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a b s t r a c t

Excitation energy migration is an important phenomenon at high concentration of luminescent chro-
mophores. In crystalline solids it results in a quenching of the intrinsic luminescence of the chromophore
as the excitation energy migrates to impurity centres or other forms of trap sites. As concluded from the
extensively studied systems where Cr3+ is doped as the active chromophore into inert host lattices, energy
migration in crystalline solids is usually a phonon-assisted process, in which the simultaneous creation or
annihilation of phonons helps to bridge the energy miss-match in the energy levels of two neighbouring
chromophores within a inhomogeneously broadened absorption band. However, in the three-dimensional
network systems [Ru(bpy)3][NaCr(ox)3] and [Rh(bpy)3][NaCr(ox)3]ClO4, it proved possible to unambigu-
ously identify three different mechanisms for energy migration within the R line of the 4A → 2E transition
luorescence line narrowing

pectral diffusion
1 2

of Cr3+. In addition to the common temperature dependant phonon-assisted process, a resonant process
between the zero-field split components of the 4A2 ground state leading to a multi-line pattern in a flu-
orescence line narrowing spectrum and a quasi-resonant process within the same component leading to
fast spectral diffusion can be identified at very low temperature. The parameters governing these pro-
cesses are discussed and the behaviour of the model systems is compared to more conventional doped

s.

t

oxides and related system

. Introduction
Excitation energy transfer processes are subject of continuing
ttention since they play an important role in many areas of physics,
hemistry and biology. In such a process, the excitation energy is

∗ Corresponding author. Tel.: +41 22 379 6559; fax: +41 22 379 6103.
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ransferred from an initially excited chromophore, the donor, to a
earby chromophore, the acceptor. Excitation energy transfer pro-
esses are important for solid state lasers [1], fluorescent lamps
nd displays [2], solar energy conversion cells [3], conformational

nalyses of proteins and investigations on the folding dynamics of
NA [4], and many other areas of current research. For high chro-
ophore concentrations, the excitation energy can be transferred

ver longer distances in a sequence of transfer steps in which donor
nd acceptor are chemically identical and in which the acceptor

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:andreas.hauser@unige.ch
dx.doi.org/10.1016/j.ccr.2008.04.006
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luminescence may be quenched via thermal population of the T2
state [17,18].

In this study, emphasis will be on the 4A2 → 2E transition and in
particular on different mechanisms of non-radiative energy trans-
fer processes that take place within this transition for chromium(III)
M. Milos et al. / Coordination Che

n one step becomes the donor for the next step. This is generally
eferred to as energy migration [5].

Excitation energy can be transferred from the initially excited
onor to an acceptor via radiative and non-radiative processes
6]. Radiative energy transfer is a sequential process in which
he donor emits a photon, which, in turn, is reabsorbed by the
cceptor. The probability of a radiative energy transfer process
s proportional to the concentration of the acceptor, the spec-
ral overlap integral between the emission of the donor and the
bsorption of the acceptor, and it depends on the shape and size
f the sample, but it does not require any explicit interaction
etween donor and acceptor and is therefore of long-range nature.
adiative processes may become important in large samples such
s laser crystals. With regard to energy migration, they result
n an apparent increase of the observed luminescence lifetime,

phenomenon referred to as photon trapping [7]. For instance,
he observed lifetime of the 2F5/2 → 2F7/2 emission in YAG:Yb3+

ncreases from the intrinsic value of 0.95 ms in a diluted and opti-
ally thin sample to around 1.3 ms for larger crystals [8]. Likewise,
n Al2O3:Cr3+ (ruby) the apparent lifetime of the R-line emis-
ion may increase from the intrinsic value of 3.8 ms up to 12 ms
7].

In a non-radiative energy transfer process, the deactivation of
he donor and the excitation of the acceptor take place simulta-
eously and thus requires an electronic interaction between the
wo. In 1948, Förster [9] proposed the first mechanism for non-
adiative energy transfer based on electric-dipole–electric-dipole
nteraction between the donor and the acceptor transition dipole

oments of the respective excitations. As dipole–dipole interac-
ions fall off as R−3, they are of comparatively long-range nature.
exter [10] extended the work of Förster to include higher order
ultipole interactions and magnetic dipole interactions as well as

xchange interactions. The latter may become dominant if the two
hromophores are in close contact with each other, for instance,
wo metal centres via a common bridging ligand or organic chro-

