 400
cm 1. Above 20000 cm! we identify the second broad
in-allowedd-d band *A,—*T,, centered at about 22 800
m ! and the sharp features around 21 200 teprrespond-
ing to *A,— 2T, spin-flip transitions. From these band posi-
tions we determineddq=1640cm?, B=640cm?, C
=3240 cm?, which are in good agreement with the values
in Ref. 25.
In the Sy site occupied by G the octahedral coordina-

ion is trigonally distorted along the diagonals of the cubic
Unit cell. TheE state, which is the emitting state and thus of
ajor interest in this study, is split by the combined action of
spin-orbit coupling and the trigonal ligand field into the

spinor component?A and E.?® Transitions to and from
these components are observed in the absorption and lumi-
nescence spectra. In ruby thE components are known &
lines. In the low-temperature absorption spectrum of
YGG:2% CP', 1% YB*" in Fig. 1 as well as in the lumi-

gpescence spectra of YGG:2%Cr 1% YB** and YGG:2%

Qr‘” in Fig. 3, we observe more than the two expected sharp
R; and R, lines in the 14 250-14 530 cm region. These
lines are labeled withR, X, andY in Fig. 3 and occur at the
same energetic positions in absorption and luminescence.
hey are assigned téE electronic origins of different Gf
tes. Using site-selective spectroscopy we found that even
the R system contains more than one’Cisite. We identified
two R-line pairs with 2E splittings of 28 and 27 cit la-
beledR; /R, andR}/R;, respectively, in Fig. 5. These split-
tings are in good agreement with tieline splitting of 27
cm ! reported for YGG:CY" in Ref. 23. We were unable to
determine the’E splitting in the other lines of th&, X, and
Y system. The sharp origin lines are followed by the ex-
pected weakly structured phonon sidebands, see Fig. 3.
Multisite effects in the garnet lattices have been studied in
detail and were attributed to cation inversidrt/?%*°These
effects lead to energetic shifts of thelines on the order of
40 cmi'!, which is significantly smaller than the 250 ¢
spread of theR, X, andY systems in Fig. 5. Exchange effects

The optical spectroscopy of € has been studied in nu- are not the origin for this splitting either, asroccupies
merous materials. In crystals, glasses, and molecular conisolated octahedrally coordinated sites in garnets, thus lead-
plexes Ct" exclusively adopts an octahedral ligand coordi-ing to small exchange splittings of the order of the inhomo-
nation that is usually slightly distorted. The absorptiand  geneously broadened linewidtfs.
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As noY andX systems were described for YGGCrin  Cr3*, 1% YB** at 15 K. This is not our main interest in this
the literature, we attribute the occurrence of these addltlonelj,tudy. Nevertheless, this green upconversion luminescence

lines in the title compound to our syntr;esis method. Theyith all its fine structure can be completely understood.
additional lines are observed in all the3Crdoped YGG

crystals grown from a BO; flux, independent of Yb' and

Cr’* concentration, see Figs. 3 and 5. The importance of the 1. Green upconversion luminescence

X and Y sites strongly increases with €r concentration. The very weak green upconversion luminescence ob-
ICP analysis showed that our crystals contain about 1-2% afgryed at 15 K between 17 800 and 20 630 ifsee Fig. 1

the flux ion BF*, which most likely replaces ¥ ions. Due  can be divided into two parts on the basis of its fine structure.
to the ionic radius of Bi* (1.17 A), which is much larger  The region 17800-18 700 cthis built of very sharp and
than that of ¥* (1.019 A, a big distortion of the lattice closely spaced lines whereas the region 18 70020 6306 cm
around B?* is expected? This could in turn lead to dis- shows much broader features.

