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Upconversion (UC) is an efficient way to convert near-infrared

(NIR) light into visible (VIS) luminescence. Several laséis)-
aging materials devicésand IR quantum counting devicdsave
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been reported based on UC pumping mechanisms. The majorityFigure 1. (a) ¢ Tanabe-Sugano energy-level diagram. The vertical
of UC materials involve rare-earth (RE) ions since these usually dashed line represents the ligand field strength #-doped CsCdGl
luminesce from various excited states. The research field of tran-and RbMnC4. (b) Summary of the UC processes ir?Ntoped chlorides.
sition metal (TM) UC on the other hand is very young and much The solid arrows represent the radiative processes of GSA, ESA, and

less explored.Recently, UC has been observed if*Ti Ni2*,6
Mo3",” Re, 8 and O4".° The advantage of such TM upconverters

luminescence, and the curly arrow indicates nonradiative multiphonon
relaxation.

when compared to RE UC ions is their sensitivity toward their
ligand field environments: it allows the modification of UC prop-
erties by chemical means. This advantage has been exploited in
this study. We show that, compared te*Nions in the diamag-
netic CsCdd host, the Ni* UC efficiency is significantly en-
hanced via Ni"—Mn?* exchange interactions in the isostructural
RbMnCk host. Such a controlled chemical modification of UC
efficiencies is unprecedented in any previously reported material
and represents a significant advance in the research field of UC.
Figure 1a shows the energy levels fdtidns in octahedral
coordination as a function of the ligand field strenéftror both
samples considered in this study the resulting energy level se-

guence is that at the vertical dashed line, and is presented in Figure

1b. NP+ emits not only from théT, first excited state but also
from theT,q higher excited state in a variety of host lattices, in-
cluding chlorides, fluorides, and oxid&st? The N#* UC mech-
anism in chlorides is shown in Figure 1BA,; — E4 ground-
state absorption (GSA) (up arrow) is followed by rapid nonra-
diative multiphonon relaxation to the metastaiflg, first excited
state (curly down arrow) antl,; — 1T,4 excited state absorption

(ESA) (up arrow). From there, emission occurs to all energetically
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Figure 2. 15 K absorption spectra of (a) 10% NiCsCdC} and (b)
10% NPT:RbMnCk. Energy level schemes of the Nicentered?Ag —
1E, transition for (c) an isolated Ri ion in CsCdC} and (d) a Ng*—
Mn2* pair in Ni2":RbMnCl.

Mg — 3Tog @and3A,q — 3T14 (°F) transitions are similar in both
spectra, the oscillator strength of the formally spin-forbidtfes,
— 14 transition is 20 times higher in Kii:RbMnCk than in N?*:

lower lying levels. Only that to the ground state is indicated (down CSCdCé.

arrow). Since both GSA and ESA are formally spin-forbidden

This enhancement derives from?8i-Mn?" exchange interac-

transitions, their cross-sections are small. As a consequence, thdions, which introduce new spin-allowedness into both the GSA

UC process in diamagnetic host materials such as CsddCl
relatively inefficient.

Figure 2 presents 15 K axial GSA spectra of (a) 10%"Ni
CsCdCt and (b) 10% Ni*:RbMnCk.13 All bands in spectrum a
are due to Ni* and are assigned according to Figure 1. In
spectrum b the same Nitransitions are superimposed upon¥in

and ESA transitions through the so-called Tanabe intensity
mechanism? and it is unprecedented for Ni Although RobMnC}

is a three-dimensional antiferromagnet at 1% Kye most relevant
interactions are between the?Niand its nearest neighbor ¥in
ions. For simplicity we illustrate the exchange enhancement for
the NP*-centered?A,q — 1E, transition using a dimer picture. In