ophores via ��-stacking. If such is the case, super-exchange may
ubstantially enhance the interaction at short distances, and if suf-
ciently strong, the energy transfer may occur as excitonic motion
11] rather than as simple hopping. Both mechanisms consider the
nergy transfer to be a resonant process, that is, the energy pro-
ided by the donor is entirely transferred to the acceptor. Thus,
he absorption of the acceptor transition must energetically match
he emission of the donor transition. If such is not the case, an
ventual energy mismatch can be bridged by the creation or annihi-
ation of vibrational energy in a so-called phonon-assisted process
12]. Phonon-assisted energy transfer and energy migration is a
ommon phenomenon in systems having narrow absorption and
mission lines with generally small or no spectral overlap such as
–f transitions in lanthanide containing systems or spin–flip transi-
ions in transition metal ions [13]. Phonon-assisted energy transfer
s strongly temperature dependent and usually freezes in at low
emperatures.

One of the model systems for studying energy migration in
norganic solids is provided by the spin-forbidden 4A2 → 2E tran-
ition of Cr3+ [14] in octahedral coordination in a moderate to
trong ligand field. In Section 2, the relevant physical param-
ters are discussed and the corresponding literature is briefly
eviewed. In Section 3, the theoretical concepts for excitation
nergy transfer, with emphasis on energy migration at high chro-
ophore concentration, are introduced. As discussed in detail in
ection 4, the three-dimensional oxalate networks of composi-
ions [Ru(bpy)3][NaCr(ox)3] and [Rh(bpy)3][NaCr(ox)3]ClO4 serve
s model compounds for the unambiguous identification of the dif-
erent mechanisms of energy migration within the 2E state of the
Cr(ox)3]3− chromophore [15].

F
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. The 4A2 → 2E transition of Cr3+ in pseudo-octahedral
oordination

The Cr3+ (3d3) ion in octahedral or close to octahedral coor-
ination, particularly in doped materials such as ruby, has been
xtensively studied by spectroscopists for over a hundred years and
as played an important role in the development of ligand-field the-
ry [16]. Thus, for weak ligand fields, the lowest excited state is a
T2(t2g

2eg
1) state having the same spin multiplicity as the 4A2(t2g

3)
round state, and for moderate to strong ligand fields the lowest
xcited state is the 2E(t2g

3) state having a different spin multiplic-
ty but the same orbital occupancy as the ground state. In addition
here are higher lying doublet and quartet ligand-field states. As
result the Cr3+ ion has comparatively strong visible absorption

ands corresponding to spin-allowed ligand-field transitions from
he 4A2(t2g

3) ground state to the 4T2(t2g
2eg

1), 4T1(t2g
2eg

1) and
T1(t2g

1eg
2) excited states and additional weak but sharp features

t the edge to the near infrared corresponding to the multiplet
f the 4A2(t2g

3) → 2E(t2g
3) transition as well as to other doublet

tates at higher energies. For the 4A2 → 4T2 transition, one electron
s promoted to the anti-bonding eg orbitals resulting in a marked
longation of the metal–ligand bond-length. On the other hand, the
A2 → 2E transition is a spin–flip transition, and consequently there
re no important geometrical changes in the 2E state with respect
o the ground state, as is schematically shown in the configurational
oordinate diagram in Fig. 1.

Upon excitation, deactivation may occur via different channels
epending upon the ligand-field strength as well as the excitation
nergy [17]. Excitation into the higher lying spin-allowed bands
ainly results in rapid non-radiative deactivation to the 4T2 state. In

urn, the 4T2 state can undergo a radiationless intersystem crossing
rocess to the 2E state if the latter is the lowest excited state, or it can
ndergo a radiative or non-radiative transition down to the ground
tate if it is the lowest excited state. Finally for complexes in solution
t can be involved in excited state chemical reactions, such as, for
nstance, photo-induced ligand exchange [17]. If the 2E state is the
owest excited state, 2E → 4A2 luminescence is generally observed,
t least at low temperatures. For small 4T2–2E energy gaps, this

4

ig. 1. Scheme of the ground state and the lowest excited ligand-field states of Cr3+

n a moderate to strong octahedral ligand field (left) and the zero-field splittings
esulting from a trigonal distortion and spin–orbit coupling (right).
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Fig. 4 shows the enlarged region of the electronic origins of the

4A2 → 2E transition, that is, the R1 and the R2 lines, in absorption
at 10.4 K for [Rh(bpy)3][NaCr(ox)3]ClO4 and [Ru(bpy)3][NaCr(ox)3],
respectively. For the former, the ZFS of the 2E state is 13.1 cm−1, for
the latter it is 13.7 cm−1. The key difference between the spectra of
ig. 2. The complexes [Cr(ox)3]3− and [M(bpy)3]2+, and the three-dimensional oxalat
adapted from ref. [15a]).

