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Near-infrared-to-visible photon upconversion process induced by exchange interactions in
Yb3*-doped RbMnCl,
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Crystals of RbMnG) doped with YB™ exhibit a strong orange luminescence under near-infrarett Yb
excitation at 10 K. The broad emission band extending from 17 200*¢m13 000 cm* is identified as a
4T,—°®A, transition on MA*. Of the two inequivalent Y& sites identified by site-selective high-resolution
spectroscopy, only one is able to induce efficient upconversion. Excitation with 10-ns pulses indicates that no
energy transfer is involved, and the upconversion process consists of a sequence of ground-state absorption and
excited-state absorption steps. One- and two-color excitation spectra confirm the occurrence of these two steps.
The efficiency of the upconversion process at 10 K and for an excitation power of 200 mW focused by a
53-mm lens is 2 percent. An upconversion mechanism based on exchange interactions betweénh #mel Yb
Mn?* ions is proposed to account for the observed behavior.
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[. INTRODUCTION lished upconversion mechanisms relevant as a basis and for a
discussion of the present paper:

Photon upconversiofiJC) phenomena and UC materials . . .
P We) p (1a Ground-state absorption/excited-state absorption

have been studied and described in the literature since th SAJESA or upconversion by two-step absorption. An ion

early work of Auzel in 1966. Most of the work has been . . : L
devoted to rare-earth ions doped into crystals and gIasseeXC'ted via GSA is promoted_ 10 an upper emitting state by
SA of a second photon. This procesdasicallya single-

The research objectives have been bo't h fundamental, ryingy process and exhibits an instantaneous rise of the UC
to. understand and modgl the 'uno'lerlylng mechanisms, ang,inescence by a short excitation pulse, because both GSA
oriented towards photonic applications. About ten years aggnq gsa steps have to occur within the duration of the laser
the idea of creating blue and green lasers based on UPCORyIse.

version from the near infrare@NIR) was pursued quite vig- (1b) GSA/ETU or energy-transfer upconversibiiwo
orously. With the advent of semiconductor diode lasers inons excited to the intermediate level by GSA interact via a
this spectral range, this activity has been significantly renonradiative energy-transfer process to generate one ion in
duced. Exciting lighting or display phosphors by upconver-the upper-excited state and the other one in the ground state.
sion remains a challenging and interesting possibility, andeing a nonradiative process, ETU can proceed after the

there is still significant research activity in this area. pulse, and this is identified as a rise in the upconversion
At least two metastable excited states have to be preseiiminescence after a short laser pulse preceding its decay.
for a material to exhibit upconversiofitf excited states in (1c) Cooperative sensitization. Two excited donor ions

lanthanides are often metastable due to the reduced electrogimultaneously transfer their excitation energy to the accep-
phonon coupling by the shieldddelectrons. Multiple meta- tor ion, which has no energy level close to the excited state
stable excited states in transition metal ion systems are muc¥ the donof® This three-ion process may become relevant
less common, because multiphonon relaxation processes aden the donor ions tend to dimerize or when the donor
more dominant. And until recently, no systematic upconver-

sion studies on transition metal ion systems were reported a) b) ©)

Upconversion processes have so far been found to occur i - - g
Ti?",2Ni?", 3 Mo®",* Re*" > and 04" (Ref. 6 doped halide
lattices. The combination of transition metal and lanthanide ESA

d) e)
o ESA
ions should open up new pathways and mechanisms for up — , o L
conversion processes. Crystals codoped with transition mete S A 1 E GSA

\
\
,
/ 1
[ S

and lanthanide ions have been studied for a long time. But
their importance, e.g., in the laser crystal yttrium aluminum

. 3+ + 70 H HH H GSA/ESA GSA/ETU Cooperative Cooperative GSA/ESA
g_arnet(YA(_S). Nd®*, Ccrt, Iles_ in the ability of the_tran5|-_ somtization  cnevgy mansfer  in exchange
tion metal ion to act as a sensitizer for the lanthanide activa- and photon coupled dimer

absorption

tor. The present study has a completely different objective,

which has not been investigated so far. Both the transition F|G. 1. Schematic representation of photon upconversion

metal and the lanthanide ion are active partners in a new typ@echanisms. GSA denotes ground-state absorption and ESA

of upconversion process. excited-state absorption. The full arrow lines represent radiative
In Figs. 1@)—1(d), we schematically summarize the estab-transitions and dashed lines represent nonradiative processes.
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excitation is mobile. Its temporal behavior is expected to be
similar to the GSA/ETU, because it also involves a slow
energy-transfer step. .
(1d) Cooperative energy transfer and photon absorption.
An excited donor ion transfers its energy to an acceptor
while the acceptor simultaneously absorbs a phdt@his
process is expected to have an instantaneous buildup after Yb
the laser pulse. — F

RbMnCl, [ 30000

= 25000

~ 20000

[ wo] A310ug

I-

b 15000

3+

B it

It will be shown and discussed in detail in Sec. IV D that
none of these mechanisms can account for the new phenom-
enon. A new mechanism based on exchange interactions be-
tween the YB' ion and a neighboring Mt is postulated?

This is schematically shown for an ¥b-Mn?* pair in Fig.
1(e). FIG. 2. Absorption spectra of RbMngl{right) and YB** doped

In a recent letter we published results of a potentially veryRbMnCl; (left) single crystals at 11 K. The one-color upconversion
efficient NIR to visible(VIS) UC process, which is induced excitation scheme is shown in the center.
by the combination of a transition metal (ki) and a lan-
thanide ion (YB") in a single-crystal latticé” Now we  aple Ti: sapphire lasefSpectra Physics 3900SThe emis-
present a more complete account of the experimental resuli§on was dispersed by a 0.85 m double monochromator
and suggest possible mechanisms for the UC process fespex 1402using 500 nm blazed 1200 grooves/mm gratings
RanClg:Yb3+. Excitation into the YB+ absorption levels and detected by a cooled photomu|t|p|(@CA C31034 or
around 1,(Lm leads to visible M%IJr 4T1 emission. Several Hamamatsu 3310_0]and a photon_counting Syste(fﬁtan_
experiments have been designed to determine and clarify thgrd Research SR400Downconversion M#* luminescence