torted C?+ sites in the neighborhood Of:B'i and thus giVe The upconverted |uminescence in the region 17 800—
rise to theX angY ba}n(_js. As shown in Fig. 3, the occurrence 18700 cm? is identified as the*Sy,—*1 15/, transition of
of the X andY lines is independent of the presence ofYb Er* by comparison with Ref. 35. This Ef impurity that
was likely introduced with the YJ©; starting material, could
be detected in our crystals by the ICP method, with an upper
Figure 1 shows that at 15-K &t upconversion lumines- limit of 0.001% in all the samples. The excitation spectrum
cence is induced quite efficiently upon excitation aroundof the #S;, upconversion luminescence follows tH&,
10000 cm tinto 2F, of Yb®". This new mode of inducing — 2Fs, absorption spectrum of ¥B, which identifies YB*
2E—“A, CrP" luminescence after NIR Yb excitation is  as the sensitizer for this upconversion process 'Yéensi-
unexpected and remarkable. There are many upconversidized EP" upconversion is a well-established and very effi-
phenomena reported in lanthanide-doped crystals andient process in oxide and halide crystals and glasses
glasses. Since theelectrons are well shielded from their codoped with YB™ and EF*. The YB'* 2F5, excitation is
ligand-field environment, the electron-phonon coupling istransferred to EY" “1,,,,, followed by the upconversion pro-
small and therefore more than one metastable excited statess to*F-,, and then multiphonon relaxation tt5,,. At a
with a sufficiently long lifetime is available in most lan- given laser power the intensity ratio of the3Er*S,,, emis-
thanide systems. In contrast, tleelectrons of transition sion to the YB* 2F5;, emission in the NIR is the same for
metal ions are less well shielded, the electron-phonon cowGG:2% CP*, 1% YB' and YGG:1% YB™. From this
pling is stronger, and nonradiative multiphonon relaxationobservation we can unambiguously rule out that te
processes are much more competitive. Thus, it is not surpris=»4A, emission of Ct" in YGG:2% CFP', 1% YB'' is
ing that multi-excited-state luminescence and upconversioexcited via an YB"/Er** upconversion process.
processes are very rare in transition-metal ion systems. Some For energy reasons the green upconversion luminescence
examples of upconversion phenomena are reported o the region 18 700—20630 crhis identified as coopera-
transition-metal ion systems to date®Tj* Ni**,> Mo®",®  tive Yb®*-pair luminescencd?3’ The upconversion excita-
Re*",” and O§*.% The combination of transition-metal tion spectrum of this luminescence shown in Fig)2s very
(TM) and rare-eart{RE) metal ions in the same crystal similar to the excitation spectrum of the red®€r?E—*A,
is an appealing approach to explore new cooperative praapconversion luminescence shown in Figp)21t reflects the
cesses such as upconversion. The possibility to tune thénergy and intensity distributions of the squared absorption
properties of a transition-metal ion by chemical and strucspectrum shown in Fig.(#8). This is a very nice illustration
tural variation together with the relative inertness of theof the quadratic character of this upconversion excitation,
rare-earth ions toward such variation is promising. Verywhich is also reflected in the quadratic power dependence of
recently, we reported on YB-to-Mn®* upconversion pro- the upconversion-luminescence intensity.
cesses in RbMnGlYb®** %1% CsMnCk:Yb**, 1% and The individual lines of this cooperative green lumines-
CsMnB#;: Yb®*.* These studies yielded some very surpris-cence can be assigned &6 2Fs,) — (2F7,-2F75) transi-
ing and intriguing results, and at least two different upcon-tions of YB** dimers with energies corresponding to the sum
version mechanisms were found to be at work. Sinc&Yib  of single-ion YB* transitions. The intensity of this coopera-
transparent above 11 200 cithroughout the NIR and VIS  tive upconversion luminescence in YGG:2%6€r 1% Yb**

spectral region it is an excellent partner for such mixedat 15 K is 20 000 times weaker than thE—“A, upconver-
TM/RE systems. The title system YGG:2%Cr 1% YB**  sjon luminescence intensity of &F.

is the first one to exhibit VIS G emission excited by direct
NIR upconversion via Yb'. The mode of Ct" 2E—*A,
luminescence excitation by an upconversion process in
which both the YB" and the C¥" ions are directly involved The quadratic dependence of the*Crupconversion lu-
is new?>3* Our process is distinctly different in that both minescence intensity on the power of the NIR laser excita-
Yb3* and CP* are active partners in the upconversion pro-tion at 10314 cm® is evidence for a two-photon process.
cess. The upconversion excitation spectrum of the red 'CPE
Beside the strong red luminescence we observe a very:*A, upconverted luminescence in FigbRis very similar
weak green luminescence after NIR excitation of YGG:2%in terms of energies and relative intensities to the squared

C. Upconversion

2. Yb3*-to-Cr3* upconversion
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FIG. 8. Schematic representation of the four most relevant pho- :
ton upconversion mechanisms. The full arrows represent radiative rm
transitions and dashed lines and arrows represent nonradiative pro- 54 o
cesses. L :
NIR excitation spectrum in Fig.(d). This demonstrates that 0L °F,, 'F,, i A ‘A,

two Yb*" 2F,,—2Fg, excitations are involved in the up- 3 3+ 3+
conversion process. Yb Yb Cr