n an oxygen environment. The excited-state dynamics of such
ystems have been studied in detail by Forster [18]. In ruby each
r3+ is surrounded by a trigonally distorted (C3) octahedron of six
earest neighbour oxygen atoms. All sites are crystallographically
quivalent, 4T2 is above 2E and the gap 4T2–2E is quite large. As
result the 2E → 4A2 phosphorescence dominates up to 400 K. In

merald (Be3Al2(SiO3)6:Cr3+) the 4T2–2E gap is smaller and con-
equently the phosphorescence is only observed up to 77 K. Above
hat temperature the broad fluorescence from the 4T2 → 4A2 grows
n intensity and dominates at 300 K.

In lower than octahedral symmetry, as, for instance, in the C3
ite symmetry of Cr3+ in ruby, both the 4A2 ground state as well
s the 2E excited state are split by the combined effects of the
ower symmetry and spin–orbit coupling, as schematically shown
n Fig. 1. In ruby the zero-splitting splitting (ZFS) of the 2E state is
9 cm−1 and easily resolved optically in both absorption and emis-
ion spectra, giving rise to the two R-lines. The ground state ZFS of
.39 cm−1 is not so easily resolved in simple luminescence spectra.
t can be determined by EPR spectroscopy [19] or by more sophisti-
ated techniques such as fluorescence line narrowing spectroscopy
20–22] or spectral hole burning [21–23].

.1. The model systems [Ru(bpy)3][NaCr(ox)3] and
Rh(bpy)3][NaCr(ox)3]ClO4

The [Cr(ox)3]3− complex may be considered as chemist’s ver-
ion of ruby, with six-fold oxygen coordination and the tris-chelate
omplex having D3 point group symmetry. As shown below, its
pectroscopic properties are very similar to those of Cr3+ in ruby.
owever, as molecular unit, it can be incorporated into stoechio-
etric compounds, for instance, in the three-dimensional networks

s model systems for studying different mechanisms of energy
igration.

.1.1. The crystal structure
The three-dimensional networks of the compounds

Ru(bpy)3][NaCr(ox)3] and [Rh(bpy)3][NaCr(ox)3]ClO4 crys-
allise in the cubic and chiral space group P213 with Z = 4 [24].
he site symmetry of all metal centres is C3, that is, in the crystal
tructure the three-fold molecular axis of the tris-chelate complex

s retained. As shown in Fig. 2, the three-dimensional network
s formed by the [Cr(ox)3]3− complexes bridged by the Na+ ions,
nd it provides perfect cavities for the size and the geometry
f the [MII/III(bpy)3]2+ complexes. The structure of the oxalate
etwork is effectively stabilised by the templating effect of the

F
f
t

ork (black) encapsulating the tri-bipyridine cation (white) in [M(bpy)3][NaCr(ox)3]

ris-bipyridine complexes through electrostatic interactions as
ell as �� interactions between the oxalate and the bipyridine

igands. The chromium and the sodium ions are perfectly organised
n an alternating fashion throughout the oxalate network. Thus,
he chromium ions are never connected to each other directly
y an oxalate bridge, and therefore super-exchange interactions
etween them are virtually non-existent [25]. This will have

mportant consequences for energy migration.

.1.2. Absorption and emission spectra
Fig. 3 shows the single crystal absorption spectrum of

Zn(bpy)3][NaCr(ox)3] in the region of the ligand-field bands. It
s essentially identical to the spectrum of [Cr(ox)3]3− reported
y Schmidtke and co-workers [26a] and Mortensen [26b]. The
road bands centred at 18,000 cm−1 and at 25,400 cm−1 are readily
ttributed to the spin-allowed 4A2 → 4T2 and 4A2 → 4T1 transitions,
espectively. The weak and sharp features at 14,400, 14,800 and
1,000 cm−1 are attributed to the spin–flip transitions 4A2 → 2E,
A2 → 2T1 and 4A2 → 2T2, respectively, which have their intensity
oncentrated in the electronic origins.
ig. 3. Single crystal absorption spectrum of [Zn(bpy)3][NaCr(ox)3] at 10.4 K: (a)
ull spectrum, (b) the 4A2 → 2E and 4A2 → 2T1 transitions and (c) the 4A2 → 2T2

ransition.
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in Fig. 5. The central line is the resonant line and corresponds to
ig. 4. The 4A2→2E transition in absorption at 10.4 K (—) and in emission at 1.4 K
. . .) for [Rh(bpy)3][NaCr(ox)3]ClO4 (top) and [Ru(bpy)3][NaCr(ox)3] (bottom) single
rystals. For the latter, the fit of two Gaussians to the R lines in absorption is included.

