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Upconversion (UC) is an efficient way to convert near-infrared
(NIR) light into visible (VIS) luminescence. Several lasers,1 im-
aging materials devices,2 and IR quantum counting devices3 have
been reported based on UC pumping mechanisms. The majority
of UC materials involve rare-earth (RE) ions since these usually
luminesce from various excited states. The research field of tran-
sition metal (TM) UC on the other hand is very young and much
less explored.4 Recently, UC has been observed in Ti2+,5 Ni2+,6

Mo3+,7 Re4+, 8 and Os4+.9 The advantage of such TM upconverters
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 to Ni2+ ions in the diamag-
netic CsCdCl3 host, the Ni2+ UC efficiency is significantly en-
hanced via Ni2+-Mn2+ exchange interactions in the isostructural
RbMnCl3 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 for d8 ions in octahedral
coordination as a function of the ligand field strength.10 For both
samples considered in this study the resulting energy level se-
quence is that at the vertical dashed line, and is presented in Figure
1b. Ni2+ emits not only from the3T2g first excited state but also
from the1T2g higher excited state in a variety of host lattices, in-
cluding chlorides, fluorides, and oxides.11,12 The Ni2+ UC mech-
anism in chlorides is shown in Figure 1b:3A2g f 1Eg ground-
state absorption (GSA) (up arrow) is followed by rapid nonra-
diative multiphonon relaxation to the metastable3T2g first excited
state (curly down arrow) and3T2g f 1T2g excited state absorption
(ESA) (up arrow). From there, emission occurs to all energetically
lower lying levels. Only that to the ground state is indicated (down
arrow). Since both GSA and ESA are formally spin-forbidden
transitions, their cross-sections are small. As a consequence, the
UC process in diamagnetic host materials such as CsCdCl3 is
relatively inefficient.

Figure 2 presents 15 K axial GSA spectra of (a) 10% Ni2+:
CsCdCl3 and (b) 10% Ni2+:RbMnCl3.13 All bands in spectrum a
are due to Ni2+ and are assigned according to Figure 1. In
spectrum b the same Ni2+ transitions are superimposed upon Mn2+

4T1g and 4T2g absorption bands centered at 19 200 and 22 400
cm-1, respectively. In the 0-17 500 cm-1 window Mn2+ is
spectroscopically innocent. In this energy region the most striking
difference between the two absorption spectra is the intensity of
the Ni2+ 1Eg band. Whereas the intensities of the spin-allowed

3A2g f 3T2g and3A2g f 3T1g (3F) transitions are similar in both
spectra, the oscillator strength of the formally spin-forbidden3A2g

f 1Eg transition is 20 times higher in Ni2+:RbMnCl3 than in Ni2+:
CsCdCl3.

This enhancement derives from Ni2+-Mn2+ exchange interac-
tions, which introduce new spin-allowedness into both the GSA
and ESA transitions through the so-called Tanabe intensity
mechanism,14 and it is unprecedented for Ni2+. Although RbMnCl3
is a three-dimensional antiferromagnet at 15 K,15 the most relevant
interactions are between the Ni2+ and its nearest neighbor Mn2+

ions. For simplicity we illustrate the exchange enhancement for
the Ni2+-centered3A2g f 1Eg transition using a dimer picture. In
a Ni2+-Mn2+ dimer the ground state is [Ni2+ (3A2g), Mn2+ (6A1g)]
with spin levels ofSdimer ) 3/2, 5/2, 7/2. The Ni2+-centered1Eg

excited state hasSNi ) 0 and therefore the corresponding dimer
excited state has only aSdimer ) 5/2 spin level. For an antiferro-
magnetic interaction between Ni2+ and Mn2+ this leads to the
energy level scheme in Figure 2d. There is a formally spin-allowed
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Figure 1. (a) d8 Tanabe-Sugano energy-level diagram. The vertical
dashed line represents the ligand field strength in Ni2+-doped CsCdCl3

and RbMnCl3. (b) Summary of the UC processes in Ni2+-doped chlorides.
The solid arrows represent the radiative processes of GSA, ESA, and
luminescence, and the curly arrow indicates nonradiative multiphonon
relaxation.

Figure 2. 15 K absorption spectra of (a) 10% Ni2+:CsCdCl3 and (b)
10% Ni2+:RbMnCl3. Energy level schemes of the Ni2+-centered3A2g f
1Eg transition for (c) an isolated Ni2+ ion in CsCdCl3 and (d) a Ni2+-
Mn2+ pair in Ni2+:RbMnCl3.
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Sdimer ) 5/2 f 5/2 transition which dominates the3A2g f 1Eg

oscillator strength in the Ni2+:RbMnCl3 absorption spectrum (see
solid arrow in Figure 2d). This transition is thermally activated,
with an intensity maximum around 50 K, in agreement with the
fact thatSdimer ) 5/2 is not the ground state in Figure 2d. Although
the presented dimer picture is too simple to model this temperature
dependence quantitatively, Figure 2d clearly illustrates the origin
of the enhanced intensity in Ni2+:RbMnCl3 relative to Ni2+:
CsCdCl3. A characteristic of the Tanabe intensity mechanism is
that pure spin-flip transitions involving no changes in electron
orbital occupancies are influenced most dramatically by exchange
interactions, while spin-allowed transitions essentially stay unaf-
fected. Spin-forbidden transitions involving an orbital promotion
represent an intermediate case. These trends are observed in Figure
2b, where the pure spin-flip3A2g f 1Eg transition shows by far
the largest change in intensity.

