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Upconversion luminescence in Yb 3% doped CsMnClI ;: Spectroscopy,
dynamics, and mechanisms
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Single crystals of CsMnGldoped with 0.9% YB" were grown from the melt by the Bridgman
techniqgue and studied by means of variable temperature optical spectroscopy. At cryogenic
temperatures, near-infrared ¥bexcitation around 1um leads to intense M upconversion
luminescence in the red spectral region. This very efficient upconversion process is possible because
of magnetic YB*—Mn?* exchange interactions, and a new type of upconversion mechanism is
found to be active in this system. The upconversion properties 8f X&sMnC} are compared to
those of YB'":RbMnCk and YB':CsMnBr. The upconversion efficiencies at cryogenic
temperatures differ by many orders of magnitude. The bridging geometry betwééraxith Mrf *

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 lineat™¥hCl-—Mn?* arrangement

in this crystal. At 15 K the dominant upconversion mechanism in the title compound involves an
energy transfer step. By increasing the temperature @KL@ new and very efficient mechanism
involving a sequence of ground state and excited state absorption steps becomes domid@d2 ©
American Institute of Physics[DOI: 10.1063/1.1446430

I. INTRODUCTION that has not yet been answered unambiguously. With the
present study on the structurally different3¥bCsMnCk we
Photon upconversion processes are used to convert I0Rigant to shine more light on this issue. More generally, we
wavelength radiation into shorter wavelength lighitupcon-  are interested in the effects of structural and chemical varia-
version is different from second harmonic generation in thation on upconversion properties_ Previous studies on upcon-
it requires at least two metastable excited states with a finiteersion materials in\/0|ving TM ions have demonstrated that
Iifetime.3 Systems which fulfill that criterion are most com- small chemical Changes can alter their upconversion proper-
monly found among thé-element$~" It is thus not a sur-  ties significantly*>=*® Thus, in YB'":CsMnCk, we expect
prise that over the past three decades upconversion researginificant differences in upconversion behavior to the previ-

has largely focused on lanthanides and actinides. Only relayysly investigated Yb":RbMnCl and Y™ :CsMnBr, sys-
tively recently it has been recognized that, in appropriatgems.
chemical and structural coordination, certain selected
d-metal ions are capable to exhibit interesting upconversion
phenomen.In our search for new upconversion materials!l. EXPERIMENT
and processes .this has prompteq us to combine rare eargh Crystal growth
(RE) and transition metalTM) ions in the same host lattice. _

Thus we have doped ¥b into several MA* hosts. We Single crystals of YB" doped CsMnGl were grown
have recently published the results of our upconversion studfom the melt by the Bridgman technique using stoichio-
ies on YB:RbMnCl and YB*:CsMnBr.%" In these metric amounts of CsCl and Mngl as well as a nominal

systems near-infraredNIR) excitation of the YB* ions  YPCls amount close to 2.5% of the present Mrions. Crys-
leads to more or less intense visidlS) Mn2* lumines- tals of millimeter dimensions were obtained with good opti-
cence, and this has been interpreted as a result of exchan@@' quality. The actual ytterbium dopant concentration in the
interactions between the ¥b and Mrf* ions. Thus Crystals was determined by inductively coupled plagta#)
exchange-coupled RE-TM pairs are the chromophoric unit§n€asurements to be 0.9%. The crystals were selected and
in these systems, and this has no precedent in the field @fiented with a polarizing microscope identifying theaxis
upconversion. The relative upconversion efficiencies ofty the conoscopic image. They were cut along a plane con-
Yb3*:RbMnCk and YB*:CsMnB; are very different, and taining thec-axis using a diamond saw and polished for the
this has been tentatively related to the differenf¥Mn2*  Optical spectroscopic measurements. Due to the hygroscopic
bridging geometries in these two systems. However, whicHature of the starting materials and the crystals, all the han-
type of bridging arrangement is most effective for dling was carried out under N\or He inert atmosphere.
Yb3*"—Mn?* exchange and thus upconversion, is a question

B. Spectroscopic measurements
dpermanent address: Departamento deickiModerna, Facultad de Cien-

cias, Universidad de Cantabria, 39005 Santander, Spain. POl_arized absorption S_pECtra were measured on a Cary
bElectronic mail: guedel@iac.unibe.ch 5e (Varian) spectrometer witlE L c(o) andE|c(), wherec
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FIG. 1. Overview axial absorption spectrum of a 0.9%°3Y#CsMnCk T T T 7 T
single crystal at 12 K. 10200 10400 10600 10800 11000

Wavenumber [cm-1]

. . . FIG. 2. (a) o-polarized optical absorption spectrum of 0.9%*YCsMnClL
+
is the hexagonal optical axis of the CsMg@fystals. Y8 at 12 K. (b) 15 K o excitation spectrum monitoring ¥B 2F¢,(0')

2F ¢, excitation occurred with an Arlaser(Spectra Physics —2F,,, (2) luminescence at 10020 ch (c) 15 K o excitation spectrum

2060-10 SA pumped tunable ¥i :sapphire lasefSpectra  monitoring Mrf* “T,—°A; upconversion luminescence at 14 925¢m

Physics 3900 B The luminescence was dispersed by a0 8530th excitation spectra are corrected for the wavelength dependence of the
. "“laser power(d) Schematicf—f energy level diagram for Y in the Cg,

m double monochromatdBpex 1402 using 500 nm blazed, g, symmetry.