he two compounds lies in the inhomogeneous line width resulting
rom non-equivalent static distortions in the crystalline environ-

ent of the chromophores. Whereas for [Rh(bpy)3][NaCr(ox)3]ClO4
t is approximately 4.3 cm−1, it is considerably smaller for
Ru(bpy)3][NaCr(ox)3]. The oscillator strengths, however, are iden-
ical, and for R1 a value of 6 × 10−7 can be derived from standard
heory [27]. The shoulders in both R lines of the ruthenium(II) com-
ound indicate that for this compound the ZFS of the 4A2 ground
tate is on the verge of being resolved. A least squares fit with a sum
f two Gaussians to both R lines give a value of 1.29(7) cm−1 for the
round state ZFS and a inhomogeneous line width of 1.1(1) cm−1.
his value of the ZFS is in line with values determined by EPR spec-
roscopy [28] and high-resolution optical methods [29], which also
dentified the Ms = ±3/2 component of the 4A2 multiplet as the
round state.

Fig. 4 includes the luminescence observed at 1.4 K upon non-
elective excitation into the 4T2 absorption band of the [Cr(ox)3]3−

hromophore at 18,416 cm−1 (543 nm). The narrow band lumines-
ence is assigned to the 2E → 4A transition and is fed via efficient
2
ntersystem crossing from the 4T2 state. At 1.4 K only the lower com-
onent of the 2E state is populated and therefore only the R1 line

s observed. For both compounds and in contrast to diluted sys-
ems, the luminescence is slightly shifted to lower energies with

t
g
s
e
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espect to the absorption. This gives a first indication that in these
ighly concentrated systems energy migration is indeed important.

n addition, the emission from [Ru(bpy)3][NaCr(ox)3] shows a weak
tructure with multiple spacings corresponding to the ZFS of the
round state.

In contrast to ruby for which the luminescence quantum effi-
iency is close to unity from cryogenic temperatures all the way
p to room temperature, this is not the case for the oxalate
etworks. Even when doped into inert host lattices such as
Rh(bpy)3][NaAl(ox)3]ClO4 where Cr3+ substitutes for Al3+, the
uminescence is quenched at T > 100 K. This is due to rapid
on-radiative multiphonon relaxation via thermally activated
ack-intersystem crossing to the 4T2 state [30]. Nevertheless, at
< 50 K, the luminescence quantum efficiency in such dilute sys-

ems approaches unity as borne out by the observed luminescence
ifetime in diluted systems of 1.3 ms [15], that is, close to the radia-
ive lifetime estimated from the oscillator strength, again according
o standard theory [27]. In the concentrated oxalate networks, the
uminescence intensity decreases rapidly above 4.2 K, another indi-
ation for rapid energy migration and quenching by killer traps
resent at low concentrations even if ultra pure chemicals are used

n the synthesis.

.2. Electronic origins, homogeneous line widths and
nhomogeneous broadening

The ultimate line width called the homogenous line width � hom
f an electronic origin having a Lorentzian lineshape is given by its
otal dephasing time T2 according to

hom = 1
�T2

= 1
�

(
1

2T1
+ 1

T∗
2

)
(1)

here T∗
2 is the pure dephasing time and T1 is the lifetime of the

xcited state level. T1 contains all processes affecting the lifetimes of
he levels in question and should not be confused with the observed
uminescence lifetime. For a comprehensive discussion of the dif-
erent contributions to T∗

2 with special emphasis on transition metal
omplexes, the reader is referred to the excellent reviews by Riesen
31], who states that at low temperatures in diamagnetic systems,
∗
2 is usually quite large and can thus be neglected as contribution
o � hom, but in paramagnetic systems electron-spin–electron-spin
nd electron-spin–nuclear spin interactions substantially shorten
∗
2 and thus contribute to the residual homogeneous line width at
ow temperatures. At temperatures above ∼6 K, dephasing due to
lectron–phonon interactions become the dominant contribution
o � hom [6].

