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Near-infrared to visible upconversion luminescence g MisCdC}, Ni2:CsMnCk, and NF":RbMnCk is
presented and analyzed. In all three materials upconversion occurs via a sequence of ground-state absorption/
excited-state absorption processes, which are both formally spin-forbidden transitions. Consequently, in the
diamagnetic Ni":CsCdC} they are weak, and the efficiency of the upconversion process is relatively low. This

is in clear contrast to the isostructural2NiRbMnCk where the spin selection rule relaxes because 8f-Ni

Mn?* exchange interactions, leading to an intensity enhancement of thefBpitransitions involved in the

Ni2* upconversion mechanism. This results in an exchange-induced enhancement of the upconversion rate in
Ni2*:RbMnCk relative to NF":CsCdC} by 2 orders of magnitude after two-color excitation into the maxima of

the ground-state and excited-state absorption bands2i@§MnCk the N#"—Mn2+ exchange interaction does

not play a significant role. This is due to the different®Ni-CI~-—Mn?2" bridging geometry relative to Rif:
RbMnCk. In contrast to Ni":CsCdC} and NF*:RbMnCk where the upconversion luminescence occurs from
Ni2*, in Ni2t:CsMnCk the upconverted energy is emitted from ¥rin the visible spectral region. This leads to

an enhancedisible upconversion luminescence inNiCsMnCk, relative to the other two samples wheréNi
near-infrared inter-excited-state emissions compete with the visible upconversion luminescence.

1. Introduction been observed in 71,7 Ni?+ 89 Mo®" 10 ReH 1011gnd O4*.12.13
) The great advantage of such transition metal upconverters
Many studies have been made over the past few years oncompared to rare earth upconversion ions is their sensitivity
materials displaying new photophysical effects. Among those, oward their ligand field environments. It allows a tuning of

the photon upconversion procédshas received a lot of  the ypconversion properties by means of chemical variation. It
attention. Photoexcitation at long wavelengths is followed by s this fact that we exploit in this study.

short wavelength luminescence. A defining characteristic for

?” upcor_wersion materials is the existence of a long-lived and chlorides. The upconversion efficiency of the Niion is,
intermediate state that serves as a storage reservoir for the p“mfﬁarticularly in chlorides, limited by the fact that two weak spin-

energy. 'I_'herefor(_e, the basic prerequisite _for UPCONVETSION {4 higden transitions are involved in the upconversion process.
materials is the existence of at least two emitting states. Becausq, this paper we show how the Nispin selection rule relaxes

of the shielded nature of the spectroscopically active 4f and 5f ;, 11 o presence of Ri—Mn2+ exchange interaction and we
orbitals, luminescence from multiple excited states is a common report the influence of such a magnetic perturbation on tRé Ni
phenomt_anc_m in rare earth dc_>ped msm_JIatmg materials. Thus, theupconversion properties. For that purpose we compare the
vast majority of upconversion studies has been devoted 10 n.qnyersion properties of Ai: CsCdCh and isostructural Ni:
lanthanide systems. Such materials have found use, for exampIeRanCb_ The comparison with Ri :CsMnC underlines the

as laser light sourcésjmaging materialé, and IR quantum importance of the exact Rfi—Mn2* exchange pathway. In
counters. By contrast, very few studies exist on transition metal addition, we demonstrate that in XiCsMnCk the visible

ion upconversion systems. This is mainly due to the fact that | 5conyersion luminescence output is enhanced relative?to Ni
the electron-phonon interaction of these ions is much stronger CsCdCh.

than in the case of the rare earths. Consequently, most transition

met_al ions follow _Kashas ru_feand have at most one metastable 5 Crystal and Magnetic Structures

excited state with a sufficently long lifetime to observe

luminescence, i.e., the first excited state. Among transition metal The local environments of the divalent cations are quite
ions in octahedral coordination, upconversion has so far only similar in CsMnC§, RbMnCk, and CsCdGl and consist of

Ni%* upconversion has been observed in oxitiBsprides?
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CsMnCl, CsCdCly / RbMnCly

Figure 1. Relevant elements of the CsMnGInd RbMnC}/CsCdC}
crystal structures illustrating the two types of MICP sitesDsq (A)
and C3, (B) as well as the bridging arrangements (face- and corner-
sharing octahedra).

trigonally distorted [MClg]*~ octahedra. The Ri dopant ions
substitute for MA™ and Cd+.

CsMnCk crystallizes in the hexagonal space grdegm.*
The compound consists of face-sharing trimers of [MjfCI
octahedra. Each trimer is linked to six other trimers by shared
corners. This is illustrated in Figure 1 on the left. We see the
two crystallographically nonequivalent sites A and B wiitky
and Cs, point symmetries, respectively.

RbMnCk and CsCdGlare isostructural and crystallize in the
hexagonal space gro@y/mmc!>6Two-thirds of the [MClg]*~
octahedra form dimers by sharing one face. The site symmetry
of these M ions isCs,. These [M,Clg]> units share corners
with six [M"Clg]*~ with D3q point symmetry. This is illustrated
in Figure 1 on the right. EPR investigations of 0.1%*Ni
CsCdCt'6 indicate that N§™ substitutes into only one of the
two Cd** sites, and in an optical spectroscopic study this was
identified as theCs, sitel” We assume that this is also the case
in the isostructural RbMn@Gl It is also reasonable to assume
that in CsMnC} the N#* dopant ions preferentially substitute
into only one of the two distinct MiT sites.

Both CsMnC} and RbMnCj are three-dimensional antifer-
romagnets with ordering temperatures of 67 and 94 K, respec-
tively.’8191n both materials the spin orientation is perpendicular
to the crystallographic axis.