The four potentially most relevant UC mechanisms for  FIG. 9. Simplified energy level scheme with the relevant pro-
our situation are schematically depicted in Fig. 8. A ground-cesses in the upconversion process: Straight up, dashed, curly and
state absorptiofGSA) step to the intermediate state fol- straight down arrows represent excitation, nonradiative energy
lowed by an excited-state absorptitESA) step to the upper transfer, nonradiative multiphonon relaxation and luminescence
state is shown in Fig.(®).%8 The processb) denoted GSA/  steps, respectively.
ETU involves an energy transfer step between two ions that
are in close proximity and both excited to their intermediatedata on YGG:2% G, 1% YbB** at 15 K are presented in
states’® The process(c) in Fig. 8 is the least established Fig. 6 curve(b). In this experiment, the pulsed laser was
among the four. It has been postulated to account for the VISuned to the prominent Y8 absorption line at 10 314 cm,
emission after NIR absorption in ¥b- and Y&**-codoped  and the Ct* upconversion luminescence transient was re-
BaF, and YF;. It is a cooperative sensitization process, in-corded at 14 388 cirt (X system. The transient consists of
volving two excited donor ions and an acceptor ion in closean initial rise followed by a decay. The solid line in Fig. 6

proximity.3? In the cooperative upconversion procédstwo  curve (b) represents a least-squares fit of the empirical equa-
ions in close proximity excited to their intermediate statestion

combine their energy to emit a photon at twice the energy.
The single ions do not have s_tationary sta_tes at the_emission | (t)=ag eXp( —t/ Tgecay) — a1 EXP( —t/ Tyise) (1)
energy®® The green YB" luminescence discussed in Sec.

IV C 1 is the most prominent example of such a mechanismto the experimental data with a decay timg,,~614us
GSA/ESA and GSA/ETU are the best established mechaand a rise timer;;sc=145us. The inset to Fig. 6 shows that
nisms in lanthanide-doped materials. The GSA/ESA sethe rise starts at zero intensity immediately after the laser