For most Cr3+ chromophores it is difficult to accurately deter-
ine the ZFS by conventional optical spectroscopy because at low

emperatures the inhomogeneous distribution even in high qual-
ty crystals is often not only much larger than the homogeneous
ine width, it is also larger than the ZFS. As mentioned above, an
lternative to EPR spectroscopy is provided by fluorescence line
arrowing (FLN) spectroscopy [18–22,31]. The principle is shown
chematically in Fig. 5. A narrow band laser, tuned to the electronic
rigin of interest, selectively excites only a subset of chromophores
ithin the inhomogeneously broadened band. For the 4A2 → 2E

ransition in the absence of energy transfer processes, a typical
hree-line spectrum is observed as, for instance, in the FLN spec-
rum of [Cr(ox)3]3− doped into [Rh(bpy)3][NaAl(ox)3]ClO4 included
he emission of the selectively excited chromophores back to the
round state component from which they were excited. The two
atellites are non-resonant lines and are shifted to lower and higher
nergy by the ground state ZFS, the latter being a hot band result-
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Fig. 5. (a) The principle of fluorescence line narrowing using laser selective excitation exciting a subset of complexes within the inhomogeneously broadened electronic
origin. In order to prevent laser light from the excitation source from entering the detection system, the excitation source is chopped at a comparatively high frequency and
the luminescence light is only collected during the dark time of the excitation source. For transient spectral hole burning, a single frequency pump laser is kept at a fixed
f e is pr
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requency keeping up a steady state population in the excited state. This spectral hol
pectral range. Detection can be either done by direct transmission or in an excitati
uminescence and FLN spectrum at 1.5 K of [Rh(bpy)3][NaAl(ox)3]ClO4 doped with 0

ng from the excitation from the Ms = ±1/2 component of the 4A2
tate. Indeed, the FLN spectrum confirms the ZFS of 1.3 cm−1 as
etermined above for [Ru(bpy)3][NaCr(ox)3] by conventional spec-
roscopy.

In the above FLN spectra, the spectral resolution is limited to
.25 cm−1 (8 GHz) by the 3/4 m double monochromator used for

ight-dispersion. This is several orders of magnitude larger than
he homogeneous line width. A versatile technique for determin-
ng homogeneous line widths is spectral hole burning [21–23,31].
n spectral hole burning a subset of chromophore is depleted in
he ground state upon selective laser excitation, resulting in a per-
istent or transient dip in the absorption or excitation spectrum.

transient ground state depletion can be monitored with a sec-
nd laser, which is scanned at lower power across the wavelength
f the pump beam. The inset of Fig. 5 shows such a spectral hole
ecorded in excitation mode under continuous irradiation by the
ump beam into the R1 line of [Rh(bpy)3][NaAl(ox)3]ClO4 doped
ith 0.5% Cr3+ at 1.5 K. The line shape is close to Lorentzian with

n observed line width � obs of 40 MHz. Spectral hole burning is a

equential two photon process: the first photon is used to burn the
ole, the second photon is used in the readout process. Therefore,
he homogenous line width � hom corresponds to � obs/2. Thus, in
he lightly doped oxalate network at low concentration the homo-
eneous line width is 20 MHz at 1.5 K. This is in line with the value

t
(
o

p

ig. 6. (a) The observed line width � obs = 2� hom in transient hole-burning under
Rh(bpy)3][NaAl1.xCrx(ox)3]ClO4 (x = 0.005, 0.2, 0.1, 0.2 and 0.4). (b) The observed line wid
obed by a second single frequency laser, which is scanned across the corresponding
e configuration using the vibrational side bands of the emission. (b) Non-selective

r3+. (Inset) Transient spectral hole of the resonant line.

etermined for the NaMg[Al(ox)3]·9H2O host lattice doped with
% Cr3+ by Lewis and Riesen [29], who also used hole burning spec-
roscopy in weak magnetic fields to unambiguously show that the

s = ±3/2 component of the 4A2 state is the true ground state of
Cr(ox)3]3− and to determine ground and excited state g-values
o high precision [32]. Riesen and co-workers also showed that
he residual homogeneous line width of the R1 becomes orders
f magnitude smaller in a magnetic field due to the reduction in
lectron-spin–electron-spin relaxation, which is the main dephas-
ng mechanism at low temperatures even in comparatively lightly
oped materials [32], since spin–lattice relaxation times within the
omponents of the 4A2 ground state are of the order of milliseconds
t low temperatures [33].