In CsCdCl3, the Ni2+ ions substitute for only one of the two
crystallographically distinct sites.16 We assume that this is also
the case in the isostructural RbMnCl3.17 The Ni2+ site is part of
a trigonally distorted [NiCl6]4- octahedral unit which shares a
face with one [MnCl6]4- unit as well as a corner with a second
[MnCl6]4- unit. Consequently, in Ni2+:RbMnCl3, Ni2+-Mn2+ ex-
change interactions can in principle occur by both pathways. How-
ever, the spin density of the Ni2+ ion is located only in the eg-set
of d-orbitals, and consequently the corner-sharing superexchange
pathway with a Ni2+-Cl--Mn2+ angle close to 180° is dominant.
Parallel studies on Ni2+:CsMnCl3, where the Ni2+-Cl--Mn2+

bridging angle is close to 90°,18 show much smaller changes in
1Eg intensity relative to Ni2+:CsCdCl3. These findings are in agree-
ment with previous studies on Ni2+-Mn2+ exchange interactions
in other lattices.19,20

Figure 3 presents 15 K downconversion luminescence spectra
of (a) 10% Ni2+:CsCdCl3 and (b) 10% Ni2+:RbMnCl3 obtained
with 20 486 and 20 981 cm-1 excitation, respectively.13 The total
emission intensity in Figure 3b is about an order of magnitude
smaller than that in Figure 3a. We ascribe this to nonradiative
quenching processes by traces of Mn3+ in RbMnCl3. Of impor-
tance for our discussion are the intensity ratios in the two spectra,
and for this purpose the spectra were normalized to an equal1T2g

f 3A2g emission intensity, which is hardly affected by exchange
interactions. This band is slightly broadened in the 10% Ni2+:
RbMnCl3 spectrum due to the presence of about 10%4T1g f
6A1g Mn2+ emission. The striking feature in Figure 3 is the en-
hancement by an order of magnitude of the highest-energy compo-
nents of the1T2g f 3T2g emission in 10% Ni2+:RbMnCl3 at about

12 000 cm-1. Similar to the enhancement of the3A2g f 1Eg

absorption transition discussed above, this is ascribed to an
exchange mechanism in the magnetic lattice. The reverse transition
3T2g f 1T2g corresponds to the ESA step in our upconversion
process (see Figure 1b). The absorption cross-sections at the
maxima of both excitation steps3A2g f 1Eg (GSA) and3T2g f
1T2g (ESA) are thus each enhanced by about an order of magnitude
by exchange in the RbMnCl3 host. In Figure 1b the levels3A2g,
3T2g, and1T2g are labeled|0〉, |1〉, and|2〉, respectively. The rate
at which a level|i〉 is depopulated by laser excitation is

wherec is a constant,P the laser power, andNi the population
density.σi is the absorption cross-section at the laser wavelength.
The differential rate equation for the population densityN1 of
the 3T2g intermediate state is

where the first two terms represent3T2g population by GSA and
depopulation by ESA, respectively. The third term represents
decay of the3T2g population to the ground state with the decay
rate constantk1. In the last term all the processes that re-populate
3T2g from the1T2g higher excited state with a total rate constant
k2 are summarized. In the low power limitR1 is small and
consequently the population densityN2 is negligible. Under
steady-state conditions,N1 is then

Substitution of this expression in eq 1 leads to the following result
for the rate R1 with which the upper emitting1T2g level is
populated

R1 is the upconversion rate we are interested in. The first three
factors in eq 4 are essentially the same in the two host lattices.
σ0 and σ1 are enhanced by factors of about 20 and 10 in 10%
Ni2+:RbMnCl3 due to the exchange mechanism. The decay rate
constantsk1 at 15 K are 175 and 130 s-1 in 10% Ni2+:RbMnCl3
and 10% Ni2+:CsCdCl3, respectively. We thus calculate a total
enhancement of the upconversion rate by a factor of 150 in the
magnetic lattice. Considering the experimental uncertainty this
is in very good agreement with the experimentally determined
enhancement factor of 80. This value was obtained from a com-
parison of UC luminescence intensities in 10% Ni2+:CsCdCl3 and
10% Ni2+:RbMnCl3 after two-color excitation with one laser in
resonance with the GSA maxima and a second laser in resonance
with the ESA maxima.

In summary, we have demonstrated a new way to tune Ni2+

UC rates by chemical variation. Exchange enhancement of Ni2+

absorption cross-sections in Ni2+:RbMnCl3 leads to an increased
UC efficiency compared to the isostructural but diamagnetic
CsCdCl3 host lattice. We have demonstrated that exchange inter-
actions between TM ions can be exploited for the modification
of their UC properties, in particular they allow us to overcome
the problem of weak spin-forbidden absorption transitions. In this
sense the present study outlines a principle that is generally applic-
able to TM UC systems where the UC pathway is inhibited by
spin selection rules. This study also demonstrates the broader
principle of environmental control of TM UC properties using
chemical means to take advantage of the accessibility of their
spectroscopically active d-orbitals. This is in contrast to RE UC
systems where, due to the shielded nature of the spectroscopically
active f-orbitals, such a controlled modification of the UC prop-
erties by means of chemistry is impossible.
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Figure 3. 15 K unpolarized emission spectra of (a) 10% Ni2+:CsCdCl3
and (b) 10% Ni2+:RbMnCl3, scaled to an equal integrated1T2g f 3A2g

emission intensity.

Ri ) cPσiNi (1)

dN1/dt ) R0 - R1 - k1N1 + k2N2 (2)

N1 ) R0/k1 (3)

R1 ) c2P2N0[(σ0‚σ1)/k1] (4)
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