5000~

Energy [cm

0~ Frp——

UC mechanism in RbMnGIYb®*, spectra were excited by the 514.5 nm line of the” Aon
laser and detected as describe above. NIRtYéowncon-

Il EXPERIMENT version was excited with a Ti: sapphire laser and detected
using a liquid-nitrogen cooled Ge detect&DC 403LS and

A. Crystal growth and manipulation a Stanford Research SR830 lock-in amplifier. The laser beam

Single crystals of YB'-doped RbMNnGJ were grown by ~ Was focusedf{=53 mm)_ on the crystal. All the spectra were
the Bridgman technique using stoichiometric amounts offCrrected for the sensitivity of the monochromator and the
RbCl and MnC} and a trace of YbG| as described detection system and for the refractive index of (@&cuum
elsewheré? Crystals of centimeter dimensions were ob-COTection. They are represented as the number of photons
tained with excellent optical quality. The actual ytterbium PEF Second versus wave numbers. For excitation spectra, the
concentration in the crystals determined by inductiverT': sapphire laser was scanned using an inchworm controlled

coupled plasma mass spectrometry measurements was 0.G#/reigh PZ-501 birefringent filter and the wavelength was

mol %. This method cannot distinguish between different vanonitored with a wavemeteBurleigh WA2100. For the
lence states, and therefore, the actuaf*Yboncentration in  WO-color experiments, two Ti: sapphire lasers were used as

the crystal is slightly smaller, as we have spectroscopic evi€Xcitation sources. Power-dependent excitation of the upcon-

dence for the presence of ¥h Crystals were selected and version emission was measured using a neutral density filter
oriented with a polarizing microscope. They were cut using é/vheel to attgnuate the pump power. The laser power was
diamond saw and polished for absorption measurementSi€asured with a power metgCoherent Labmaster;E

Due to the hygroscopic nature of the starting materials and _"Or time-resolved measurements, 10 ns pulses of the sec-
the crystals, all the handling was carried out under a dry inerPd harmonic of a Nd: YAGQuanta Ray DCR Bpumped

atmosphere. The crystals were mounted in a closed copp@Y€ laserLambda Physik FL3002; Pyridine 1 in methanol

cell or closed quartz ampoules filled with He gas for absorpV@S Raman shiftedQuanta Ray, RS-1, #1340 psi, opera-

tion and emission measurements, respectively. Sample codive range 935-1025 nmThe sample luminescence was dis-
ing was achieved using a closed-cycle cryostst Prod-  Persed by & 0.75 m single monochromat&@pex 1702

ucts for absorption measurements or a quartz He flow-tub&duipped with a 750 nm blazed 600 grooves/mm grating and
for luminescence measurements. detected using a multichannel scale3tanford Research

SR430 for decay curves.

B. Spectroscopic measurements

. . IIl. RESULTS
Polarized absorption spectra were measured on a Cary 5E

(Varian) spectrometer wittEllc(7) andEL ¢(o) wherec is Figure 2 shows an overview of the unpolarized absorption
the unique axis of the hexagonal RbMgGQirystals. The spectra of RbMnGl(right) and YB*-doped RbMnGJ (left)
crystal thickness for Yd absorption spectroscopy was at 11 K with Mr?* and YB** absorption peaks and their
about 1.35 cm. Upconversion luminescence was excited bgssignment. Polarized absorption measurements present an
an Ar’ ion laser(Spectra Physics 2060-10 $Aumped tun-  intensity difference betweem (E.L ¢) and 7(Ellc) spectra of
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FIG. 3. Unpolarized optical absorption spectrum of FIG. 5. Upconversion(thick line) and downconversiorgthin

RbMnCL:0.08%YB" single crystal at 11 K. Sample thickness: line) luminescence spectra of RboMnCYb3" under CW excitation
1.35 cm. The labels indicate absorption peaks corresponding to twdt 10 686 and 19 436 cm, respectively, at 10 K.
different YB** sites,A or B. The inset shows a schematic energy

level and transition diagram of Yb{ . indicate a ground-state crystal-field splitting of 0, 135, 300,

_ _ and 640 cm? (site B) and 0, 215, 315, and 575 crh(site
less than 15% in the relevant spectral regions, thgrefore a}i‘)_ Both ground- and excited-state splittings show a trigonal
the subsequent measurements were done unpolarized. component of the crystal field. This is shown in the energy-

In Fig. 3 we show a high-r_e_solution ¥b absorption level diagram derived from the absorption and emission
spectrum at 11 K. Three transitions from the lowest Starkspectra forA and B sites(insets Figs. 3 and)4

level of the 2F;, ground state to the three levels of ths, In RbMnCk:Yb®* excitation of YB* around 10700
excited state are expected for ¥hin trigonal symmetry, see cem~Lin the NII.? at 10 K leads to orange Nth 4T, —5A,
inset in Fig. 3. However, twice this number of transitions iSupconversion luminescence as shown in Fig. 5. Also shown
observed. We attribute this fact to the presence of two dif;, Fig. 5 is the MA™ 4T, %A, downconversion lumines-
ferent Y™ sites in the RbMnGl host lattice. The sharp ¢once spectrum obtained after direct M T, excitation at
peaks at 10160, 10205, and 10686 ¢mand 10215, g 43¢ ¢yl Both bands have similar shapes, but the down-
10 24.7' and 10710 cnt are assigned to .S.'tEB ar_ld A T8 conversion luminescence appears roughly 200 ‘chigher
spectively. Some of the bands show additional fine structurg, energy than the upconversion luminescence. The ratio of
The additional lines on the high-energy side of these peakgps+ gownconversion to Mi upconversion luminescence
are assigned to vibronic feaures. ) , intensity at 10 K after YB&" 2F,,,— 2F s, excitation at 10 686
Fig. 4 shows h|gh—r3e+solut|oﬁF5,2—> F7i luminescence -1 (corrected for the detection systemvas found to be
spectra of RbMnGlLYb™ at 10 K for two different excita- o5 6yimately 50:1 for a typical excitation power of 200
tion energies. The upper spectrum was excited at 1068fy (the beam being focused with a 53-mm focal leffis
cm " (site B) and the lower one at 10715 cth(siteA). The o116 is four orders of magnitude higher than that observed