3. Experimental Section

The methods of sample preparation and crystal growth used to obtain
the crystals for these investigations have been described elsetfere.
The NP dopant concentrations in the crystals used for the spectroscopic
measurements were 0.1%/10% in CsGdéhd 10% in CsMnGl
RbMnCk. In all crystals the nominal and effective dopant concentrations
were found to be almost identical.

Absorption spectra were measured on a Cary 5e (Varian) spectrom-
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Figure 2. The 15 K survey absorption spectra of (a) 10%MNesCdCh
(axial), (b) 10% Nf":CsMnCk (unpolarized), and (c) 10% Rfi:
RbMnCk (axial). Spin singlet and triplet labels denotéNabsorption
bands, and spin quartet labels indicate?Mabsorptions.
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were performed using an Ardaser (lon Laser Technology) or a Kr
laser (Coherent Innova 300) as an excitation source. The sample
luminescence was dispersed by/am single monochromator (Spex
1702). Visible luminescence was detected using a cooled red sensitive
photomultiplier tube (Hamamatsu 3310-01) connected to a photon-
counting system (Stanford Research 400). Near-infrared luminescence
was detected with a low-noise Ge detector (ADC 403L, operated at 77
K) or a dry-ice-cooled PbS detector (Hamamatsu P3337) and processed
with a lock-in amplifier (Stanford Research 510). For upconversion
luminescence and excitation measurements two laser (Spectra
Physics 2060-10A) pumped Ti:sapphire lasers (Spectra Physics 3900S)
were used. The detection system consisted of a 0.85 m double
monochromator and a cooled photomultiplier tube (RCA 31034)
connected to the photon-counting system (SR400).

Rectangular excitation pulses for the lifetime experiments were
generated by passing the laser beam through an accousto-optic
modulator (Coherent 305) connected to a function generator (Stanford
Research DS345). The sample luminescence decay was analyzed with
a multichannel scaler (Stanford Research 430).

Sample cooling was achieved by a closed-cycle cryostat (Air
Products Displex) for absorption measurements and with a He gas flow
technique for the emission experiments.

All luminescence spectra were corrected for the sensitivity of the
detection system and are displayed as photon counts versus energy.

4. Results

Spectra a, b, and c of Figure 2 shows the survey absorption
of 10% NP*-doped CsCdG| CsMnCk, and RbMnC}, respec-
tively. The absorption spectrum of Niin the near-infrared and
visible spectral region consists of three spin-allowed and three
spin-forbidden d-d transitions as shown in Figure 2a. In the

eter. Continuous-wave downconversion luminescence measurementsNi2+.CsMnCl3 and N+ :RbMnCk absorption spectra the two
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lowest energy*T.4 and 4T, absorption bands of M are
superimposed on thilog, *A14, and®T14 (3P) absorption bands
of Ni2™, Below 17 000 cm® Mn2* is spectroscopically transpar-
ent. Relative to 10% Ni:CsCdC} the integratedtA,q — 1Eq
absorption intensity is larger in 10% NiCsMnCk and 10%
Ni2t:RbMnCk by factors of 5 and 20, respectively.

In Figure 3 lifetimes of théT,, first excited state of 0.1%
Ni2+:CsCdC4 (circles), 10% NiT:CsMnC (triangles), and 10%
Ni2*:RbMnCk (squares) are plotted as a function of temperature.
The 3Ty lifetimes were extracted from the rise times in the
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Figure 3. Temperature dependences of thé"NiT 4 lifetimes in 0.1%
Ni2+:CsCdC} (circles), 109% Nit:CsMnCk (triangles), and 10% KRi:
RbMnCk (squares). The solid lines are fits of eq 1 to the experimental
data.
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Figure 4. The 15 K unpolarized survey luminescence spectra of (a)
10% NP":CsCdC} (excited at 20 492 cm), (b) 10% NPT:CsMnChk
(excited at 17 599 cmi), and (c) 10% Nit:RbMnCk (excited at 20 986
cm™Y). Spectra a and c are scaled to an equal integrated— 3A,q
emission intensity.

upconversion luminescence transients obtained after low-power
near-infrared excitation with rectangular square wave pulses.

The 15 K unpolarized survey luminescence of 10%"Ni
CsCdC4, 10% NFT:CsMnCk, and 10% N :RbMnCk are

presented in spectra a, b, and c of Figure 4, respectively. Spectra?

a and c are scaled to an equal integrafeg — A, emission
intensity. NFT:CsCdC} and N#":RbMnCk were excited into
the NP* 3T14 (3P) absorption band at 20 492 and 20 986 ¢m
respectively. Nit:CsMnCk was excited into the MiT 4Ty

absorption band at 17 599 cth
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Figure 5. (a) Temperature dependences of the?MiT i lifetimes in
undoped CsMnGl(2) and in 10% Ni":CsMnCk (O, after Mr¢*
excitation at 17 599 cni; @, after NP™ excitation at 12 345 cr).
(b) Temperature dependences of the relative integratetf KIng —
A4 emission intensities in undoped CsMaQAh) and in 10% N&+:
CsMnCk (O) after Mr?* excitation at 17 599 cr.