Accordingly, in more concentrated systems, homogeneous line
idths are larger than in diluted system due to spin–spin relax-

tion. As shown in Fig. 6 for T = 1.5 K, � hom increases in a sigmoidal
ashion from the initial 20 MHz (∼0.0007 cm−1) at x = 0.5% to a lim-
ting value of ∼600 MHz (∼0.02 cm−1) at x = 100%. The latter value

ay be considered as upper limit as it probably overestimates the

rue value since at high concentrations resonant energy migration
see below) within one subset may result in additional broadening
f the observed line width in the hole burning experiment.

As likewise shown in Fig. 6, the homogeneous line width is tem-
erature dependent, increasing rapidly above 4.2 K, in particular

steady state excitation as a function of temperature for the mixed crystals
th � obs as a function of the mole fraction x at 1.5 K.
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ig. 7. Schematic representation of excitation energy migration at high chromopho
eighbours is not resonant and requires the creation or annihilation of phonons to
hromophores within the inhomogeneous distribution and these are not usually ne

or the diluted system. This is due to phonon-assisted relaxation
rocesses such as direct absorption or emission of phonons, and
aman and Orbach processes [6] basically within the two com-
onents of 2E state. As shown by Riesen, for [Cr(ox)3]3− [29] and
imilar chromium(III) complexes [34], both the direct process as
ell as Raman processes contribute to the homogeneous line width

bove 4.2 K. In contrast, for ruby Raman processes dominate at
igher temperatures [35,22]. The key difference between the other-
ise very similar chromphores lies in the density of phonon states

t the energies of the 2E ZFS, which is much higher for the softer
xalate systems with a Debye temperature of around 50 K [36] as
ompared to 950 K for ruby [37]. The fact that in the dilute oxalate
etwork the homogeneous line width increases more rapidly than

n the NaMgAl(ox)3·9H2O host investigated by Lewis and Riesen
29] is due to the smaller ZFS of 13.2 cm−1 as compared to 20 cm−1

or the latter. For a comprehensive discussion of the homogeneous
ine width as a function of temperature the reader is referred to
ef. [31]. For the present discussion it is important to note that for
he concentrated oxalate network the homogeneous line width is
ominated by spin–spin relaxation up to ∼5 K and is thus almost
onstant below that temperature.

. Theoretical aspects of energy migration

As discussed above, at low temperatures the homogeneous line
idth of electronic origins is usually several orders of magnitude

maller than the inhomogeneous distribution even in high-quality
rystalline materials and at high chromophore concentrations.
hus, the question to be asked is, is the energy migration a truly
esonant process, with the initially excited chromophore looking
or a partner with which it is electronically resonant within one
omogeneous line width, or is the energy transferred to the nearest
eighbour, with which it is not necessarily resonant, and the energy
ismatch is made up by the creation or annihilation of phonons

s schematically shown in Fig. 7. Even though energy migration in
rystalline materials with high dopant concentrations was found to
e dominated by phonon-assisted processes in a majority of cases,
he following discussion begins with the resonant process, this in
iew of the extraordinary behaviour of the model systems to be
iscussed in Section 4.

.1. Resonant energy transfer
The dominant contribution to the electronic interaction for
esonant energy transfer is most often the electric-dipole–electric-
ipole interaction between the respective transition dipole
oments. The corresponding rate constant can be cast in the well-

˝

w
s

centration: as a result of the inhomogeneous distribution, the transfer to nearest
e the energy mismatch. Resonant transfer is only possible between truly resonant
neighbours.

nown form (in SI units) [6]

DA =
(

1
4�ε0

)2
(

3�e4

4�n4m2

)
× �2fDfA˝DA

R 6
DA� 2

DA

= 1
�D

(
Rc

RDA

)6
(2)

here �D is the intrinsic luminescence lifetime of the donor in the
bsence of any acceptor chromophores, RDA is the donor–acceptor
eparation, and Rc is the critical radius given by

c =
(

Const × �2fA˝DA�r
D

�̃ 4
DA

)1/6

(3)

n Eq. (3), fA is the dimensionless oscillator strength of the acceptor
ransition, �r

D is the luminescence quantum efficiency of the donor
ransition, �̃DA is the mean energy at which the transfer takes place,
nd �2 is a geometrical factor, which averaged over all possible ori-
ntations takes on a value of 2/3. ˝DA is the spectral overlap integral
f the normalised line shape functions of the donor emission, gD,
nd the acceptor absorption, gA, and is given by

DA =
∫

gA(�̃)gD(�̃) d�̃ (4)

t takes care of energy conservation. Const regroups all the funda-
ental quantities, including the ones appearing upon substitution

f the oscillator strength of the donor transition by the proportion-
lity fD ∼ 1/�r