(0)—(0,1,2,3) transition_irﬁee insgtare found at 10160, i, csvh,Bry comparing the green upconversion and NIR
10025, 9860, and 9520 cmand 10215, 10000, 9900, and qq,ynconversion emission ratio originating from 3bpairs

9640 cm* for sitesB and A, respectively. These energies (2.1-10°9).13

The 10 K NIR excitation spectrum of the VIS lumines-
cence for RoMnGl:Yb®" is presented in Fig. 6. This upcon-
version excitation spectrum is similar to the absorption spec-
trum in Fig. 3; however, there are significant differences in
the relative intensities of the peaks. Excitation peaks corre-
sponding to sitB are much more intense than those associ-
ated with siteA. In the inset of Fig. 6, we plot the visible
upconversion luminescence intensity versus the excitation
B, power at 10 686 ct on a double logarithmic scale. Within
experimental accuracy, this system shows a quadratic power
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dependence below 50 mW indicating a two-photon excita-
tion process. At excitation powers between 70 mW and 300

mW, the slope decreases to 1.7. In this experiment the Ti:
sapphire excitation beam was focused to a diameter about 10
microns and, thus, we estimate that thaxis in the inset of
Fig. 6 covers an excitation density range from 0 to roughly
380 Wicnd.

Figure 7 shows the normalized integrated intensity of the

T T
9600 9800 10000 10200

Energy [em™]

FIG. 4. 10 K unpolarizedF5;,— °F ;, luminescence spectra of
RbMnCkL:Yb®" excited site selectively at 10 686 crh(top, siteB)
and 10 710 cm?® (bottom, siteA).
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FIG. 8. Temporal behavior of the 15K Mh “T;—%A; emis-

FIG. 6. 10 K excitation spectrum monitorin§r;—8A;Mn?* sion intensity after a shor{<10 ng excitation pulse into the
upconversion luminescence at 15750 ¢mThe spectrum is cor-  Yb3* 2F, excited state at 10 686 cth (detecting 15 750 cft).
rected for excitation laser power. The inset shows the upconversiomhe inset shows the same data in a semilogarithmic scale.
luminescence intensity of RbMngY¥b3t at 15 K versus laser
power obtained under 10686 Crh excitation in a double- other YI?* absorption peaks. Direct excitation in the #n
logarithmic scale. absorption band with short pulses gives rise to a similar be-

havior with a slightly longer lifetime for théT; Mn?* emis-
Mn?* 4T, —®A; emission in RbMnGl:Yb3* after 19436 sion (7=1.10ms).
cm ! downconversion excitatiofil) and after 10 686 cm' Figure 9b) presents the excited-state excitatid@SE
upconversion excitatioi¢') as a function of temperature. spectrum of RoMnGlYb®*" at 15 K, shifted by 10215 ciit
For comparison, the behavior of pure RbMg@fter 19436  to higher energy, i.e., by the energy of the®Y5F s, origin
cm™! excitation (O) is included. All three luminescences in order to make it comparable to the RfrPA;—*E, %A,
show qualitatively the same temperature dependence. Thabsorption spectrum that is shown in FigbP In this ex-
luminescence is quenched at higher temperatures. Thigeriment, a large YH 2F5, population was provided by
quenching process is more efficient and sets in a lower tenpumping into the YB*?F;,—2Fg, transition at 10715

perature in the crystal containing ytterbium. cm ! (typical excitation power 300 mW The intensity of
Figure 8 shows the time dependence of the 15 K*Mn
upconversion luminescence intensity at 15750 tnin ag 4
RbMnCkL:Yb®" after upconversion excitation at 10686 = 4T’ !
cm ! with an excitation pulse of 10 ns width. The inset I I4T2 100
shows the same data in a semilogarithmic representation , ! l ®
The perfect single exponential decay=<1.06 ms) and the Fsp '
absence of any rise are relevant for the identification of the \
upconversion mechanism, as will be discussed later. The % 6 J
same decay behavior was observed after excitation into thg ;;:ned state excitation ~ /2 A l Yo
e g
MWWMWWW B ‘A,
14 4T2
. 081 Absorption
%
= 06
e
= 04

T ! I ! I T
22000 22500 23000 23500 24000 24500

021 Energy fem™]

ot 0 100 : 120 L250 o 30 FIG. 9. (8) Unpolarized absorption spectrum of RoMg(Mb3*
Temperature [K] in the T, and *E, “A, region. (b) Two-color upconversion exci-

tation spectrum(ESE with a pump laser exciting at 10 715 ¢th
FIG. 7. Temperature dependence of the normalized integratednd monitoring the Mfi" 4T, emission while a laser probe is tuned
4T,—5%A, luminescence intensity of RoMngAnd RbMnC:Yb3t  in the 11500—14 200 ciit energy range. The ESE spectrum is
under green excitation at 19 436 th circles and squares, respec- shifted by+10 215 cm'* for comparison with@ and corrected for
tively, and exciting RbMnGl:Yb®" in the NIR at 10686 cmt! the power of the probe laser. Both spectra were obtained at 15 K.
(diamonds. The energy level scheme explains the principle of the experiment.

165102-4



NEAR-INFRARED-TO-VISIBLE PHOTON . .. PHYSICAL REVIEW B53 165102

: tween Figs. 1) and 1Qc). The excitation scheme of this
ﬁ“i A experiment is shown in the inset.
2

IV. DISCUSSION

A. Crystal structure and charge compensation

In order to understand this unusual upconversion phenom-
B enon, it is important to examine the crystal structure of the
titte compound. RbMnGl crystallizes in the space group
P63/mmc* with lattice parametersa=7.16 A and c

g‘ Bl A B =17.83A, Z=6, at room temperature. The structure type
§ B AMB can be described as intermediate between the CgNtiftic-

- A ture, which consists of infinite linear chains of face-sharing
% b) U octahedra, and the KNiFperovskite structure, which con-
) sists of a three-dimensional network of corner-sharing octa-

hedra. As illustrated in Fig. 14), the compound consists of

A
face-sharing octahedral dimefsite B) along thec axis
Ay linked three dimensionally by corner-sharing octahddige
T