1200 grooves/mm gratings and detected by a cooled photo-

multiplier (RCA C31034 or Hamamatsu 3310)Gdnd a pho-

ton counting system(Stanford Research SR400Direct ] ) )
Mn2* excitation occurred with the 514.5 nm line of thear SPectroscopically innocent. The sharp and relatively weak
laser. features between 10200 and 10 700 ¢nare due to YB*

For excitation spectroscopy the *Tisapphire laser 2F,,,— 2F g, transitions, and they are shown on an enlarged
wavelength was scanned using an inchwotBurleigh scale in the inset of Fig. 1. The broad absorption band at

_1 . . ey

PZ501) controlled birefringent filter, and the wavelength was abggt_ 25100 ¢m s assigned to arfi—d transition of a
monitored with a wavemetefBurleigh WA2100. For the YP™  impurity. " _ _ , ,
two-color experiments, two ¥ :sapphire lasers were used. Figure 2a) shows a high resolution ¥ *F;,—?Fg

Power dependent measurements were performed usifPSOrption spectrurfo-polarized of 0.9% Yb'*:CsMnCh
neutral density filteréBaltzers to attenuate the laser excita- at 12 K. The three peaks at 10200, 10245, and 10 685'cm

tion power. The laser power was measured with a powef® assigned to electronic transitions to the three Stark com-
meter (Coherent Labmaster)E The TF*:sapphire laser Ponents 0, 17, 2" of *Fsp, as illustrated in the scheme of
beam with a diameter of 1 mm was focused onto the crysta'f'g- 2(d). As a consequence of the internal magnetic field in

with a 80 mm focal length lens. Thus, excitation densities oft€ CSM”% host below the magnetic ordering temperature
up to 3.2 kW/cr were obtained® Tny=67 K, the bands show some additional fine structure.

For time resolved experiments 10 ns pulses of the sec';'gure 2b) sa 15 K excitation spectrum monitoring %
ond harmonic of a N : YAG (Quanta Ray DCR-Boumped - Fs:2(0")—?Fz2 (2) luminescence at 10020 crh This
dye laser(Lambda Physik FL3002; pyridine 1 in methahol spectrum is essent_|ally |ert|cal with _qu.az however, the
were Raman shifteéQuanta Ray, RS-1, 4 340 psj. The higher signal to noise rath in the_ excitation spectrum a}llows
sample luminescence was dispersed by a 0.75 m singlléStO observe some vibrational side bands. As emphasized by
monochromatotSpex 1702 equipped with a 750 nm blazed the brackets, they appear 103, 135, 235, and 2751f3m _
600 grooves/mm grating and detected with a photomultipliexh'gher energies than their a'ssomat.ed 'electronlc origins. Fig-
(see above Decay curves were recorded using a multichan!f€ 4c) is a 15 K upconversion e>iC|tat|(6)n spectrum of 0.9%
nel scaler(Stanford Research 480 Yb +:CsMnClg mo_nltonng Mrf* 4T;—%A; luminescence
Sample cooling was achieved using a closed-cycle H&t 14925 cm ™. This spectrum shows peaks at the same en-

cryostat(Air Products Displexfor absorption measurements €rdies as Figs. (@) and 2b), but with different relative in-

and with a He gas flow technique for emission experimentstensities. L ) .
In Fig. 3 the 10 K YB" 2F;,—2F,, luminescence

spectrum obtained after excitation of ¥aCsMnCl into
the most intense absorption line at 10 685 ¢nis presented.

In Fig. 1 the 12 K axial survey absorption spectrum of aThe assignment of the individual luminescence bands was
0.9% YB'* doped CsMnGl crystal is shown. The Mit  made according to that given in Ref. 20 for¥bCsCdBg,
absorptions between 17 000 and 34 000 are duk-thtran-  whose YB* 2F;,—2Fg, absorption and luminescence
sitions, and they are assigned according to dA€Tanabe-  spectra are very similar to those of ¥aCsMnCl. We ex-
Sugano energy level diagrathBelow 17 000 cm* Mn?* is  tract the?F-,, and?F, crystal field splittings given in Table

Ill. RESULTS
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FIG. 3. 10 K unpolarized Y& 2F,—2F, luminescence spectrum of

0.9% YB":CsMnC} excited at 10 685 cmt. The inset shows a Yben-
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FIG. 4. 10 K Mrf" “T;—®A; luminescence spectra of 0.9%

Yb3":CsMnC}, obtained after excitation at 10 685 ci(full line) and at
19 436 cm* (dashed ling

ergy level scheme and indicates the observed 15 K luminescence transitions.