D = �r
D/�D [27]. For �̃DA in wave numbers, a typical

alue for the index of refraction n = 1.7 for the compounds in ques-
ion, and Rc in Å, Const ≈ 1031. The physical significance of the
ritical radius is that at an effective donor–acceptor separation
DA = Rc, the probability for excitation energy transfer is equal to
he probability of luminescence of the donor, that is, the quantum
fficiency for energy transfer �et

DA = 0.5.
With respect to energy migration, the spectral overlap is

estricted to the electronic origin of the corresponding transition.
hus, efficient resonant energy migration is only to be expected
or systems with small Stokes’ shifts and Huang–Rhys factors close
o zero. The 4A2 → 2E spin–flip transition of Cr3+ should thus be
deally suited for energy migration studies. However, at low tem-
eratures the homogeneous line width of the electronic origins

s much smaller than the inhomogeneous distribution. Thus, only
hose chromophores within a homogenous line width of each other
nside the inhomogeneous distribution can transfer the energy
esonantly. For such truly resonant chromophores, the maximum
pectral overlap integral can be expressed as
DA =
∫

[g(�̃)]2 d�̃ = 1
��hom

(5)

here g(�) is the Lorentzian lineshape function with the corre-
ponding homogeneous line width � hom. Using the value for the
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omogeneous line width of concentrated materials of the order of
hom ≤ 0.02 cm−1 (600 MHz) at 1.5 K, and an oscillator strength of

he spin and parity forbidden 4A2 → 2E transition of ∼6 × 10−7, ˝DA
nd Rc take on values of 16 cm and 34 Å, respectively. It is interest-
ng to note that the value for Rc is of the order of the values found
or the best donor–acceptor pairs used in FRET studies with organic
yes [38] despite the fact that the 4A2 → 2E transition is both par-

ty as well as spin-forbidden. This is due to the much larger value
f the spectral overlap integral as compared to the one found for
he large absorption and emission bands of the organic dyes, which
ounteracts the small value of the oscillator strength of the acceptor.

In order for energy migration to proceed via such a resonant pro-
ess the concentration of chromophores, which are resonant within
ne homogenous line width inside the inhomogeneous distribu-
ion must be sufficiently large. At the centre of the inhomogeneous
istribution, this concentration is simply given by the ratio of the
omogenous to the inhomogeneous line width according to

res = 2�hom

�inh
Ntot (6)

here Ntot is the total concentration of chromophores and the factor
f 2 takes into account the partial spectral overlap between spectral
eighbours within the inhomogeneous distribution. With this the
ean number of resonant or quasi-resonant chromophores, nm,
ithin a sphere of radius Rc can be estimated as a function of both
hom and � inh

m = 2�hom

�inh
Ntot

4�

3
R3

c (7)

n which Rc is a function of � hom according to Eqs. (3) and (5), and
hus nm ∼

√
�hom/�inh. Fig. 8 shows the mean number of resonant

hromophores at the centre of the inhomogeneous distribution as
unction of the homogeneous line width with the inhomogeneous
ine width as parameter and taking Ntot = 1021 cm−3, which corre-
ponds to the concentration of the neat model compounds or a 1%

3+ −1
r doped ruby. For a homogeneous line width of 0.02 cm , the
ritical inhomogeneous width is around 4 cm−1. For larger inho-
ogeneous distributions, the concentration of resonant species

ecomes too small, and the resonant process cannot be efficient,
or narrower distributions, it can, in principle, become very efficient

ig. 8. Mean number of resonant chromophores at the centre of the inhomogeneous
istribution as a function of the homogeneous line width � hom for different values
f the inhomogeneous line width � inh.
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s on average there are more than two resonant species within a
phere of Rc. As will become evident in the discussion on energy
igration in the model compounds, namely the three-dimensional

xalate networks, the above is of utmost importance. In contrast,
n the much-studied doped oxides, resonant processes are of lesser
mportance.

.2. Phonon-assisted energy transfer

As mentioned above, at low temperature two spatially nearest
eighbour chromophores are not necessarily spectral neighbours
ithin the inhomogeneously broadened band. As a result, the spec-

ral overlap integral is usually very small and resonant energy
igration between nearest neighbours does not occur. However,

he small energy mismatch can be made up by the creation
nd annihilation of phonons in phonon-assisted processes. Simi-
ar to the processes responsible for the increase in homogeneous
ine width at higher temperatures, these can occur in a direct
rocess with the annihilation or creation of a single phonon,
r in Orbach and Raman processes which are two-phonon pro-
esses. In view of the small energy mismatch of ∼� inh to be
ridged by the phonon-assisted process, the latter two are more

ikely [12]. Irrespective of the mechanism, phonon-assisted energy
igration is strongly temperature dependent and usually freezes

elow ∼10 K.