5
)
o)
| 0
5
=
©
LELIRLI L C L L LL B LO
12200 12400 12600 12800 13000

Energy [cm'l]

Figure 6. (a) 15 K3A,4— E4 ground-state absorption (GSA) spectrum
(dotted line) and 15 KT,y — T4 excited-state excitation (ESE) of
0.1% NP*:CsCdC4 (solid line). In the ESE experiment a Ti:sapphire
laser (typical power, 100 mW) was used to provide a highy
opulation by pumping into th&T,4 (°F) absorption at 11 000 crh

Tog — 3A2g emission at 16 500 cm was monitored as a function of
wavelength of a second probe Ti:sapphire laser (typical power, 2 mW)
(b) Calculated product of the GSA and ESE line shape functions from
(a). (c) Experimental 15 K upconversion luminescence excitation
spectrum monitoring Ni™ 1T,g — 3A,4 emission at 16 500 cr.

of 10% NP":CsMnCk (open circles) after Mf 4T14 excitation

The upper half of Figure 5 shows the temperature dependenceat 17 599 cm? are plotted against temperature.

of the Mr?+ 4T 4 lifetimes in undoped CsMnglopen triangles)
and in 10% Nd™-doped CsMnG (open circles) after M&T
excitation at 17599 cmt. The full circles represent the
temperature-dependent B“Tyq lifetimes in the same 10%
Ni2T:CsMnCk crystal after Nit excitation at 12 345 cmi. In
the lower half of Figure 5 the integrated ®*T;g — CA4
emission intensitites of undoped CsMgp@pen triangles) and

Figure 6 shows spectroscopic data ofNCsCdCt. Figure
6a shows the 15 K Ni 3A,y — Eg ground-state absorption
(GSA) spectrum (dotted line) together with the?NPT,q —
1T,q excited-state excitation (ESE) spectrum at 15 K (full line).
In the ESE experiment the Ni Tog — 3A,g emission was
monitored at 16 500 cmi. One Ti:sapphire laser was used to
provide a high3T,y population by pumping into théTig
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NI Ty, CP) Figure 8. Schematic energy levels and spin quantum numbers of the
Ni2t-centered®A,q — E4 transition for (a) an isolated Rfi ion in
CsCdCt and (b) a Ni*—Mn?* pair in Ni#":RbMnCk.

(b) Ni”*:RbMnCl,

for formally spin-forbidden transitions, an intensity mechanism
resulting from exchange interactions between the metal cefiters.

NPT, - Ty, (BSE)

Mn p A S Because of this mechanism, the absorption bands of concentrated
Tig= Ay Ao N g Ay Mn?* compounds are more intense than those of dilute crystals
emission emission containing isolated M#T ions23 It has been demonstrated that

LB LI LI L L LN LI B BN

the exchange interactions between unlike metal ions are usually
14000 16000 18000 20000 22000

» stronger than those between like iGA8>Ni2*—Mn2+ exchange
Energy [em '] interactions may therefore lead to an exchange enhancement
Figure 7. () 15 K GSA spectrum of 10% Rfi:CsMnCk in the spectral of the spin-forbidderfA,g — 1Eg, *A1g, and!Tyg transitions in
region of the MA" “Tyg, “Tzg Wlt_hsthe NP *Toq — 1T291ESE spectrum  the absorption spectra of NiCsMnCk and N#*:RbMnCk.
shifted by the energy of the Ni °Tz origin (5660 cm”), to show the g \ever, in these lattices the latter two transitions are obscured

absolute energy of the Ni 1T, excited state with respect to th&,g BN 4 -
ground state. The M 4Tiy — ®A;4 emission spectrum (excited at by the Mr#* %A1 — “Tyq absorption bands. Therefore, we focus

17 599 cm?) is shown upside down. (b) 15 K GSA spectrum of 10% ©N the Nﬁ 3A_29 — 'y transition. The integrated intensity of
Ni2*:RbMnCk in the spectral region of the Mh A, — “T15and N+ this transition is larger in Ni©:CsMnCk than in NE™:CsCdC}

A2 — 3Ty (3P) transitions together with the NiToq — 1T,q ESE by approximately a factor of 5 (Figure 2a,b). Because of the
spectrum shifted by the energy of thiyg origin (5551 cm?). The 15 stronger ligand field in Ni":CsMnCk relative to N#":CsCdC#,
K Mn2" 4T 15— ®Asg and NP* 1Tz — *A,g emission spectra (excited at — the 3T, (3F) and the'E, excited states are energetically closer
19 43§_and 12 345 cm, respectively) are shown upside down. The to each other in Ni:CsMnCk than in N?*:CsCdCh by
intensities of the GSA and ESE spectra are not comparable. . ) o
approximately 15%. This leads to a stronger sfrbit interac-
tion of the 3T14 (°F) and!Ey excited states in Ni:CsMnCh
than in NFT:CsCdC4, which manifests itself in a weak
progression pattern on the high-energy side ofEy@absorption
band of N#*:CsMnCk. It indicates that this whole absorption
band has a mixed singtetriplet character, similar to the
situation in N#t:CsMgCk.26 The absorption spectrum of Ni
in CsMgCk is qualitatively and quantitatively very similar to

absorption band at 11 000 cfn A second Ti:sapphire laser was
used to probe th&l 43— 1T,4 excited-state absorption transition.
The laser powers were around 100 mW for the pump and less
than 2 mW for the probe laser. Figure 6b shows the calculated
product of the GSA and ESE line shape functions from Figure
6a. Figure 6¢c presents the experimental 15 K one-color

upconversion luminescence excitation spectrum monitdfiag the absorption spectrum of NiCsMnC.26.27 We therefore