Figures ©a) and Gb) show the upconversion lumines-

| from Figs. 2 and 3. As illustrated by the brackets, analo-cence transients at 15 K and 75 K, respectively. As empha-

gous vibrational side band features as in Fith)2are ob-
served in emission. As in other Yb systems the 9-0’
transition carries most of the side band intensity.

Figure 4 shows the 10 K M 4T;—%A; upconversion
luminescence spectrum obtained after®Ybexcitation at
10685 cm* (full line). The dashed line is the 10 K Mh

sized by the shaded areas, in this pulsed experiment at 15 K
about 15% of the total upconversion luminescence is due to
Mn?* 4T, excitation within the laser pulse, whereas the re-
maining 85% are due to Mi “T, population after the ex-

4T,—°®A; luminescence spectrum obtained after direct
Mn?" excitation at 19436 cm'. It is essentially identical
with the upconversion luminescence spectrum except for a
small blueshift by about 60 cnt.

Figure 5a) shows the temporal evolution of the 15 K
Mn?" 4T, —®A; luminescence after excitation pulses of 10
ns duration at 18 797 cit, i.e., after direct MA" excitation
(faint line), and at 10685 cmt, i.e., after YB' excitation
(strong ling. The inset shows the same upconversion tran-
sient on a extended time scale. After 10 685 ¢rexcitation
most of the MR™ *T; population builds up slowly and
reaches a maximum about 22 after the laser pulse. At
this temperature only about 15% of the #n*T, population
occurs within the laser pulse. Figurébb shows the same
data on a semilogarithmic scale. This representation illus-
trates that the decay time of the ®nluminescence is es-
sentially identical after direct Mri and after YB" excita-
tion.

TABLE I. Energies of the crystal field levels of ¥b in CsMnC}, derived
from absorption, excitation, and emission spectroscopy at 15 K. All energies
are given in cri?® relative to the lowest energetic Stark level.

Photon counts

1.0 1
0.8 1
0.6
0.4
0.2

(a)

0.0

T T ]

0 100200300400 500
Time [ps]

Sy,

—_
(e

(sunod uojoyq) 0]

Multiplet Crystal-field level Energy (cmt)
T T T

*Fn 0 0 0 2 3 4 5

1 135 .

2 180 Time [ms]

3 540

FIG. 5. (@ Temporal evolution of the 15 K M “T;—°A; luminescence

2Fg o 10200 excited at 10 685 cit (strong ling and at 19 436 cm! (faint line) with

1 10245 pulses of 10 ns width. The inset shows the first 3&00f the upconversion

2' 10685 transient in more detailb) The same transients as(a), but in a semiloga-

rithmic representation.
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FIG. 7. (a) 15 K two-color upconversion excitation spectrum monitoring
Mn?* 4T, —8A; luminescence at 14 925 crh Pump laser energy and
power: 13700 cm!, 200 mW. Probe laser scanned with a power of
<200uW. (b) 12 K Yb®* 2F,,—2Fg, absorption spectrunic) Spectrum
obtained under identical conditions &8, but without pump beam.

‘ e - . Figure 8 displays the normalized integrated Wrf T,
¢ 4 2. 2 —5A; luminescence intensity of 0.9% Yb:CsMnCk as a
Time [ms] - . .
function of temperature for direct Mi excitation at
71 . + . .
FIG. 6. Upconversion luminescence transients obtained after 10 ns pulsel® 436 ¢cm ~ (circle markery and YB*  excitation at
excitation at 10685 cm* at (@) 15 K and (b) 75 K. The shaded areas 10685 cm ! (cross markeps Both data sets are corrected
indicate the GSA/ESA upconversion contributiof@.Dots: ETU part of the for the temperature dependence of the absorption Cross-
transient from(@. Solid line: Fit with Eq.(1) to the experimental data. The - go0tinn gt the laser excitation wavelength. After direcEMn
fit parameters ar&;=740s -, k,=960 s ~, and wgry;=8720S -. S . . Lo
excitation the luminescence intensity increases by about 25%
between 10 and 65 K. Above 70 K it steeply decreases and at

citation pulse. At 75 K the respective percentages have

changed to 60% and 40%, respectively. 104 X
The spectrum in Fig. (8 is the result of a two-color ’ C§PO
pump and probe experiment with 0.9% %bCsMnC}, at 15 )@(