4T, and 4T, absorption bands centered at 19 200 and 22 400 & N#*—Mn?" dimer the ground state is [Ni (*Azg), Mn** (°Ayg)]

cm !, respectively. In the €17 500 cnt! window Mré* is

with spin levels ofSymer = %/, %2, 7. The NF*-centered'E,

spectroscopically innocent. In this energy region the most striking excited state ha§; = 0 and th(grefor.e the corresponding dimer
difference between the two absorption spectra is the intensity of €xcited state has only &mer = /> spin level. For an antiferro-

the NPt 1E; band. Whereas the intensities of the spin-allowed
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magnetic interaction between Niand Mr?* this leads to the
energy level scheme in Figure 2d. There is a formally spin-allowed
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Ar* laser (lon Laser Technology). For UC luminescence and excitation two
Ti:sapphire lasers (Spectra Physics 3900S) were used. The sample lumines-
cence was dispersed by eithef/am single monochromator (Spex 1702) or
a 0.85 m double monochromator (Spex 1402) and detected by a PMT (RCA
C31034). For lifetime measurements the laser beam was chopped by an
acoustooptic modulator (Coherent 305, Stanford Research DS 345 function
generator), and the signals were recorded with a multichannel scaler (SR 430).
Sample cooling was achieved with a He flow technique.
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12000 cn!. Similar to the enhancement of thd,; — 1E
{@ absorption transition discussed above, this is ascribed to an

1T, ->°T,, Ty, =Ty, T, - A, exchange mechanism in the magnetic lattice. The reverse transition

1 T, — 1T,q corresponds to the ESA step in our upconversion
__/‘___/\)‘—/L process (see Figure 1b). The absorption cross-sections at the
] maxima of both excitation stefg\.,q — Ey (GSA) and®T,y —

1) T,q (ESA) are thus each enhanced by about an order of magnitude

T by exchange in the RbMnghost. In Figure 1b the levef#\,,
1 T, and'T,q are labeledOr] |10 and|20] respectively. The rate

Photons

1 at which a level|illis depopulated by laser excitation is
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Figure 3. 15 K unpolarized emission spectra of (a) 1098NCsCdC} Wher_ec IS a constantP '_[he laser POWEr, anti; the population
and (b) 10% Ni*:RbMnCh, scaled to an equal integratéfhy — Az densny.oi is the absorption cross-section at the_ laser quelength.
emission intensity. The differential rate equation for the population densikyof

the 3T,4 intermediate state is

Siimer = %> — 5/, transition which dominates th&A,q — E, dN,/dt = R, — R, — k,N; + k,N 2)
oscillator strength in the Rif:RbMnCk absorption spectrum (see ! 1 e 272

solid arrow in Figure 2d). This transition is thermally activated, Where the first two terms represefiyg population by GSA and
with an intensity maximum around 50 K, in agreement with the depopulation by ESA, respectively. The third term represents
fact thatSymer = - is not the ground state in Figure 2d. Although ~decay of the’T,q population to the ground state with the decay
the presented dimer picture is too simple to model this temperaturerate constark;. In the last term all the processes that re-populate
dependence quantitatively, Figure 2d clearly illustrates the origin *T2g from the T4 higher excited state with a total rate constant
of the enhanced intensity in RNiRbMnCk relative to N7 k; are summarized. In the low power limR; is small and
CsCdC}. A characteristic of the Tanabe intensity mechanism is consequently the population densily, is negligible. Under
that pure spin-flip transitions involving no changes in electron steady-state condition8l; is then

orbital occupancies are influenced most dramatically by exchange .

interactions, while spin-allowed transitions essentially stay unaf- N, = Ro/ky ©)
fected. Spin-forbidden transitions involving an orbital promotion  Substitution of this expression in eq 1 leads to the following result
represent an intermediate case. These trends are observed in Figufier the rate R, with which the upper emitting Ty, level is

2b, where the pure spin-flipA,; — 1Eq transition shows by far populated

the largest change in intensity.