— 3 ieq] + 1
FAZQ err;lssmn of l\ﬁdatt 16 ?IOOIC(T ' 109 XIsMnCh conclude that the enhancély absorption intensity in Ni:
o S'?;fgt 1% F:{eséehrgsn Z {Z ('iﬁeegSeA zneactr A fhens ? tra) CSMNCE (Figure 2b) relative to Ni":CsCdC} (Figure 2a) is
re)g/ﬂon o the N+ 1T2W o andoT, (3P|;) anduthel s 4TF1) mainly cliue to stronger spirorbit interaction of theé¥Ty4 (3F)
¢ Mg 9 9 and thelE, excited states in the former.

and “T,4 excited states, the Rii 3Toq — 1T,q ESE spectrum A conlwzgarison of the NiCsCdCh and NP+RbMnCh

shifted by the energy of the Rii 3Tg origin (5660 cn?), and mp ) : ' .

the Mr?+ 4T, — BA ;5 emission spectrum excited at 17 599 ¢m absorpt!on spectra (Figure 2a,c) .ShOWS that_ th‘.e energetic

(upside down). In Figure 7b analogous data measured at 15 KS€Paration of théTy, (°F) and’E, exicted states is similar in
both compounds. Therefore, spiarbit coupling cannot account

0 +.
on a 10% NE-:RDMnCl crystal are presenied. The GSA for the very pronounced intensity enhancement of kg

i i 1 1 3 3
fpectrumAm the N ng’. Ay an(i Tlﬁi(f) aidlthe MR absorption band in Ri:RbMnCk. We conclude that théAyg
T1g and *Tz energy region and the ZNPTZQ Tz ESE — 1E4 transition in N#*:RbMnCk is enhanced by Ri —Mn2*
spectrum shifted by the energy of the*NPTzg origin (5551 exchange interactions. A simple Ni-Mn2™ dimer picture

—1 + 4 —>6 i e
om ?). The 15 K Mrf! *T15 = %Asq downconversion emission illustrates the principle of this exchange-induced intensity

spectrum excited at 19 436 ci(full line), and the 15 K N* . .
: o : enhancement, the so-called Tanabe mecha&fisme Figure 8).
T3 — 3Azg upconversion emission spectrum excited at 12 345 The dimer ground state is [RiGAz), M2 (?A;9)] and thgereforza

2 . ,
cm™! (dashed line) are shown upside down. has dimer spin levels WithSumer = Yo, 5 7l The

5. Analysis and Discussion
(22) McCarthy, P. J.; Gdel, H. U.Coord. Chem. Re 1988 88, 69-131

A. Exchange-Enhanced'Eq Excitation in Ni?":RbMnCl 3. and references therein. _
In diamagnetic host lattices such as CsGdbé spin-forbidden %% gffggg‘bj Guggenheim, H. J.; Tanabe]. Phys. Soc. Jpr1.966
Ni2* transitions from theé’Ayq ground state to théEg, Ay, (24) Ferguson, J.; Guggenheim, H. J.; TanabeJ.YChem. Phys1966
and 1T,y excited states gain their intensity via spiorbit 45, 1134-1141.

i i _Ivi in- i (25) Gondaira, K.; Tanabe, Y. Phys. Soc. Jpril966 21, 1527-1548.
coupling to energetically close-lying spin-allowee d transi (26) Buissige. G.. Reber, CJ. Am. Chem. Sod998 120, 6306-6315.

tions (Figure 2a). In magnetic hosts such as CsMretld  (37) mcPherson, G. L.; Stucky, G. . Chem. Phys1972 57, 3780-
RbMnCk there is an additional intensity-gaining mechanism 3786.
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Figure 9. Summary of the near-infrared to visible upconversion processesm@$iCdC}, Ni>*:CsMnCk, and N#*:RbMnCk. The solid arrows
represent radiative processes of GSA, ESA, and luminescence. The curly arrows indicate nonradiative multiphonon relaxation processes, and the
dashed arrow represents an energy-transfer process.

NiZJf-centeredlEg excited state haSy; = 0, and therefore, the  conclude that the Ri —Mn2* exchange interaction is stronger
corresponding [Ni"(*Eg), Mn?*(6A1g)] dimer excited state has  in Ni?*:RbMnCk than in N?:CsMnCk. The spin density of
only oneSsimer = % spin level. Thus, there is a formally spin-  the NPt d®ion is located in the gset of d orbitals and thus has
allowed Sjimer = 5> — 5/, transition that dominates ti¥é,; — ao-type interaction with Ct ligand orbitals. Consequently, the
1Eg oscillator strength in the Rif:RbMnCk absorption spectrum.  dominant N¥*—Mn?* exchange interactions occur viavesu-
This transition is thermally activated with an intensity maximum perexchange pathway, which is most efficient for a°lRF—
around 50 K, in agreement with the fact ti®ner = %> is not ClI=—Mn?" bridge?82°i.e., corner-sharing octahedral units. As
the ground state in Figure 8. Above this temperature3fhg mentioned in section 2, it is reasonable to assume that the Ni
— 1E, oscillator strength decreases again and reaches a valualopant ions predominately occupy one of two crystallographi-
at 300 K that is about 10% lower than that at 50 K. By contrast, cally distinct Mr?+ sites in both RbMnGland CsMnd{. In
the A4 — 'Eg oscillator strengths in Ri:CsMnCk and N?+: Ni2":RbMnCk the NP™ dopant ions occupy th€s, site, and
CsCdCtincrease with increasing temperature steadily up to 300 consequently, corner-sharing 2i-Cl-—Mn2* bridges exist
K. In both these materials the respective oscillator strength is (see Figure 1). In Ni:CsMnCk we have no direct EPR
approximately 30% larger at 300 K than at 15 K. The difference information on the identity of the Rif site. Because we observe
in the temperature dependence of fife; — Ey oscillator no exchange enhancement of g excitation, we conclude
strength in Nit:RbMnCk and NET:CsMnCk is therefore that NE™ occupies theDzy site in this lattice (see Figure 1).
another indication that the intensity-gain mechanism for that This site is sharing faces of the two neighboring?¥octahedra,