0.8 —69 o

K. The pump laser with a power of 200 mW was kept fixed
at 13700 cm?. At this energy there is neither Mh nor
Yb®** ground state absorption, but there is the peak of the
Yb3*t  2Fg,—Mn?t “E,“A; excited state absorption
(ESA).2° The probe laser with an excitation power below 200
uW was scanned through the b 2F,,—2Fs, excitation X

region while the MA* 4T;—5A, luminescence intensity at 0.23xX Q
14925 cm! was monitored. The spectrum obtained from Q

this experiment is very similar to the 12 K Yb 2F,, 0.0 : | Qg @) Q O

—>2F5,2 absorption spectrum which is shown for comparison 5'0 100 150 200 250

in Fig. 7(b). Figure 7c) shows the spectrum obtained with
the probe beam alone. The absence of any excitation peaks in Temperature [K]
this trace proves that the probe laser excitation density was

. . s FIG. 8. Temperature dependence of the normalized integrated Kh,
low enough to avoid upconversion by this light source alone’HeAl luminescence intensity after direct ¥ excitation at 19 436 cmt

and we conclude that ESA contributes to the upconversiofkicle markers and after YB* excitation at 10 685 ¢t (cross markeis
process. Both data sets are normalized to one at their respective maximum value.

0.6
X

0.4 ]

Relative intensity
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FIG. 9. Upconversion efficiencyc of 0.9% YB*:CsMnC at 75 K after

10 685 cm ! excitation, as a function of the laser power. For an estimate of
the highest excitation power density achieved in this experiment see Sec.
Il B. For the definition ofzyc, see Eq(3).

room temperature the luminescence is almost completely

quenched. After Y& excitation the temperature dependence

of the Mrf* upconversion luminescence intensity is even

more pronounced: Between 40 and 90 K it increases by a

factor of 5. This is followed by a similar reduction at higher

temperatures as after direct fnexcitation. FIG. 10. Relevant elements of the CsMg@tystal structure illustrating the
In Fig. 9 we plot the upconversion luminescence quaniwo distinct Mrt* sites,Dsq andCs, , as well as the bridging geometries.

tum efficiency 7,c at 75 K as defined in Eq3) (see Sec. The most probable YA —Yb®* pair arrangement is also shown.

IVD) as a function of the near-infrared laser excitation

power. We note that at the highest excitation power of 263

mW used in our experiments, we reach n. of 8%. This  gystem YB*:RbMNnCl which has recently been studied by
means that 16 out of 100 absorbed NIR photons are used {10 The RbMNC} does not provide the possibility of a

create VIS photons in the upconversion process. face-sharing YB"-vacancy-YB" unit, and this will signifi-

cantly effect the upconversion behavior, as will be discussed
IV. DISCUSSION in Sec. IV C.
A. Crystal structure of CsSMnCl 5 and Yb3* dopant The low temperaturoe Yad_ 2F7’2H2F.5’2 absorption and
sites: Analysis of the Yb 3% 2F,,«<»2F, transitions emission spectra Qf 0.9% Yb:CsMnC} in Figs. 2a) and 3
. are consistent with a Y& -vacancy-YB" arrangement.
CsMnC}, crystallizes in the space group R3*1?2The  These spectra exhibit a striking similarity to the correspond-
crystal structure is illustrated in Fig. 10. It consists of trimersing spectra of YB'":CsCdBg,?*?® for which the above
of face-sharing MnGI~ octahedra which are linked to six RE®" dopant arrangement has been confirmed by EPR
other trimers in a corner-sharing arrangement. Consequentlgxperiment$> Most of the intensity in th@F ;< 2F s, tran-
there are two crystallographically distinct sites for the?¥n sitions, both in absorptiofFig. 2) and in emissioriFig. 3) is
ions: one site witlC5, and one site wittD 34 point symme-  located in the electronic origins rather than in vibrational
try. Thus the CsMnGlcrystal structure can be considered asside bands, confirming that the ¥b ions are situated in
an intermediate between the CsNjGind the KNik struc-  noncentrosymmetric sites with a large odd-parity crystal-
ture types. Numerous studies of REdoped crystals with field contribution, such as th€,, sites in Fig. 10. In this
the CsNiC} structure have demonstrated that already atrigonal crystal field théF,, and?F, states split into 4 and
RE3" dopant concentrations as low as 0.1% more than 9098 Stark components, respectively. These crystal-field levels
of the trivalent dopant ions cluster in REvacancy-RE" are labeled in Fig. @), and their energies are summarized in
trimer units in these crystafS-2°The vacancy at the central Table 1. The crystal field splitting in YB:CsMnCk is
M?2* site ensures charge compensation. This dopant schensemewhat larger than in ¥b:CsCdBg, and this is attrib-
can also occur in Yb":CsMnCk, see the upper part of Fig. uted to the stronger crystal field in the chloride compared to
10, and we consider this the most likely way of incorporatingthe bromide.
Yb3* into the CsMnC} structure. This is in contrast to the Finally, the splitting of the’F,;,(0)—2Fg;(0’) transi-
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tion in the absorption and excitation spectra of Figs) 2nd (a) (b) (c)