A); i.e., two octahedra containing Mnions share a face
forming a Mr;ZCIg’ unit that then shares corners with six
different octahedra containing Mnmanganese ions. The
Mn” ion occupies a site having sy symmetry, while Mf is

l I I in C;, site symmetry.
10200 10400 10600 10800 It is well established that salts such as CsMg@hd
Energy [em ] CsCdBg, which adopt the linear chain CsNiCstructure,
have a pronounced tendency to incorporate trivalent ion im-
exciting with a pump laser at 13 323 cth(b) and 13 218 crm’ (c), purities into the lattice as discrete and well-defined p]zii_rs.
and monitoring the MA* “T,—5A, emission while a laser probe is This tendency of trivalent impurities to cluster in pairs arises
tuned through the Y& 2F,,—2F ¢, absorption peaks. The) sig- frorr_1 the .charge compensation requirements qf the linear-
nal corresponds to a wavelength scan without the pump laser. THehain lattice when the trivalent rare earth substitutes for the
principle of the experiment is explained in the inset. The 11 kdivalent cations. Three neighboring divalent ions are re-
absorption spectrunia) with the site assignment is included for Placed by two rare earth (RE) ions with a divalent vacancy
comparison. in the middle. Unlike compounds with a one-dimensional
chain structure, this type of charge compensation is not pos-
4 6 o ) sible in RbMnC}. This lattice shows more possibilities for
the Mr?* 4T, —®A,; emission was then monitored as a func- charge compensation as a consequence of the two distinct
tion of the wavelength of a second probe laggpical exci-  pn2* sites.
tation power 50—-80 mW This excitation scheme is shown  Both sitesA andB are available for YB". Two different
in the inset. The features observed in the ESE spectrum i3+ sites have been found in the absorptidtg. 3 and
the region of “E, “A; origins are similar to the features emission spectréFig. 4). It is therefore tempting to assign
observed in the Mfi" ground-state absorption spectrum.  them to the two site#\ and B, respectively. It is also pos-

In a second two-color experime(fig. 10 a Ti-sapphire  gjple, however, that only one of the crystallographic sites can
laser was usedtypical excitation power 300 mW to pump at accommodate Y, and the two YB' sites found spectro-
13500 cm*. At this energy there is neither Mh nor YET scopically correspond to different charge compensation ar-
ground-state absorption, but there |§F5/2_ (YD) rangements. Th®4 Mn?* site (Mr") is smaller than the
—“E,*A1(Mn?") absorption. MA* *T;—°A; luminescence ¢, "Mn?* site (MrF): mean Mn-Cl distances of 2.48 and
was monitored at 15750 cm as a function of the wave- 5 55 A, respectively. The YB ionic radius is slightly bigger
length of a second(probg laser scanning through the than the MA* ionic radius, 0.87 and 0.83 % respectively.
YB3 2F 71— 2F s excitation region. The probe laser had aTherefore, it is more likely that Y3 substitutes for the Mh
very low power(typically ~200 {u,W) to avoid one-color liC site and that there is a charge-compensating vacancy at the
by the probe beam alone, while scanning through th&"Yb \nA site. Four different possibilities for Y& pair arrange-

absorption peakgFig. 10d)]. The spectra obtained from ments and charge compensations with at least oré ¥b a
these experiments are shown in Figs(ld@nd 1Qc). They  \nB site are displayed in Fig. 18).

were excited at the positions markedi)0and 1dc) in Fig.
9, respectively. Figures 1) and 1Qc) correspond to the
2F;,—2F s, absorption spectrum of ¥, which is shown
for comparison in Fig. 1@). Depending on the excitation The Stark splittings of théF -, and 2Fs;, multiplets are
energy of the pump laser, Yb ions in different sites are very sensitive to low-symmetry distortions of the octahedral
involved in the upconversion process, thus the difference beenvironment. In trigonal symmetryQg,) the 2F,, ground

FIG. 10. Two color upconversion spectra at 15 K obtained by

B. Yb®* sites and energy levels
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TABLE |. Energies of the crystal field levels of ¥b doped
RbMnCl; derived from high-resolution absorption and emission
spectra at 10 K. Energies are given in chrelative to the lowest-
energy Stark levelA and B correspond to two inequivalent Yb

sites.
Crystal Field
Level A B
*Fap 0 0 0
) 215 135
) 315 300
(3 575 640
*Fsy; (0) 10215 10160
) 10247 10205
2" 10710 10 686

K unpolarized absorption spectrufRig. 3) is roughly a su-
perposition of two spectra corresponding to®Yhn two in-
equivalent crystallographic sites with approximate trigonal
symmetry. The absence of strong vibronic bands in the ab-
sorption and emission spectra in tH€,,—2Fs, region
shows that the Y& ions are located in noncentrosymmetric
sites with a large odd-parity crystal-field component.

In Fig. 4, 10686 and 10 715 cm excitations give rise to
completely different emission spectra in thgg,,— 2F 7, re-
gion. Based on the temperature dependence, cold and hot
bands were identified. According to emission and absorption,
the crystal field splittings of the ground state and excited
state for sitesA and B collected in Table | were derived. In
deriving these numbers, the fine structure of the bands ob-
served in Figs. 3 and 4, which has a magnetic origin as will
® Mn2+ be discussed below, was not taken into account, i.e., the
barycenters of the split bands were used. Ground- and
excited-state splittings are quite similar to those found in
Cs;Lu,Cly:Yb3* .17 Additional bands are observed in emis-
sion due to some thermal population @) at 10 K. The
origins of the YB* 2F 5;,— ?F,, emissions due to siteésand
B are 40 cm? apart, with theB line lower in energy. In the
temperature range 10—-100 K selecti&eand B excitation
leads to almost exclusivé andB emission, respectively, i.e.,
there is no evidence for substantial intersite energy transfer
in this temperature range. The extra fine structure observed
in some of the absorption and emission bands is ascribed to
the fact that the host lattice RbMnd$ magnetically ordered
below Ty~94K.!® Since the exchange coupling between

_ FIG._ 11. (a) Relevant elements gf the RbM;ngrystaI structéjre neighboring MA* ions is expected to be stronger than the
|IIustrat.|ng. the two types of Mn sited) z4(Mn ). and C3,(Mn®) Yb3*t-Mn2+ coupling, the YB* ions are exposed to a mo-
and bridging geometriegface and comer sharing octahedré) o0 ar field, i.e., an internal magnetic field created by the

Possible arrangements of ¥bions in pairs with charge compen- ordered magnetic moments of the Rnions leading to a
sation vacancies. The chloride ions occupy the corners of the OCtaZeeman splitting of the v levels

hedra.