transition is different in these two compounds, i.e2NiMn2*+ and thus, there is no efficient 188li>*—CI~—Mn?" exchange
exchange interaction in the case oPNRbMnCk leading to pathway.
an intensity maximum at a specific temperature and-spibit B. Downconversion Luminescence. Dynamics and Tem-

interaction in the case of Ri:CsMnCk leading to a steady  perature Dependences. 1. Ri 3T, First Excited-State
increase of the absorption oscillator strength with increasing Emission.Figure 9 presents the Ki energy level schemes for
temperature. The simple dimer picture foPNRbMnCk thus Ni2T:CsCdC4, Ni2t:CsMnCk, and NFT:RbMnCk. In all three
provides a satisfactory qualitative explanation of the observed compounds excitation with a Ti:sapphire laser into th& RT 4
A,y — 1E4 absorption temperature dependence, but it is not (°F) and 'Egy excited states leads to rapid (typically within

capable of modeling it quantitatively. The real situation id™Ni picoseconds) nonradiative multiphonon relaxation to g
RbMnCk is more complicated. Each Niion has four nearest first excited state. From there near-infra?é'dg* 3Agg emission
Mn2* neighbors instead of one. In addition the RbM#i&ttice occurs at temperatures below 200 K (spectra not shown). In
is antiferromagnetically ordered below 94K. the 15-100 K temperature range the integrafddy — 3Azg

It is a characteristic of the Tanabe intensity mechanism that emission intensity is nearly constant in all three compounds
pure spin-flip transitions involving no changes in electron considered in this study (data not shown), and we conclude that
orbital occupancies are influenced most strongly by exchange nonradiative relaxation processes can be neglected below 100
interactions, while spin-allowed transitions essentially stay K. The 15 K3Tyq lifetimes in 0.1% Ni*:CsCdC4, 10% N?*:
unaffected. Spin-forbidden transitions involving an orbital CsMnCk, and 10% N™:RbMnCk are 7.8, 6.8, and 5.8 ms,
promotion represent an intermediate case. These trends areespectively. The temperature dependences of these lifetimes
observed in Figure 2c, where the pure sgilip Az, — 1Eq .
transition shows by far the largest exchange enhancement. Fron{2®) i’f’%?ﬂ%é-; Guggenheim, H. J.; TanabePhys. Re. Lett. 1965
the fact that thi$Aoq — 'Eq transition is exchange-enhanced in - (29) Ferguson, J.: Guggenheim, H. J.; TanabePhys. Re. 1967, 161,
Ni2:RbMnCk but not in NE":CsMnCk (see above) we 207-212.
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in the 15-100 K temperature range shown in Figure 3 can be
fitted with the following equatior?

-1
Trad 1) = Trad To) [COtf‘(%)] 1)

Wenger and Gdel

field environment and may therefore lead to a reduction of the
Mn?2*t 4Ty, lifetime. Second, there is evidence for an additional
Mn?2*t 4T,4 depopulation process in Ki:CsMnC} that does not
exist in undoped CsMn@l After pure*T14 excitation of M+

at 17 599 cm?, Ni?t 3T,y — 3A,4 near-infrared emission is
observed, even at 15 K. A comparison of the 10%Ni

Equation 1 describes the temperature dependence of the radiativ€SMNCh absorption (Figure 2b) and emission spectra (Figure

lifetime 7.4 as resulting from an increaseth,y — 3Tyq
absorption oscillator strength upon warming due to thermally
induced vibronic intensityve is a weighted average of the
ungerade enabling modes in the Herzbefgller mechanism.
Reasonable fits with eq 1 to the experimertay, lifetime data
between 15 and 100 K are obtained with the following fit
parameterswes = 1304 10 cnm! (Ni2":CsCdC}), 101+ 10
cm™1 (Ni2":CsMnCk), and 904 10 cnt ! (Ni2":RbMnC).

4b) indicates how this Mit — Ni2* energy transfer occurs.
There is some spectral overlap of RrfT.g — A4 emission
with Ni2* 3A,q — 8Tyq, 1Eg absorption between 12 700 and
14 000 cntt. Consequently, Mt 4T1g, Ni2 3Ag— Mn2* €A,

Ni2* 3T, 41E4 cross-relaxation can take place and thus lead to a
shortening of the M#" 4T4 lifetime in 10% NPT:CsMnCk
relative to that of the undoped CsMnCl

The temperature dependence of ffig, lifetime between 7

For each of the three crystals considered here, there is aand 100 K in undoped CsMng(open triangles in Figure 5a)

temperature above 100 K where nonradiative multiphonon

has been explained as follo#/sThe T4 origin of theD3g Mn2*

relaxation becomes important, causing a steep decrease in botfions is energetically lower than tH&4 origin of theCs, Mn2*

the 3T,y — 3A2q emission intensity and th&l 4 lifetime (data
not shown). These temperatures are #75 K in 0.1% N#*:
CsCdC4, 150+ 5 K in 10% NET:CsMnCk, and 110+ 5 K in
10% NET:RbMnChk.