quence usually takes place on a single ion. This can defipulse. The 15-K decay transient of ti&—*A, downcon-
nitely be ruled out in the present situation, because it iersion luminescence after direct®Crexcitation at 14 641
established that both ¥ and CP* are involved in the cm tis depicted in Fig. 6 curvéa). It is essentially a single-
process. However, a modified version of GSA/ESA has reexponential decay curve with a very weak rise part before
cently been invoked to account for the observation of VIS=30 us. Despite this initial rise a single-exponential func-
Mn?* emission after NIR absorption in Yb-doped tion was fitted to the experimental data, see the solid line in
RbMnCL and CsMnBjs. Instead of a single ion an transient Fig. ). We thus obtain a decay timegecay
exchange-coupled Y5-Mn?" dimer was considered as the =611us. This decay time compares well with the decay
relevant chromophoric unit. A similar mechanism has to bepart of the upconversion transient in Figbp A similar
considered here. Of the two mechanisms involving ardecay timerge.,—= 590 us was determined for th¥ system
energy-transfer step, GSA/ETFig. 9b)] and cooperative in YGG:2% CrP". This decay time is shorter than the
sensitizatio{Fig. 9d)], only the latter is a candidate in the =2.4 ms reported for the €f 2E—*A, luminescence in
present situation, because®Crdoes not have any excited YGG:2% CP* in Ref. 40. We attribute this shortening to the
states below’E—*A,. We thus have to discuss the modified presence of the Bi ions in the neighborhood of thé-type
version of GSA/ESA and the cooperative-sensitizationCr’™ ions in our garnets.
mechanisms. The upconversion luminescence transient clearly indicates
The time evolution of the upconverted luminescence inthe presence of a slow step in the sequence of the processes
tensity after a short excitation pulse contains important inforthat finally leads to?’E—*A, upconversion luminescence.
mation on the upconversion mechanism. The experimentalhis must be an energy transfer step. The situation is com-
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plicated by the presence of energy transfer processes bbecomes possible, since there is a small spectral overlap be-
tween the various Gt sites discussed in Sec. IV B. There- tween twice the Y&" 2Fg,—2F, emission and the &r
fore, it is nota priori clear whether this slow step belongs to A,—*T; absorption.
the upconversion process itself or to an energy transfer This energy transfer step is followed by fast nonradiative
among the G" ions of different sites after the upconversion multiphonon relaxation t?E, which is the emitting state,
process. We attribute the very weak and shibig. 6) rise  see Fig. 9.
parts observed in the decay transients of ¥édine after
direct CP" excitation to the energy transfer between the
various CF* sites. This rise is one order of magnitude
shorter than the rise time of 14[55 in the upconversion The data in Flg 7 show that the ratio of VIS/NIR-emitted
luminescence transient. This is a strong indication, althoug®hotons in YGG:2% Ct*, 1% Yb** after 10 314-cr* ex-
not an unambiguous proof, that the slow step in the sequendatation (150 mW drop almost linearly between 10 and 50 K
of processes leading to €r upconversion luminescence is from about 6—3 %. Above 100 K the drop is exponential. At
the upconversion process itself. This rules out a GSA/ESR50 K the VIS/NIR ratio has dropped by a factor of £0
mechanism and is a first indication for the cooperative sencompared to 10 K. The data in Fig. 7 are represented in the
sitization process. form of an Arrhenius plot, and an analysis of the high-
Further strong evidence against a GSA/ESA sequence f&mperature daté=70 K) by the equation
provided by the results of the two-color excitation experi-
ments. A hypothetical sequence of GSA/ESA steps in a one- VIS/NIR=A exp(—AE/KT) (2
color experiment with 10 314 cnt excitation energy would
hit the CP™ in the foot of the*A,—*T absorption at 20 628 yields an activation energyE = (550+60) cn !, see the fit
cm™%, as indicated by the arrow in Fig(d. We performed line through the diamond data in Fig. 7.
the following two-color experiment at 15 K: A first very Figure 7 also contains the NIR/VIS photon ratio after blue
weak laser of typically 2 mW output power was tuned to the21 839-cm* excitation into*T; of Cr** in a similar Arrhen-
Yb®* GSA at 10314 criit. This produced a very weak up- ius representation. This ratio is roughly constant at
conversion luminescence in the red. A second intense laser dfIR/VIS=0.1 between 10 and 50 K, and above 100 K it
typically 300 mW output power, tuned to the ¥b—Cr** increases exponentially with. Applying Eq. (2) yields an
ESA at 12500 cm' and thus hitting thé'T; band at 22814 activation energy\E=(460+50) cm ! (see the fit in Fig.
cm L, close to the absorption maximum, was then added?). Within experimental accuracy this is the same value as
The GSA cross section is negligible at this wavelength, bubbtained above for the VIS/NIR ratio in upconversion exci-
the ESA cross section is certainly much bigger than at 10 31#ation. This immediately suggests that the thermal activation
cm L. The second laser did not enhance the upconversiois due to the same process in both experiments.
luminescence intensity and thus we definitely rule out a It is obviously a process that transfers the excitation en-
GSA/ESA sequence. ergy from CP* to Yb®". Figure 4 contains the key to un-
Both the observed rise in the upconversion transients anderstanding it. At 15 K the Gf luminescence is sharp lined
the results of the two-color excitation experiments point to-and thus clearly assigned %E—*A,. At temperatures of
wards the cooperative sensitization mechanism in Fig. 8 100 K and higher the shape changes to broadband, and the
This mechanism is fully consistent with the similarity of the assignment td'A,—*T, is straightforward. Thé'T, excited
upconversion excitation spectrum of the red CFE—“A,  state is thermally populated in this temperature range, sug-
upconverted luminescence and the squared NIR excitatiogesting that this*T, population may be responsible for the
spectrum of the Y&" 2F;,—2Fs, luminescence in Figs. observed thermally activated excitation transfer fréi*T,
2(b) and 2d), respectively. Figure 9 shows the relevant stepson CP* to ?Fg, on Yb*". We determined an activation
of this mechanism for YGG:2% &f, 1% YI**. A prereq-  energy of about\ E=(550+ 60) cni * for this transfer. This
uisite for such a mechanism to occur is either to have theompares very favorably with the energy difference of 650
Yb®** donor ions arranged as dimers in the crystal or a higem™ between the*T, and 2E origins estimated from
mobility of the YB** excitation energy in the lattice. The YGG:CrP* spectroscop§?
garnets do not favor dimers of Yb ions, we assume a sta-  We conclude that G *T, to Yb*™ 2F;, transfer is
tistical distribution among the ¥ sites. We, therefore, at- intrinsically more efficient by around seven orders of mag-
tribute the high upconversion efficiency of 6% at 10 K to thenitude than Ct* °E to Yb®" 2F), transfer, which deter-
high mobility of the YB* 2Fg, excitation energy. Energy mines the behavior below 50 K. We use the3YbCr?*
migration of the?Fs, excitation among the YA ions has  dimer picture shown in Fig. 10 to interpret this. The crucial
been reported for GGG:5% Yb.*! Energy migration takes step is a multiphonon relaxation within this dimer. The rel-
place at a doping level of 1% &F in Cs;Lu,Brg:1% EF* evant states in Fig. 10 have double labels and are plotted
(Ref. 42 and is noticeable in YEYb3®*, Ho®" doped with  against a single configurational coordin&e Q represents
0.3% YB" only.® It is thus not unreasonable to assume athe distortion coordinates of th&T, excited state of Cr .
mobility of the 2F, excitation in YGG:2% Ct*, 1% Yb** All the other states involved are essentially undistorted. We
studied here. Once two Yb excitations are close to a®r  are interested in the ratio of the two multiphonon relaxation
ion, a resonant process in which two excited®Yhions si-  processes represented by bold and faint curly arrows in
multaneously transfer their excitation energy to théCr Fig. 10.