2+ tad. i
state and thé’F s, excited state are split in four and three C. Mn™" spectroscopy and excited-state dynamics

Stark levels labeled as 0, 1, 2, 3, anld D, 2', respectively. The absorption spectrum of RbMnCin Fig. 2 in the
The possible charge compensations shown in Fi¢)dill visible and near ultraviolefUV) is readily assigned tal-d
lead to small nonaxial crystal field components in each caseexcitations as indicated. For ad3 electron configuration
This will not lead to any additional splittings but slightly with a ®A; ground state, all these transitions are both spin
affect the relative energies of the ¥bStark levels. The 11 and parity forbidden in octahedral coordination. This spec-
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trum is a good illustration of the environmental effects on thecated. Addition of Mn metal to the melt was found to lead to
3d electrons of MA". In contrast tof-f spectra of lan- an absorption band at 25000 ch a strong indication for
thanides, which consist of sharp lines, some of the absorptiotiie presence of Y4 ions in the crystal. It appears that the
bands of RbMnGj are broad, corresponding tg—e elec-  redox potentials of the Mi/Mn®*" and YB™*/Yb®* couples
tron promotions, and others are sharp, corresponding to spittnder melting conditions are such that ytterbium is preferen-
flip transitions within the ,)3(€)2 ground electron configu- tially reduced and we are left with some Rfnimpurities.
ration. The2F;,,— 2Fs, absorption band of Y& doped in ~ We ascribe the fact that the Mih emission is quenched at

RbMnCl; around 10 000 ¢, which is also shown in Fig. lower T in the doped crystal to the higher concentration of
2, has the typical line shape, 6f transitions. Mn3*. The faster thermal quenching of the #nemission

The broad emission band shown in Fig. 5 is due to thd" _the Yb“-dop_ed _Rb_MnCJ is due to an additional depopu-
4T,5A, transition of M?* in a slightly distorted octahe- lation channel, intrinsic to the Yi-doped samples, from the

2+ it 3+ i ;
dral coordination of chloride ions. Its maximum is Stokes'vIn emitting state to théF5,2 Yb®" level. This quenching

shifted at 12 K by about 3000 i from the corresponding process is already present at low temperatures, it becomes

: __evi "2 2 issi irect Mt ex-
®A,— T, absorption maximum due to the excited-state gisEvident as YB" ?F,—2F+,, emission after direct

; T . citation at 514.5 nm.
tortion. Its width is due to a contraction of the Mif{Cloc-
tahedron in the*T, state with respect to th8A; ground
state. The latter derives from &)°(€)? electron configura-
tion, whereas the former results fromp)*(e)* in the strong- 1. General considerations

field limit. This distortion of the emitting state of Mn is The observation of visible M emission after NIR YB'
relevant for the discussion of the UC properties. In Fig. 5 Weexcitation is remarkable in itself. Upconversion phenomena
observe an energy redshift of about 200 ¢rat 10 K of the  are rather common in lanthanide-doped crystals and glasses.
emission band excited by upconversion compared to thehijs is due to the presence of more than one metastable
emission band obtained by direct green excitation. This redexcited state that, in turn, is the result of weak electron-
shift of the UC excited emission is significant. It immedi- phonon coupling. In transition metal ion-doped crystals and
ately tells us that the emissions excited in the green and igjasses, on the other hand, multiphonon relaxation processes
the NIR Originate from different subsets of IWnionS in the are much more Competitive_ As a resu|t’ mu|t|p|e excited-
crystal at 10 K. As will be shown below the dopantb  state emission and upconversion phenomena are very rare.
ions are involved in the NIR excitation process. The neighiye have recently started a systematic study of such effects
boring Mrf* ions are perturbed by the presence ofYand  and we have identified a number of systems in which UC can
will exhibit a slightly different crystal field. Since ¥b ions  occur: TP, Ni?t, Mo®", R, and 04" (Refs. 2—6 in
are larger(ionic radius 0.87 Athan Mrf* ions (ionic radius  various halide lattices. A significant difference between tran-
0.83 A),'® this likely leads to a squeezing of the Rincoor-  sition metal and rare earth metal ion-doped upconversion
dination in the neighborhood of ¥b. This, in turn, leads to  systems lies in the fact that tiieelectrons are less shielded
a slight increase of the crystal field resulting in the observedind thus more susceptible to changes in their environment.
redshift. This explanation implies that the Knexcitation We have found that this provides an opportunity to tune the
remains essentially trapped at 10 K. This has been shown tgC properties by chemical and structural variatfolnother
be true in previous spectroscopic work on RbMiCTrhe  important differences is that spin is a good quantum number
self-trapping of the Mf" excitation at low temperatures is in 3d and 4d transition metal* As a consequence, we can
essentially due to the geometrical distortion of the, ex- influence the UC behavior by magnetic perturbations.
cited state, which needs to be thermally activated for exten- The combination of transition-metal and lanthanide-metal
sive energy migratioh® ions in the same crystal increases our possibilities of creating
Figure 7 shows that irrespective of the excitation modeand varying upconversion processes by chemical variation.
the Mr#* luminescence of RbMnGiYb®" is thermally  Our title system, YB"-doped RbMnGJ, provides a nice ex-
quenched on increasing the temperature to 100 K. A similaample for observing a completely new phenomenon. The in-
quenching is also observed in pure RbMgGhcluded in  volvement of M#* in an upconversion process is unex-
Fig. 7 for comparison, but it occurs at a somewhat highepected, and with the exception of our recent brief paper, has
temperature. This quenching is common to all undilutednot been described in the literature.
Mn?*  chloride compounds with the exception of The NIR excitation spectrum of the upconverted visible
[(CH3)4NIMnCl3; (TMMC), and it has been ascribed to ther- luminescence in Fig. 6 directly proves the involvement of
mally activated energy migration to killer traps. In TMMC, Yb3* in the UC process. The excitation spectrum follows the
the energy migration is restricted to one dimension and thuabsorption spectrum, and we notice that the Biexcitations
less efficient. The most likely traps are impurity ions such asare more efficient than the sit& excitations in inducing
CU*, F€", or Mn**. The latter is a prime candidate, and it upconversion by about a factor of 100 at 10 K. The depen-
has been shown that reducing the ¥rimpurity concentra-  dence of the MA" luminescence intensity on the power of
tion in RbMnCl increases the quenching temperature. Thishe YB*' laser excitation at 10686 cm clearly identifies
was achieved by adding Mn metal to the melt in the Bridg-the excitation as a two-photon procéédhis is documented
man growth of RbMnGL?® For the synthesis of our by the slope of two in the double-logarithmic power plot in
Yb®"-doped RbMnGj crystals, the situation is more compli- the inset of Fig. 6.