2. Ni2"/Mn?2* Emission in the Visible Spectral Region. a.
Ni2*:CsCdCls. A close inspection of the Rif:CsCdC} absorp-

ions. As a consequence, there is a unidirecti@glMn2 —
D3y Mn2* energy transfer at the lowest temperatures. This
process is thermally activated and becomes more efficent
between 10 and 30 K, causing an increase offihg lifetime
due to the longer radiative lifetime of the centrosymmelrig
site, relative to the noncentrosymmet@s, site. Above 30 K,

tion spectrum (Figure 2a) reveals that both the energy gap Dsg Mn?" — Cg, Mn?" back energy transfer becomes important,

between the Ni 3T, first excited state and th#A,4 ground
state and the energy gap betweenfhig and'Eg higher excited
states are about 5000 cf It is therefore not too surprising to
find radiative emission of Ni not only from the3Tyq first
excited state but also from tH&,4 higher excited state. From
there, transitions to all lower-lying levels are observed at

resulting in a decrease of tH&4 lifetime. Up to 100 K there
is no reduction of the integrated,; — 8A14 emission intensity
in undoped CsMnGl(open triangles in Figure 5b), indicating
that in this sample nonradiatiV&,4 depopulation is unimportant
between 10 and 100 K.

As shown in Figure 5, in 10% Ri:CsMnCk the temperature

cryogenic temperatures. Shown in Figure 4a are the three spin-dependence of the Mh “Tyg lifetime and the MA" 4Tyq —

forbidden transitions to th&Asg, 3Tog, and®Tg (°F) states. In
0.1% NPT:CsCdC} the 1Ty lifetime is 85us at 15 K. With
increasing temperature, this lifetime drops sharply. This lifetime
reduction is accompanied by a corresponding decreaSBxn

A4 integrated emission intensity is analogous to that of
undoped CsMnGlonly between 10 and 30 K. Above 30 K the
decrease of the M 4T 4 lifetime is accompanied by a decrease
of the Mr?* 4T, — A4 emission intensity. At 100 K, the Mn

emission intensity (data not shown). This indicates that nonra- emission is almost completely quenched in 10%NisMnCk.

diative multiphonon relaxation processes play a significant role
down to the lowest temperatures. At 300 Ry emission is
completely quenched. A comparison of the 15 K'NCsCdC}

We ascribe this to an increased MrfTag, Ni2™ 3Ayg — Mn2*
6A1q Ni%* 3T14E, cross-relaxation efficiency as the temperature
is raised.

emission (Figure 4a) and absorption spectra (Figure 2a) reveals . Ni2+RpMNCl 5. At 10 K, excitation into the Ni+ 3T14 (3P)
energy regions where emission and absorption bands ove”apabsorption band of 10% Rii:RbMnCk at 20 986 cm leads
This enables nonradiative cross-relaxation processes, particularly, the same Nit emission transitions as observed in 10%Ni

in concentrated Nit systems, at the expense dk4 lumines-
cence. To obtain a high quantum efficiency of visibleg —
3A2g emission, the Nit dopant concentration therefore has to
be very low3!

b. Ni2":CsMnCls. In Ni2":CsMnCk, excitation with 17 599
cm* photons exclusively leads t14 — A4 luminescence
of Mn2* in the visible spectral region as shown in Figure 4b. It
will be demonstrated in section 5.C that the origin of thé*Ni
1T,4 excited state is around 17 800 chmore than 1300 crt
above the origin of the Mit 4Ty, first excited state in this
material?! Excitation at 17 599 cmt therefore only excites
Mn?* ions. At 10 K the*T 4 lifetime in 10% NPT:CsMnCk is
0.79 ms (Figure 5a), compared to 1.02 ms in undoped CsMnClI
Partial Mr#™ — Ni?* energy transfer in 10% Ki:CsMnCk and
subsequent fast relaxation on the?Ntenter cannot account
for this shortening for energetic reasons (see above). We ascrib
it to the following two effects. First, the relatively high Ni
dopant concentration will cause changes in the*Marystal

(30) Ballhausen, C. Jntroduction to Ligand Field TheoryMcGraw-Hill:
New York, 1962.
(31) May, P. S.; Gdel, H. U.Chem. Phys. Lettl989 164, 612-616.

CsCdC} (Figure 4) but with completely different relative
intensities. As expected from the similarity of host lattices, the
transitions occur at a very similar energy in the emission spectra
of both compounds. The broad emission feature around 16 000
cm~t in the NPT:RbMnCk spectrum consists of overlapping
NIt 1T — 3Ay (90%) and MA* 4Tyy — 6A4q (10%)
luminescence transitions due to a coexcitation of both ions at
20 986 cml. Selective Ni* excitation in the near-infrared (see
section 5.C) results in a pure NilT,g — A4 emission band
with an origin around 17 800 cm as shown in Figure 7b
(dotted trace). On the other hand, selective?MiT 14 excitation

at 19 436 cmt is followed by pure MA" 4T,y — 8A;g emission
(Figure 7b, full trace). As in the undoped RbMpChe origin

of this Mr?* emission is around 17 500 crthand the“T.4
lifetime is about 1 ms (lifetime data not shown). Consequently,