2(b) appears noteworthy. BeloWy=67 K the CsMnC] host Co

is magnetically orderetf and consequently we attribute this *F T 7% i

splitting to an effect of an internal magnetic field, created by

the magnetically ordered M ions, on the YB* ions. This ESA ETU,,/" ESA

leads to a Zeeman splitting of the ¥b2F, levels. Similar Fap®Ay —

effe_cts 22%\7@ been observed in other’REloped manganese GSA GSA GS A GSA

lattices™ . : 1
YoMt YBRMm2t YBRMndt YDY-Mn®* Mn® tap

B. Mn?* 4T, —%A, luminescence and its temperature peir P b e

dependence FIG. 11. Schematic illustration of three potential upconversion mechanisms

. P . in Yb®*:CsMnCk. The solid upward arrows represent the radiative pro-
At cryogenic temperatures excitation into the Mnab- cesses of GSA and ESA. The solid downward arrows stand for luminescence

sorption bands above 17000 cfleads to intense Mt and the dashed arrows represent nonradiative energy transfer processes.
luminescence from its lowest excitédl, state. This is illus-
trated by the dashed trace in Fig. 4. The luminescence band
is very broad because th&,—°A; luminescence transition . o 5
involves an electron promotion from a weakly antibondipg cr;gstal—ﬂeld strength is increased and thus the*MAT,
to a strongly antibondinge orbital. Consequently, the —>_Al upconversion luminescence transition is slightly red-
MnCI¢~ complex undergoes an overall expansion after theshifted. _ . _
light emission process, and this causes the luminescence S;QCE the first report of upconversion processes in
band to be broa 1966;° several upconversion mechanisms have been de-
As shown in Fig. 8, the integrated M luminescence scribed in the literature. By far the most important in lan-
intensity after excitation at 19436 crh slightly increases thanide systems are the following) Ground state absorp-
between 10 and 70 Kcircle markers Above 70 K there is a  tion (GSA) to the intermediate state followed by an excited
steep decrease which is attributed to the onset of efficier!at® absorptiofESA) to an upper excited state on a single
energy migration to killer traps. BeloWy=67 K CsMnCh ion. (i) GSA to an intermediate state on two neighboring
is antiferromagnetically orderéd,and there is a spin-barrier 10ns, followed by an energy transf€€T) step to promote
which impedes efficient energy migrati8hThe killer traps ~ ©ON€ ion to the upper state and the other one to the ground
are present as nonintentional impurities such ad\ftand ~ State. These GSA/ESA and GSA/ETU mechanisms account
they act as very efficient luminescence quenchers. This is #r most of the upconversion processes observed in lan-
well known phenomenon in concentrated Mrsystems, and thanldg systems. They can e_xpenmentally be dlstanU|§hed
it prevents most compounds of this type from being efficient?y their upconversion excitation spectra and by their time
luminescent materials at room temperature. evolution after an excitation pul$éThe excitation spectrum
Trace amounts of MiT are usually reduced by addition for a GSA/ESA upconversion sequencg5 corresponds to the
of some Mn metal to the meit.In the case of YB" doped Product of the GSA and ESA spectfa” whereas for a
Mn2* hosts, however, this approach has proven to be unfed>SA/ETU mechanism it corresponds to the square of the
sible because it leads to a reduction offYHo Yb?+.1°The ~ GSA spectruni’ For a GSA/ESA mechanism the upconver-
spectroscopic evidence for this is given by the broad*Yb sion luminescence shows an immediate decay after a sharp
f—d absorption feature around 25 100 chin Fig. 1. laser pulse, because both steps have to occur during the
pulse. In contrast, the transients for a GSA/ETU mechanism