D. Upconversion
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Having established théF s, excited state around 10000 expect similar rate constants for the energy-transfer pro-
cm ! as the intermediate state and th€, state of Mif" cesses involved in processe&)land Xd) of Fig. 1. The
around 17 400 cm* (energy of origin as the emitting state nonobservation of a rise thus rules out these mechanisms.
we proceed to a discussion of possible mechanisms. Our decay data clearly indicate a GSA/ESA-type mecha-

The schemes in Figs.(d@ and 1b) represent the most nism, with both steps happening within the duration of the
common UC processes encountered in lanthanide systems.léser pulse. The lifetime of 1.06 ms at 15 K derived for the
sequence of ground and excited state absorp@®®BA and  upconverted MfAi" luminescence is similar to the M life-
ESA) steps on a single ion can lead to YBig. 1(@)]. This  time of 1.10 ms obtained by direct Mh excitation in the
mechanism has two characteristic featuf@stt contains the  green at the same temperature. The slight but significant dif-
signatures of both GSA and ESA steps in its excitation specference between the two reflects the fact that different sub-
trum, and(ii) In an experiment with pulsed excitation, both sets of M" ions are involved in the two experiments. As
steps must occur within the excitation pulse, and a pure dediscussed in Sec. IV C, the Mh ions involved in the UC
cay of the upconverted luminescence will be observed. Iprocess are located in the neighborhood of théYion.
RbMnCl;:Yb®" we can rule out a GSA/ESA sequence on aGreen excitation, on the other hand excites the “bulk” #n
single ion, because both Yband Mrf* are involved. Nev- ions in a slightly different coordination, and thus the shift in
ertheless, the two characteristic featutesand (ii) will be Fig. 5.
relevant in our case. Further evidence for a GSA/ESA sequence is provided by

The second important UC process, represented in Fighe dependence of the UC luminescence intensity on the ex-
1(b), involves excitations to the intermediate level on two citation wavelength. A GSA/ESA sequence must show up in
neighboring centers and a subsequent energy-transfer stape excitation spectrum, with both steps leaving their trace.
This mechanism only carries the GSA fingerprint in its exci-Let us first discuss our one-color UC experiment with the
tation spectrum, and the characteristic feature is a rise of thexcitation spectrum in Fig. 6. This corresponds very well to
upconverted luminescence after the excitation is deposited ithe absorption spectrum, proving the GSA step. But there are
the intermediate level by a laser pulse. This GSA/ETUno features pointing to the ESA step. This is explained by
mechanism is very common in lanthanide systems. Ineferring to Fig. 2. The 10 686 cm ESA step hits the Mf
RbMnClL:Yb®" it can be ruled out because Knhas no  petween the broadT, and *T, absorption maxima in a
intermediate level around 10 000 cM spectral region with very small and essentially wavelength

The schemes in Figs(d), 1(d), and Xe) represent some independent absorption cross section. This explains the ab-
alternative UC excitation schemes that may be relevant igence of any ESA fingerprint in the one-color UC experi-
RbMnCk:Yb*". The mechanisms(¢) and Xd) have been ment. It also explains the relative inefficiency of the UC
discussed in the literature for explaining the observation oprocess. For 10686 cm excitation of 200 m\W(the beam
visible TI** emission in TB*/Yb**-codoped Caf SrF,  being focused with a lens of 53-mm focal lengtive find
(Ref. 23 and YF; (Ref. 24 after NIR YIP*" excitation. The  that four percent of the Y& excitation is upconverted at 10
process (c) is a three-ion process and relies on the presenci leading to an efficiencyVIS photons vs NIR photonsof
of two close-by excited Y} ions that can jointly transfer two percent. Under the same conditions, we obtain signifi-
their excitation to TB". The process (@) is a higher-order cantly higher UC efficiencies in CsMngYb3*, ™ and we
process based on multipole-multipole energy transfer occurascribe at least part of this difference to the inefficiency of
ring simultaneously with a GSA on the acceptor. The procesghe ESA step in the title compound.

[Fig. 1(c)] is expected to show a rise time, and we thus rule Two-color excitation experiments provide conclusive
it out. The procesfFig. 1(d)] has never been confirmed in an proof for a GSA/ESA sequence. We have done experiments
experimental situation, and we rule it out on the basis of itgpumping both the GSA and ESA steps with intense laser
expected low efficiency. beams and probing the ESA and GSA steps, respectively, by
scanning with a lower-intensity beam over the relevant spec-
2. Time and wavelength dependence of the upconversion procesgyg| regions. The results are shown in Figs. 9 and 10, and will