Ghe origin of the Ni* 1T,y excited state lies approximately 300

cm-1 above the origin of the M T4 excited state. The energy
transfer from thelTyy of Ni?* to the 4Ty of Mn?" is not
quantitative at 15 K because there are very fasj relaxation
processes that compete with?Ni— Mn2* energy transfer in
10% NPT:RbMnChk. Two of these are independent of the Mn
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host lattice and have their origin in the high®Niconcentration. In a pure GSA/ESA upconversion mechanism the one-color
It has been demonstrated in previous studies ott-Noped upconversion excitation spectrum is given by the product of
CsCdC}4 that the following cross-relaxation processes become the GSA and ESA line shape functio#¥sThis product, obtained
important at Ni™ concentrations above 0.1%T »g, 3A2q— 3T, from multiplication of the two spectra in Figure 6a, is shown
3T1g CF) andTag, 3Azg — 3Tig (3F), 3T1g (°F):3132 Another in Figure 6b. Its agreement with the one-color upconversion
process is due to the efficient Ni~Cl-—Mn?t exchange excitation spectrum of Figure 6c¢ is very good. In 1096™Ni
interaction in this system. Th&,q — 3Ag transition is hardly CsMnCj the agreement is almost equally good, whereas in 10%
affected by exchange interaction (section 5.A); therefore, the Ni?*:RbMnCk it is slightly worse (data not shown). We
emission spectra of 10% Ni:CsCdC} and 10% Ni™:RbMnCk conclude that in all three systems GSA/ESA is the predominant
are scaled to an equal integratec®N#T,q — 3A24 emission upconversion mechanism. The alternative energy-transfer up-
intensity. Comparison of the respective emission spectra (Figureconversion (ETU) mechanism would exhibit a different signature

4) shows that théT,q — 3T2g transition around 12 000 crh from that observed in Figure 6. In addition, an ETU mechanism
has an increased oscillator strength by about an order ofcan also be ruled out on energetic grounds.
magnitude in Ni*:RbMnCk compared to that in R :CsCdCs. The3Tyy— Tog ESE spectra at 15 K of 10% Ni:CsMnCk

This leads to a reduction of tH& g lifetime by a factor of 4 in and 10% Ni*:RbMnCk are shown in Figure 7. They are shifted
the magnetic host lattice. In concert, these three processego higher energies by 5660 and 5551 ¢prespectively, i.e.,
prevent an efficient energy transfer (ET) frdifig on N7t to by the energies of th& g origins, to show the absolute energies
“Tigon Mt at 15 K. At higher temperatures this ET becomes  of the NP T4 excited states relative to thé,q ground state.
more competitive because of better spectral overlap, and weThe comparison of this ESE spectrum with the GSA spectrum

observe a slow decay component due to?MfiT1qg — A4 in Figure 7a shows that in 10% NiCsMnC} the NPT 1Ty
superimposed on the fastNi'T,y emission in the lifetime of  origin lies more than 1300 cm above the MA* “T 4 origin.
the broad luminescence band measured at 16 500.chine Consequently, there is a good spectral overlap for nonradiative

two emissions overlap, but do not coincide, which leads to a Ni?t 1T,g— Mn?" 4T;4energy transfer. It has been demonstrated
broadening of the band at elevated temperatures (data notin a previous study that in the CsMnClost there is essentially

shown). no Mt — Mn2" energy migration at 15 K; i.e., the excitation
C. Upconversion and Relaxation Mechanisms.Near- energy is self-trapped in the Mn“T,4 excited staté? Therefore,
infrared excitation around 12 500 cfinto *Eg of a 10% N#+: in 10% NF*:CsMnCk at 15 K, after Ni* near-infrared

CsCdC} crystal at 15 K leads to an upconversion luminescence excitation followed by upconversion andi— Mn2* energy
spectrum that is identical to the downconversion luminescence transfer, the excitation stays in proximity to the’Nions. The
spectrum obtained after excitation into théNiT.14 (°P) excited following cross-relaxation process is thus likely to contribute
state (Figure 4a). The same is true for 10%NRbMnCk with to the Mr#* 4Ty4 deactivation: MA" 4T1q, Ni2t 3Azy — Mn2*
the only small difference that the upconversion luminescence ®Aig, Ni?" 3T14/*Eq. This explains the differerf 14 lifetimes of
spectrum is a pure Rif spectrum, whereas the spectrum excited 10% NP*:CsMnCk below 70 K after upconversion excitation
at 20 986 cm? (Figure 4c) contains a small amount of kn via Ni* (full circles in Figure 5a) and direct excitation of the
4T,gemission. Ni*:CsMnC} shows contrasting behavior; Ni bulk Mn?* at 17 599 cm? (open circles in Figure 5a). With
1E, excitation in the near-infrared exclusively leads to visible the two excitation modes we thus probe different subsets of
Mn2* 4T;4 — ®A,4 emission, the same as observed after direct Mn2* ions in the crystal. At elevated temperatures2Mn~
Mn?* excitation (Figure 4b). Mn2* energy migration becomes important, and the same value
From this behavior we derive the excitation and relaxation for the Mré* #Tyg lifetime is obtained above 70 K after both

schemes in Figure 9 for the three systems. Excitation in the Ni#* excitation in the near-infrared and after direct ¥n
near-infrared intdE, is followed by fast multiphonon relaxation ~ €Xcitation. L .
to 3T,4 and upconversion tdT,y in all the three systems. Acompa+r|son of the GSA and Rii °T5q — *T54 ESE spectra
Luminescence fromTg into the various lower-lying states of ~ Of 10% NF*:RbMnCl at 15 K in Figure 7 shows that in this
Ni2* is then observed below 100 K in the CsCgGind system the origins of the Rif 'Tg and the MA" “Ty4 excited
RbMNnCk hosts, whereas in 10% NiCsMnCk the T, states are energetically much closer than in 10% isMnCk.
excitation of N7+ is transferred tdTyq of Mn2+, from which In the case of 10% Ni:RbMnCk the energetic separation of
emission takes place. the respective origins is better extracted from th& N ;4 —
What is the mechanism of the upconversion process? From3A2g ar_1d Mﬁ+ Tig— Ay emllssmn spectra (both shown upside
a comparison of the spectra in Figure 6 we can answer this down in Figure Zb)' The. NI T origin lies about 300. et
question for 0.1% Ni:CsCdCh at 15 K, and this answer can  200Ve the M&" “Tsg origin. The spectral overlap required for