after a short excitation pulse show a rise followed by a decay
part>* Both these mechanisms in their pure form can be
At T<200 K, excitation into the Y&" 2F5, absorption  ruled out in our system. But they are nevertheless a good
bands around 10 200—10 700 ch{Fig. 2(@] leads not only  guide to understand the processes irf YICsMnC}. Since
to Yb** 2Fg,—2F 4, NIR luminescencéFig. 3) but also to  excitation is into?Fg;, of Yb®* and emission occurs from
VIS Mn?* 4T,—®A; upconversion luminescence; see the*T; of Mn?* the active mechanism in our system must be
full trace in Fig. 4. There is a redshift at 15 K of the upcon- cooperative, with participation of both ¥b and Mrf*. It is
version luminescence band relative to thHe—%A, lumi-  also clear that the role of ¥b is not that of a sensitizer, as
nescence band obtained after direct 2Vinexcitation at it is in many lanthanide upconversion systems because Mn
19436 cm! (dashed trageby roughly 60 cm®. Similar  has no energy levels arounduln. Yb** is an active partici-
redshifts have previously been observed at 15 K inpant, and we use the most simple model of an exchange-
Yb®*:RbMnCkL  (200cm?) and  YB':CsMnBr  coupled YB"—Mn?* dimer to discuss the observed behav-
(130 cm ). 2211 They are attributed to the fact that at 15 K ior. We are aware that this is rather simplistic, in view of the
the normal MA™ luminescence occurs from the bulk of fact that the host lattice CsMngis magnetically ordered
Mn?" ions, whereas the upconversion luminescence is emitselow 67 K. But nearest neighbor interactions are by far the
ted from the subset of Mri ions in the neighborhood of a most important ones in a magnetic lattice, and a dimer model
Yb3* ion. This trivalent impurity leads to a distortion of the thus contains the principal interaction. With the
neighboring Mn(j_ unit, in particular to a squeezing, since Yb®*—Mn?* dimer as the relevant chromophore the GSA/
Yb®* is somewhat bigger than Mn.3? Therefore the ESA sequence can now be represented as shown in Fig.

C. Upconversion mechanisms
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11(a). The ESA step, which is very mysterious in a single-iontransient. In our specific case, a dimer consists of two
picture, because it takes the system from an excitedi'Yb Yb3"—Mn?* chromophoric units. The basic assumptions of
level to an excited M level, is now a normal transition the Vial model are described in detail in Refs. 38 and 4. Its
between two excited states of the dimer. Similarly we carmost relevant simplification is that it considers the dimers as
draw Fig. 11b) for a GSA/ETU process involving two isolated units, and consequently neglects interdimer energy
neighboring YB*—Mn?* dimers. We have used the mecha- transfer. Figure 10 shows that for ¥txCsMnC} this is
nism in Fig. 11a) to account for the upconversion in ¥b  quite a reasonable assumption: 3Yb-Mn?* chromophoric
doped RbMnGJ and CsMnBjs. In the title compound the units do indeed occur as dimers in this systems, electrostati-
situation is more complicated, and both Figs(@.and 11b) cally held together by the vacancy. The beauty of the Vial
will be relevant. In order to identify the relevant mechanismsmodel lies in its mathematical simplicity: the temporal be-
in Yb®*:CsMnCk we analyze the experimental data. havior of the upconversion luminescence intendity. is
Yb3* 2F,, excitation at 10 685 cit into the intense 2 given by’

absorption lingFig. 2) with 10 ns excitation pulses at 15 K
yields the Mi#* 4T;—8A; upconversion luminescence tran-