In CsCdC}, the N+ ions substitute for only one of the two R, = P*Ny[(0g 1)k 4)
crystallographically distinct site’§.We assume that this is also
the case in the isostructural RoMaCl The NPT site is part of
a trigonally distorted [NiGJ]*~ octahedral unit which shares a
face with one [MnCJ]*~ unit as well as a corner with a second

[MnClg]*~ unit. Consequently, in Ri:RbMnClk, Ni?*—Mn?* ex- - i
. - P _ constantgk; at 15 K are 175 and 130°5in 10% NF*:RbMnChk
change interactions can in principle occur by both pathways. How. and 10% Ni*:CsCdCh, respectively. We thus calculate a total

ever, the spin density of the Niion is located only in thegset - .
of d-orbitals, and consequently the corner-sharing superexchangeermancement of the upconversion rate by a factor of 150 in the

pathway with a Ni*—CI-—Mn2* angle close to 180s dominant magnetic lattice. Considering the experimental uncertainty this

Parallel studies on Ri:CsMnCh, where the N*—Cl-—Mn2* is in very good agreement with the experimentally determined
bridging angle is close 1o 908 show much smaller changes in enhancement factor of 80. This value was obtained from a com-

B - . o - i f UC luminescence intensities in 10%"NCsCdC} and
E, intensity relative to Ni":CsCdC4. These findings are in agree- parison 8_ e . .
ment with previous studies on Ni—-Mn?* exchange interactions 10% NP*:RbMnCl after two-color excitation with one laser in

in other latticed?:20 resonance with the GSA maxima and a second laser in resonance

Figure 3 presents 15 K downconversion luminescence spectraWith the ESA maxima. ;
In summary, we have demonstrated a new way to turfé Ni

of (a) 10% N?":CsCdC} and (b) 10% Nit:RbMnCk obtained . o .
) e . UC rates by chemical variation. Exchange enhancement?f Ni
with 20 486 and 20 981 cr excitation, respectivel¥. The total absorption cross-sections inNiRbMnCk leads to an increased

emission intensity_in Eigure 3b is about an or_der of magn_itu_de UC efficiency compared to the isostructural but diamagnetic
omallr thn ha n igure 3. e ascrbe i 1 oMeaie Csciic hos: atice. We have demonsiated hat exchange e
tance for our discussion are the intensity ratios in the two spectra actions between TM ions can be exploited for the modification
d for thi th i Y lized t P! P | 'of their UC properties, in particular they allow us to overcome
an3 or this purpose the Spectra were normalized fo an Tuipa the problem of weak spin-forbidden absorption transitions. In this
— Ay ?m'ss'%f]‘_ 'néen%t)” WF'%hl'SEardcljy aﬁcejc_tedhby fg&??\?ge sense the present study outlines a principle that is generally applic-
Interactions. This band Is s;]g tly broa en? n t eﬂu . : able to TM UC systems where the UC pathway is inhibited by
RbMnCl spectrum due to the presence of about 1P, spin selection rules. This study also demonstrates the broader

6 2+ ieci ilei i i i _
hgﬁcggenfgqlzsr:%?dgrhci‘ ﬁ,t]gk'nni?ugiag;;ﬁé?‘ifz'ﬁéﬁeﬁ; thgoi? O_principle of environmental control of TM UC properties using
y 9 9 9y PO-chemical means to take advantage of the accessibility of their

.3 ission i 0% N
nents of théT,g — T emission in 10% Nf':RbMnC} at about spectroscopically active d-orbitals. This is in contrast to RE UC

R, is the upconversion rate we are interested in. The first three
factors in eq 4 are essentially the same in the two host lattices.
0o and o, are enhanced by factors of about 20 and 10 in 10%
Ni?*:RbMnCk due to the exchange mechanism. The decay rate

(16) Chang, J. R.; McPherson, G. L.; Atwood, J.lhorg. Chem.1975 systems where, due to the shielded nature of the spectroscopically
14, 3079-3085. ) i active f-orbitals, such a controlled modification of the UC prop-
Bsglé)g)(g_ogg%/ear, J.; Steigman, G. A.; Ali, M. Bcta Crystallogr.1977, erties by means of chemistry is impossible.
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