: ; Ni2t 1T, — Mn2+ 4T14 energy transfer is therefore several
then be generalized for the other systems. First we note that 29 . 1o . . ;
the ground-state absorption (GSA) spectrum (dotted line in Orders of magnitude smaller in 10%3iRbMnCk than in 10%

oy . : ) .
Figure 6a) is not identical with the one-color upconversion Ni ..CsMnCl;. In particular, as dlscu§§ed in section 5.B, at 15
excitation spectrum (Figure 6c). The latter shows additional K this energy-tran_sfer process is negligible Compa.‘red to the other
structure and a sharp feature at about 12 350'cithese same processes deact|vat|ﬁgzg.+As a consequence, in contrast to
features are also observed in tfiBy, — T,y excited-state "€ CSMNCH host, no Mri™ emission is observed upon i
excitation (ESE) spectrum shown in Figure 6a (full line). It upconversion excitation. ) .

follows that the sharp features in the one-color upconversion - Effect of Exchange Interactions on UpconversionWe
excitation spectrum of Figure 6¢ are due tFg — Toqg have established a sequence of GSA and ESA steps as the

excited-state absorption (ESA) process. We conclude that Predominant upgonversion mechanism in all three chemical
upconversion occurs by a sequenceéf; — 'E; (GSA) and systems (see Figure 9). Both the GSA and ESA steps are

3Tog — 124 (ESA) steps.

(33) Pollnau, M.; Gamelin, D. R.; lthi, S. R.; Hehlen, M. P.; Gdel, H.
U. Phys. Re. B 200Q 61, 3337-3346.
(32) May, P. S.; Gdel, H. U.J. Chem. Phys1991, 95, 6343-6354. (34) Kambli, U.; Gudel, H. U.Inorg. Chem.1984 23, 3479-3486.
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formally spin-forbidden triplet to singlet spifflip transitions strongest for a 180Ni2t—CIl~—Mn?2* bridging angle occurring
and are therefore weak in NiCsCdC}. Thus, the whole between sites A and B in Ri:RbMnCk (see Figure 1).
upconversion process in this compound is relatively inefficent.  The specialty of 10% Ni:CsMnCk is the enhancedisible

In 10% NFP*:RbMnCl, on the other hand, the single-ion spin  juminescence quantum yield after near-infrared excitation (see
selection rules relax due to Ni—Mn2" exchange interactions. Figure 4). In 10% Ni*:CsCdCh and 10% N#*:RbMnCk there
Specifically, the pure spinflip 3A,q— Eg and the’Tog — Tog are three Ni* inter-excited-state luminescence transitions in the
transitions, corresponding to the GSA and ESA steps in the near-infrared spectral region that compete with the visiiblg
upconversion mechanism, are exchange-enhanced by factors of- 3A,4 upconversion luminescence. This is avoided idNi

20 and 10, respectively, in 10% NiRbMnCk relative to 10%  CsMnCk where the upconverted energy is transferred t&Min
Ni2*:CsCdCh. The NP *Tyq first excited state serves as an  which emits exclusively in the visible spectral region. Using
energy storage reservoir for the second upconversion step (ESA)the 1T, emission branching ratio of Rii:CsCdC} as a basis,

A long lifetime helps to establish a high population o?Ni e calculate an enhancement of visible upconversion lumines-
ions that can be upconverted to tHey excited state. Because  cence output in Ni":CsMnCk relative to NF":CsCdC} by

the 3Azq — 3Tyg transition is spin-allowed, the Rfi—Mn2* roughly a factor of 5 at 15 K. Such a selective enhancement of
exchange interaction does not affect its oscillator strength. The jisible upconversion luminescence has no precedent.

iativesdT. . lifeti : - — . -
radiative Ty lifetimes in NF*:RbMnCl (715« = 5.8 ms) and In summary, we have established in this study that exchange

in Ni2+: - . . - ! .
in Ni#":CsCdC (r1s = 7.8 ms) are therefore about the same. jhtaractions between transition metal ions can be exploited for

Taking into fccount that theTz Ii+fetime is a factor of 1.34  he mogification of transition metal upconversion properties.
shorter in Nf":RbMnCl than in NF":CsCdC}, a total enhance-  \ye have shown that the combination of transition metal

ment of the upconversion rate by a factor of roughly 150 is \,,conversion ions with other emitting (transition metal) ions
calcullated for the magnetic lattiée.This is compared to an provides a tool for the tuning of the upconversion luminescence
experimentally determined enhancement factor of 80, which was properties. In this sense the present study demonstrates the
obtained from a comparison of 15 K upconversion lumin€scence prqader principle of environmental control of transition metal
intensities in 10% Ni*:CsCdC} and 10% Ni*:RbMnCl after upconversion properties using chemical means. The feasibility
two-polor excitation with one Iaser In resonance W,'th the GSA ot sych controlled modifications represents the major advantage
maximum and a second laser in resonance with the ESA o tansition metal ion upconversion systems when compared
maximum. Considering the experimental uncertainty of roughly 4 the |anthanide systems where, because of the shielded nature
a factor of 4 in this experiment, the calculated and observed ot ihe spectroscopically active f orbitals, a controlled tuning of

enhancement factors agree fairly well. the upconversion properties by means of chemistry is impossible.
The comparison of the 10% Ni:RbMnCk and 10% Nf':

CsMnCk systems demonstrates the importance of the bridging ~ Acknowledgment. The authors thank Daniel R. Gamelin
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