sient presented in Fig. Etrong ling. There is a relatively \herek, , k, are the decay rate constants of the intermediate
slow rise preceding the luminescence decay. However, thgnq ypper emitting states, respectively. In our case
inset in Fig. %a) shows that already at=0, immediately . —1/7(yp3* 2F,)=740s? and k,=1/7(Mn?*T,)
after the excitation pulse there is a nonzero population in the- 9g0 571, and these values were determined by independent
Mn®* 4T, state. This is attributed to a GSA/ESA upconver- 15  |ifetime measurementsry is the ETU rate constant
sion mechanism as illustrated in Fig.(&L This conclusion \ve are interested in. From the best fit with Ed) to the
is supported by the result of the two-color pump and probeyperimental data in Fig.(6) (solid line), we obtainwgry
experiment in Fig. 7; see description of this experiment in—g720s1. This compares to ETU rate constants for
Sec. ll. Er*":CsCdBg ranging from 128 to 1942°¢, depending on
We now return to the upconversion transient in Fi@5  the EF* dopant concentratioff. ER* is known to be a very
Its quantitative evaluation shows that 15% of the total inten'efﬁcient upconversion ion, and thus th|s Comparison under-
sity is due to the GSA/ESA mechanism discussed abovenes the efficiency of the GSA/ETU mechanism in 0.9%
(shaded areaand 85% of the total Mf" upconversion lu- Yb3*:CsMnCk.
minescence builds up slowly after the excitation pulse. Itis  Figure Zc) shows the 15 K upconversion luminescence
thus tempting to attribute this dominant part to a GSA/ETUexcitation spectrum. At this temperature upconversion occurs
mechanism. However, we first have to rule out an alternativgse, via GSA/ETU and 15% via GSA/ESA. We thus expect
possibility, namely that not the upconversion process itself ishis spectrum to correspond to the appropriately weighted
slow, but a process which occuafter the upconversion step. sum of GSA (85%) and GSAESA (15%) line shape func-
A possible scenario of this type for Yb:CsMnC} is sche-  tions. The 15 K YB™ 2F.,, GSA spectrum is given in Fig.
matically depicted in Fig. 1&). In this scenario upconver- 2(a). The intensity ratio of the 0, 1, 2 absorption peaks is
sion occurs instantaneously by GSA/ESA in a®YeMn*"  roughly 3:2:4. We have no direct information about the ESA
pair. A slow energy transfer process to a neighboring™Mn cross sections at the respective energies. We estimate them
trap could then account for the observed slow rise in theon the basis of the Mif GSA spectrum shown in Fig. 1.
transient. However, a detailed previous study of the pureifter baseline correction we find a ratio of roughly 1:1:100
CsMnCk system has demonstrated that at 10 K luminesfor the ESA cross sections at 10200, 10245, and
cence exclusively occurs from the Kih (Dgq) site?® be- 10685cm?. The excitations at 1020010 200/
cause there is efficient Mi(Cs,)—Mn?"(D3g) energy 10245 cnm? fall essentially into the window between the
transfer between nearest neighbors down to the lowest tenMn?* 4T, and “T, absorptions, whereas the excitation at
peratures. If this step was slow, it should also be observable0 200+ 10 685 cm * occurs into the lower energy tail of the
after direct MR™ “T, excitation, since this predominantly Mn2* T, band. Thus we calculate a ratio of 2:1:20, respec-
excites Mt (Cs,) ions. Short pulsed excitation infd, at tively, for these three main upconversion excitation peak
18797 cm ! leads to an immediate decay of the 10 K¥n  maxima. Considering the experimental uncertainty, particu-
luminescence; see faint curves in Fig. 5. There is no indicalarly in the involved ESA cross sections, this is in good
tion for a slow energy transfer step. On that basis we rule ouagreement with the experimental intensity ratio of 3:1:45 in
scheme 1(c) and conclude that in 0.9% Yb: CsMnCk the  the upconversion excitation spectrum of Figc)2
dominant upconversion mechanism at 15 K is indeed GSA/  In Fig. 8 (cross-markernsthe integrated upconversion lu-
ETU, as schematically illustrated in Fig. (bl minescence intensity is plotted as a function of temperature.
This is the first YB*—Mn?" system for which evidence It increases by roughly a factor of 5 between 40 and 90 K,
for this GSA/ETU mechanism is found. In order to under-before it steeply drops and becomes essentially undetectable
stand the kinetics governing the ETU process, we attempt tat temperatures above 200 K. The drop above 90 K parallels
model the upconversion transient in Figap For that pur- the drop of the MA" 4T;—®A, luminescence observed after
pose the GSA/ESA contribution was subtracted, see Figdirect Mrf* excitation; see Fig. &ircle markers It is thus
6(a), and the new transient obtained in this way is presenteéxplained by the same luminescence quenching mechanism
in Fig. 6(c) (doty. We use a simple dimer model, which has as described in Sec. IV B. Here, we focus on the increase
first been used by Viatt al.®’ to simulate our experimental between 40 and 90 K.

|Uc(t)oce_(wETU+2'k1)'t_e_kZ't, (1)
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As demonstrated above, after 10 685 Crexcitation at  The theoretical limit fory,c is 0.5, and this is because two
15 K the dominant upconversion mechanism is GSA/ETU near-infrared photons are required to yield one visible pho-
Because of the small ESA cross section GSA/ESA contribton. In this limit each NIR photon would be used for upcon-
utes only 15% at 15 KFig. 6(@]. With increasing tempera- version. As seen in Fig. 9, we reach a value at 75 K of
ture this changes dramatically. From the 75 K upconversiony, ,.=0.08 for an excitation power of 263 mW.
transient in Fig. @) we obtain a 40%:60% ratio for the It is interesting to compare the upconversion efficiency
relative contributions of the GSA/ETU and GSA/ESA of this system with those of the previously investigated
mechanisms, respectively, to the total upconversion luminesyb®*:RbMnCl and YB":CsMnBr, systems. Under com-
cence intensity. Assuming a constant efficiency of the GSAparable NIR excitation densities the upconversion efficiency
ETU mechanism between 15 and 75 K, the efficiency of thexf 0.9% YIB**:CsMnC} is almost one order of magnitude
GSAJESA upconversion mechanism thus increases by abowfigher than in 0.1% Y&":RbMnCl, and more than two or-
a factor of 13 in this temperature range. On the basis Ofiers of magnitude higher than in 0.2% %bCsMnBr,. 1%
temperature dependent Kih absorption spectradata not  |n all these systems and according to our model, the basis for
shown, we estimate that the GSA cross section at 10 20Qheir upconversion ability is an exchange coupling between
+10685 cm ! increases by a factor of about 6 between 15neighboring YB* and Mrf* ions. We conclude that this
and 75 K. We can thus expect an increase of the relevanype of upconversion is efficient, whenever there are efficient
ESA cross section at 10 658 crhof about an order of mag- Yp3+—Mn2+ exchange pathways. In Yb:CsMnBr, neigh-
nitude between 15 and 75 K. In conclusion, we attribute theyoring YB** and Mrf* ions are connected all by face-
increase of the upconversion luminescence intensity betweegharing octahedr. In Yb®*:RbMnCk both face- and
40 and 90 K[Fig. 8(b)] to the onset of an efficient GSA/ESA corner-sharing YB"—Mn?" bridging geometries are pos-
upconversion mechanisfig. 11(a)] in this temperature re- sible. Experimentally two crystallographically distinct ¥'b
gime. dopant sites are found. However, only excitation into one of
the two YB'" sites yields efficient upconversidfThis sug-
gests that the two sites correspond to corner- and face-
D. Upconversion efficiency and structure sharing YB"—Mn?" connections, respectively, and that