By measuring the time evolution of the upconverted lu-now be discussed in detail. The relevant excitation and re-
minescence intensity after a short excitation pulse, we calxation schemes are included as insets in these figures.
learn a great deal about the mechanism, because different In the first experimentFig. 9) the pump beani350 m\W)
rise and decay characteristics are expected for the varioukas fixed at 10686 citt, the strongest Yb~ absorption at
mechanisms in Fig. 1. The experimental data forl5K, see Fig. 3. The probe beds0 mW) was scanned over
RbMnCh:Yb3" at 15 K are presented in Fig. 8. In this ex- the region of*T, and *A;, *E excited-state absorptions. An
periment, the laser pulse has a duration of about 10 ns, ariticrease of the upconverted K emission of up to 40%
the luminescence intensity was registered between 500 nsas observed upon addition of the probe beam. Since the
and 6 ms after the pulse. In this time range, we find a purgump beam is much more intense in this experiment, there is
single-exponential decay corresponding to a lifetimef relatively intense underlying one-color UC from the pump
1.06 ms, and we do not find any evidence of a rise. Thideam alone. Spectrally, this excited-state excitation spectrum
immediately rules out an energy-transfer step, which iSESE, after shifting it to higher energy by 10215 ctinthe
slower than 500 ns. Upconversion processes occurring by @nergy of the lowestFs, Stark level of YB™, is in nice
GSA/ETU mechanism in lanthanide-doped crystals usuallyagreement with the GSA spectrum of RobMg@I the region
have rise times on the order of milliseconds, and we caf *T, and“A,, *E bands, see Fig. 9. In particular, there are
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sharp features in the origin region of tha,, “E excitations  tals it was found that besides the nornf—“A, R line
in both spectra. This provides strong support that the secongyission of C}* there were emission lines further in the IR.
laser beam actually probes the ESA step. We notice thafnase jines, which are completely absent irf'Cdoped

there is not an exact coincidence of the sharp origin lines M. 0. are intense some of them more intense thanRhe
. . . . 23 1

the two spectra. The first lines in the ESE spectrum lie beIOVYines. Their energy shift from thR lines was found to cor-

the first line in absorption. These differences are ascribed tr

the fact that the two experiments are again probing differen eTpto n? tg L?P ergzj/ (:gf e;gncis_bleivzseen ZF.? grounﬁ' Tlftl
bsets of Mfi* ions. The absorption spectrum is the bulk L _and the 'F, (J= ) excited multiplets.

su t h t.h ESE i bes the' Nom These transitions can therefore be viewed as two-ion pro-

spectrum, wnhereas the spectrum probes S cesses in which #E—*A, de-excitation on G occurs

in the neighborhood of Y&, which are involved in upcon-

version. In the case dfT, excitations there is an energy shift simultaneously with &F—'F, excitation, leading to a ra-
o L .~ _diative process at the energy difference. The authors of Refs.
of 200 cm ! between the two sets, see Sec. IV C and Fig. 5 P 9y

o . 25 and 26 convincingly argued that exchange interactions
In the case of%A;, “E excitations the differences are gly arg 9

) > ¥ between the magnetic ions €rand EG* were likely re-
smaller, because these excited states are crystal-field 'ndgbonsible for this observation. A mechanism based on a
pendent in first order. The M# ions involved in the UC :

) iahtl d octahedral situation | ultipole-multipole energy-transfer process coupled to a ra-
process are In a slightly squeezed octanedral situalion leafya;, /e transition[process Fig. (d)] could be ruled out on
ing to a slight reduction of the Racah parameters of abo

0.2%. Uhe basis of the high efficiency.

- . N
In the second two-color experime(fig. 10 the role of Our Yb’-doped RbMnGJ system is in a significant way

) . similar to CP"-doped EuAIQ. We therefore believe that a
the two beams was reversed in order to eliminate one-colg

Limilar mechanism is operative, for the first time leading to a
upconversion. The pump beaf@00-mW powey was fixed ; o) )
to the ESA peaks indicated by the two arrows in Fig. 9 photon upconversion. Despite the fact that we cannot unam

corresponding to 13323 crh Fig. 10b) and 13218 cml 'biguously identify the YB' sites in RbMnCJ (see below,

Fig. 100), respectively. At these wavelengths, the crystal is¥€ €& be certain that the Ybions substitute for Mfi" ions
9- ' P y. gtns, y and thus have intimate contact, either through corner or face

c_ompletely transparent, i.e., there is no groungj_—state absor%'haring octahedra, with the neighboring ¥nions. These
tion and, consequently, no upconversion. Addition of a very ' :

o 17 2 contacts provide the pathways for ¥bMn?" exchange in-
We"?‘k(zoo '“VY) probe beam scanning U&7, Fsp GSA teractions. And we can expect these interactions to be on the
region of YB'* then leads to upconversion, and the excitation . : + .
same order of magnitude as in EuAIGr", because in

spectra for the two pump wavelengths are shown in Figsboth systems a #ion couples to the @ ion
10(b) and 1Qc). Figure 1@a) shows an absorption spgctrum The simplest picture to view tHe situation in
at the same temperature for comparison, and Fi¢d)1ie a é{;anCb:Yb% is that of an exchange-coupled ¥bMn2*

i

trace obtained in the absence of the pump beam. No U mer. This is a gross simplification, because a giverd'Yb

luminescence is detectable under the conditions of Fig.

10(d), i.e., with a very weak laser beam incapable of induc—!.on s likely to have more than one Nh nearest neighbors

g cne-clor UC. Th ESA pup beam i essental and 1 IS0 et b LB Suent 0 o0 Al
leads to very intense UC luminescence despite the weakness 5, Mn2* di th Ip t ch ph o e 9
of the GSA excitation beam. This is the final and perhaps -Mn imer-as the relevant chromophoric unit Tor our

L . . _Oobservations, we obtain a simple and straightforward situa-
most definitive proof of the importance of the ESA step in_; n depicted in Fig. 12. The dimer ground state is

the upconversion mechanism. We can even site resolve t . : . .
P iéo 72 °A1). The intermediate dimer state [/, °A;). As

upconversion process as demonstrated by the difference ) . . :
Figs. 1ab) and 10c). The two pump laser lines at 13323 a result of the exchange coupling this state is dominantly, but

"1 e -1 e —— not fully, localized on YB*. Similarly, the|?F,, *T,) and
cm - [Fig. 10b)] and 13218 cm-" [Fig. 10(c)] coinciding 5 il . Pl T2 1L
with different sharp features in théA;, *E excitation re- |"F7;, “T5) higher-excited states are mainly, but not fully,