D. Loss mechanisms
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ing to p(“T,)=8. With these numbers we can now use Eq.
Yb'— O (3) to estimate the relative importance of the two nonradia-
tive relaxation processes in Fig. 10. The relaxation rate con-
stant corresponding to the bold arrow is about 7—8 orders of
magnitude bigger than that for the faint arrow. This is in very
‘F,,—E good agreement with the experimentally determined seven
orders of magnitude.

'F,,— A, At 15 K only the @F4,,-2E)— (°F5-*A,) relaxation pro-
cess is possible. Experimentally we find a NIR/VIS ratio of
10% after blue excitation at this temperature. So the faint
arrow is just barely competitive with the radiativéE
—4A, process of Gt". This is in good agreement with the
U 2E luminescence lifetimes determined at 15 K for YGG:2%

2 4
F7/1 - Tl

F—A, Cr* and YGG:2% Ci", 1% YB** of 612 and 590us,
respectively(see Sec. IV
—> Q

eff

V. CONCLUSIONS

FIG. 10. Single-configurational coordinate picture of a e havez'deng'f'ed and characterized a mode of exciting
Yb3*-Cr* pair. The coordinat€.; is an effective distortion co- Sharp Ct* ?E—“A, luminescence in YGG codoped with
ordinate of the*T, state of C#*. The potentials carry double labels Cr°* and YB'*. Excitation around 10314 ch leads to
corresponding to the respective state of Yiand C#*. The faint ~ relatively strong red Cr luminescence at low temperatures.
and bold curly arrows represent the dominant relaxation processééd/e propose a cooperative sensitization upconversion mecha-
at low and high temperatures, respectively. nism to account for this phenomenon. The characterization

and description of the underlying processes is complicated

Within the Condon approximation the nonradiative relax-by the presence of multisites in our crystals.
ation rate between two staté® and|a) is proportional to a The described loss pathways are intrinsic for systems
thermally averaged Franck-ConddirC) factor within a  codoped with Ct" and YB'*. One possibility to reduce
single-configurational coordinat&CO model. At low tem-  these is to strengthen the crystal field and thus increase the
peratures this is given bY: energy difference\E between?E and “T,. For this reason,

Csep we are planning to extend our studies to host materials such
e S (3 s YAG and YAIQ codoped with Ct" and YB'*. The situ-
p! ' ation is less favorable for systems with broadband Cr

4 4 . . .
whereSis the Huang-Rhys factor, a measure of the distortion_TZ_) A, luminescence, because in that case the nonradia-

: + 4 + 2 ; ;
of the upper stattb) with respect to the lower stata) along  UIV€ rélaxation from Ct" T, to the YB'™ *Fg;, multiplet is

th dinated, pis th duced : its of efficient apd dominant dov_vn to the lowest temperatures. .
ﬁchcl;ce);vvlggne?he?:IsO Isvglas l:)(;eth e(‘a;e;%}é ?b{;()m .thnel iToz Increasing the crystal field should also enhance the effi-

state of C#* is usually distorted along both theg 4 andeg ciency of the upconversion P“’Cesi- In thg YGG I_atti_ce the
coordinate4>® This leads to arB. and aQ. comprising spectra|+0\£erlap4between twice ¥b *Fs;p—F7,, emission
both distortions in our SCC model. From Figs. 1 and 4 wea,nd CP* *A,—"T, absorption is small and thus th? effi-
estimate the*A,—*T, electronic origins at about 15000 clency OT the energy transfer step_ in the upconversion pro-
cm L. Taking the average of tha,, ande, vibrational en- cess Ilmltgd. At a higher crystal field th&T, band would
ergies of the YGG lattice we gétw =500 cni %, and from move to higher energy and thus qreatg the necessary spectral
the absorption and luminescence band sh&hgéT,)=2.5. overlap. We are presently exploring this avenue.

From the’E luminescence band shap8s(°E)=0.1 should

be an upper limit. The energy gap between the dimer states
(?F5-°E) and @Fg-*A,) is around 3500 cmt, corre- Financial support from the Swiss National Science Foun-
sponding top(’E)=7. *T, lies about 650 cm! higher lead-  dation is gratefully acknowledged.
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