Figure 9 shows a plot of the upconversion efﬂciencycorner-sharing leads to more efficient upconversion. The
nuc as a function of the NIR laser excitation power at 75 K.most plausible YB" substitution is that shown in Fig. 10
Luminescence quantum efficiencigsare usually defined as With a Yb**-vacancy-YB* face-sharing trimer unit. This
the ratio of the number of emitted photons per number oféads to a dominance of linear ¥b-CI~—Mn** bridges, in
absorbed photorf€.in practice, direct measurement of these@dreement with the presence of one dominant Msite.
quantum efficiencies is a very difficult task. In our case non-This indicates that Y& —Mn®* exchange interactions are
radiative relaxation from théFs, excited state of Yb" to  stronger for corner-sharing than face-sharing bridging geom-
the ground state can in good approximation be neglectecetries. This is supported by the results of a recent study on
Thus all?F, excitations are either used for upconversion orthe system YB*:Rb,MnCl,,*?in which only corner-sharing
emitted in the NIR. Since two NIR excitations are used toPridging occurs” The upconversion efficiency of this sys-

produce one VIS excitation, we get tem is even higher than in ¥b:CsMnCk. At the moment
this is a purely empirical correlation, based on a number of
NIRzps=NIRemt2- VISem, (2 studies on YB* doped M+ halide lattices with different

where VIS and NIR denote the numbers of visible and nearbridging geometries between neighboring ¥Mrions. We are
infrared photons, respectively, and the subscripts abs and ey the process to put this correlation on a firm quantitative
stand for absorbed and emitted, respectively. In @ywe  basis and to attempt a theoretical calculation of the relative
have also assumed that emission to the ground state is tis&engths of exchange interactions for various* YeMn?*
main depopulation mechanism for th&, state of MR*.  bridging geometries. The Y —Mn?" distance is larger for
Previous studies on Y6 —Mn?* systems indicate that this @ corner-sharing Yb'—CI"—Mn?* than for a face-sharing

is a reasonable assumption at low temperatthésThis ~ Yb®"(CI7)3—Mn*" arrangement. And yet the upconversion

then leads to the following definition for the upconversioneéfficiency is at least two orders of magnitude higher in the
efficiency: corner-sharing case. This is also a direct proof that it is an

exchange mechanism and not a multipole-multipole mecha-
Toc= ViSem - ViSem _ (3) nism such as the mechanism suggested in Ref. 44 to account
NIRaps NIRemt2:VISen for an unusual upconversion in a ¥/ Th®* system, which

Using Eq. (3), 7uc is now experimentally accessible via is responsible for upconversion in our system.
measurement of the ratio of VIS Mh 4T;—%A; versus

NIR Yb3* 2F.,2F,, emitted photons at low tempera- V- CONCLUSIONS

tures. In the low-power limit, i.e., roughly below 30 mW, In the course of our systematic study of %b-Mn?*

nuc has an approximately linear dependence on the excitaipconversion systems we have found that irf YICsMnCh

tion density. This is the limiting case in which upconversionat 15 K an upconversion mechanism is dominant which has
is a negligible depopulation pathway for the intermediatenot been observed in previous ¥-Mn2* systems. This
level 34*! As shown in Fig. 9, there is a distinct leveling off mechanism involves energy transfer between dimers of
of the power dependence af,c at high excitation powers. exchange-coupled Y6-Mn?* pairs, the formation of
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which is favored by the CsMnglcrystal structure. An up-

. . . .. 15
conversion mechanism based on a sequence of radiatiy

GSA and ESA steps, as previously observed in
Yb3*:RbMnCk and YB'*:CsMnBg, is thermally activated

in the title system. Thus the upconversion efficiency of
Yb3*:CsMnC} is highest around liquid-nitrogen tempera-
ture, and it is higher by orders of magnitude than in
Yb3*:CsMnBr,. This is ascribed to the possible presence o

corner-sharing Yb" —Mn?* octahedra in YB':CsMnC},

f
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