: + . .
gion, see arrows in Fig. 9, correspond to ESA transitions ir{ocahzed on _the Mh.' In other words, with the dimer as th.e
different sites. Consequently, Fig. (EDis a pure siteA ex- relevant optical unit, we have a GSA/ESA upconversion

citation spectrum and Fig. 0) a dominant sitd3 spectrum. mechanism as dgpicted "? Fig(al In order to emphasize_
the fact that two ions are involved, we have drawn the pic-

3. Upconversion based on exchange interactions togram in Fig. 1e) to account for the present situation.
More than 30 years ago, Tanabe formulated the mecha-

A sequence of GSA/ESA for the UpCONVersion process inyis, py which transitions in exchange-coupled dimers of

Wh3+ i ;
RbMnCl:Yb™" is established beyond doubt. We thus havetransition metal ions can gain intensiy/A pair of ions can

important fingerprints of the mechanism in Figall How- .interact with the electric vectdE) of the radiation field. The

ever, this is a smgle-l(_)n mechanlsm_, and In our case, it I¥ssential feature of the Tanabe mechanism is that the transi-
clear that two ions are involved. The intermediate state is thﬁon dipole momenP is spin dependent. For our Yb-Mn2*

Fs, excited state of YB" and the emitting state is th&T; - iaht f late it as foll
state of Mi". We thus have to look beyond the establishedpalr We rignt formuiate 1t as ToTlows,
upconversion mechanisms in Figgall-Figs. Xd) to explain
our phenomenon. 5
In the literature we find a good basis for a plausible UC P=> 11 . 1
mechanism in RoMnGtYb3*. In CrP*-doped EUAIQ crys- 21 Yo wn,(Syo S, ). @
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Ybh**-Mn?* cluster of exchange-coupledi3ons. It leads to an enhance-
dimer state ment of the intensity of nominally forbidden transitions. This
enhancement can be orders of magnitude in transition-metal
Fin'T, ion systems. The spin and parity forbiddeFlTlg
—1E4('T,y) absorption in T8*-doped MnC}, for instance,
% 2, 4T is at least three orders of magnitude more intense than in
Ti?"-doped MgC}.? Transitions to doubly excited states in

magnetically coupled Gf and Mrf* systems are prominent
ESA examples of excitations that cannot occur on a single ion and
that are therefore enabled by the Tanabe mechanism. In our
present situation, the Tanabe mechanism is somewhat less
2Fs, A, efficient than in pure transition metal ion systems, but on the
basis of the above number we can still expect a sizable ef-
fect. With reference to Fig. 12, we expect a slight enhance-
ment of the GSA step. Much more important is the ESA step,
GSA which is enabled by this mechanism. It involves electronic
changes on both partners of the dimer, quite analogous to a
double excitation in a Gf dimer.
2., 6A Let us finally return to Fig. 11 and the various possible
7z Yb3* sites. On the basis of our present knowledge, we can-
FIG. 12. Representation of the upconversion process if'Ot unambiguously correlate the YbsitesA andB with the
RbMnClL:Yb®* in a dimer picture. Full arrows indicate radiative Pictures in Fig. 1b). From the absorption spectrum we
processes of GSA, ESA, and luminescence, and the wavy arrolnow that the two major Y& sitesA andB occur in about
corresponds to a multiphonon relaxation process. The states atbe same concentration. And from the UC excitation spec-
labeled in a YB"-Mn?" dimer notation. trum, we know that sitd is more efficient than sité by a
factor of 100 in inducing upconversion. We ascribe this dis-
wherei refers to the fived orbitals on Mi#". The compo- tinct behavior to a difference in the ¥b-Mn2* bridging
nentsllyy vy, Of theIl vectors are related to the correspond-geometry. One is likely a corner-sharing chloride bridge and

ing orbital exchange parametelg, v, as follows, the other one a face-sharing chloride bridge. We are in the
process of systematically studying other®Ykdoped halides
FAIVS Mn.) lattices with well-defined bridging geometries to shed more
Hypyn = ——=— , (2)  light on this question.
i E o,

whereE is the respective component of the radiation field.
This means that the Tanabe mechanism is efficient wherever
there are efficient exchange pathways. We do not know the e have identified and characterized an upconversion
size of the exchange parameters governing th&"YWn**  phenomenon in Yd'-doped RbMnGJ. Excitation of YB-*
coupling, but we can make some reasonable guesses. Withif}ound 1um leads to orange Mi luminescence at low
the series of face-sharing dimers, 205, YbCrBr3 , and  temperatures. We propose a mechanism based on exchange
Cr,Br3~, the size of the exchange coupling was determinednteractions between the ¥band Mr?* ions to account for
by inelastic neutron scattering. Total ground-state splittingshis phenomenon.
of 2.9, 9.6, and 48 cm' were determined for the three com-  The combination of transition-metal and rare-earth-metal
plexes, respectively. We take this as an indication of how jons in the same crystal evidently opens pathways and
exchange interactions grow in corresponding, f-d, and  mechanisms for NIR to VIS upconversion processes. We are
d-d dimers. Another estimation of the ¥b-Mn?* coupling  presently engaged in a systematic study of such systems and
strength in the present system is provided by the observeprocesses. Our main objective is a fundamental understand-
fine structure in the Y& absorption and emission lines, ing of the underlying mechanisms. Such understanding is an
which we ascribe to exchange interactions. Taking as an exmportant prerequisite for designing new light emitting ma-
ample, the ban@ in Fig. 4, we measure a total spread of 12 terials and processes. Transition metal ion systems are much
cm ! between the highest and the lowest line. On the basimore susceptible to small chemical and structural variations
of these considerations, the observation of oscillator strengtthan lanthanide systems. As an example, we mention some
induced by a Tanabe mechanism in a®¥#n?* dimer be-  preliminary results on Yb'-doped CsMnG}, which are in
comes plausible. some respects, significantly different from those reported
This mechanism has been found to explain spectral fedhere. On the one hand, this susceptibility requires very de-
tures such as magnon sidebands in magnetically orderediled studies to understand its origin. On the other hand, it
transition-metal insulators. But it has also been used to intemprovides a handle to tune the light emission properties once
pret the optical spectra of numerous dimers and a highethe basic mechanisms are understood.

V. CONCLUSION
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