. Energy migration within the 4A2 → 2E transition

.1. Al2O3:Cr3+ and other doped systems

The 4A2 → 2E transition Cr3+ in ruby is probably the most stud-
ed transition of any transition metal ion of the periodic table, and
large number of fundamental phenomena were discovered using

uby. Among these, excitation energy transfer and migration and
he discussion of the possible mechanisms play a key role [14]. The
uminescence spectrum of ruby is dominated by the two R-lines
orresponding to emission from isolated Cr3+ centres, but already
t comparatively low Cr3+ concentrations additional lines, the so-
alled N-lines appear at lower energies. These have been attributed
o exchange coupled pairs of Cr3+ ions [39] with different bridging
eometries. Thus, a number of different energy transfer processes
ave to be considered: the energy migration within the 2E state of
he isolated Cr3+ centres, and the transfer from isolated centres to
he different exchange coupled pairs as final acceptors [14,40]. As
he relative concentration of exchange coupled pairs and the homo-
eneous as well as the inhomogeneous line widths of the single ions
ll vary with the Cr3+ concentration, and as the inhomogeneous
ine width furthermore depends upon the crystal quality and the
omogeneous line width upon temperature, the problem of energy
igration in ruby becomes a multi-parameter problem. Indeed,

he discussion on the mechanisms of the various energy transfer
rocesses has been controversial. Time-resolved FLN experiments
how that above ∼10 K, energy migration is dominated by phonon-
ssisted processes [41]. However, the nature of the processes could
ot be answered unambiguously. More importantly, the initially
ostulated fast resonant energy migration between resonant single

ons at low temperatures [40,42] was later shown to be incorrect
y Jessop and Szabo [43] and Chu et al. [44], who showed it to
ccur on a millisecond timescale. Indeed, according to the above

rguments, a Cr3+ concentration of >1 mol% would be required to
chieve a sufficient concentration of resonant species. However, at
uch concentrations, the concentration of exchange coupled pairs
ecomes so high that the energy is quickly transferred to these,
here it remains trapped.
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ig. 9. Steady state FLN spectra of the R1 line of the 4A2 → 2E transition of (top)
Ru(bpy)3][NaCr(ox)3] at 1.4 K, (middle) of [Rh(bpy)3][NaCr(ox)3]ClO4 at 1.4 K and
bottom) at 4.2 K. The R1 absorption and the non-selective emission spectra are
ncluded for direct comparison.

As another example of a doped oxide, emerald
Be3Al2(SiO3)6:Cr3+) has been studied by Hasan et al. [45].
merald has the beryl structure, the site symmetry of Cr3+ is D3. In
merald, the nearest-neighbour Al3+ sites are 4.6 Å apart whereas
n ruby the distance is only 2.65 Å. Exchange interactions are thus
egligible. In contrast to ruby, the energy transfer in emerald
as been clearly established to be two-phonon-assisted and
ipole–dipole in nature, in line with a number of other materials
46] as well as with theoretical considerations [12].

.2. With [Cr(ox)3]3− as chromophore in three-dimensional
xalate networks

The steady state FLN spectra at 1.4 K for excitation into the R1
ine of the 4A2 → 2E transition of both [Rh(bpy)3][NaCr(ox)3]ClO4
nd [Ru(bpy)3][NaCr(ox)3] are shown in Fig. 9 together with the
on-selective R1 emission and absorption. For the former, the exci-
ation wavelength for FLN was tuned to slightly higher energy than
he maximum of the absorption, for the latter to slightly lower
nergy. For [Rh(bpy)3][NaCr(ox)3]ClO4, the FLN spectrum consists
f more lines than the simple three-line spectrum spaced by the
round state ZFS. Indeed, up to eight narrowed lines with spacings

−1
etween adjacent lines corresponding to D = 1.3 cm are observed
15]. Thus, even though more than the expected three lines are
bserved, some energy selectivity is preserved in this compound at
.4 K. For [Ru(bpy)3][NaCr(ox)3] on the other hand, the selectivity
eems to be lost to a large extent. The FLN spectrum is much more

1
q
t
6
a
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imilar to the broadened emission spectrum with non-selective
xcitation. At elevated temperature any energy selectivity in the
LN spectrum is likewise lost even for [Rh(bpy)3][NaCr(ox)3]ClO4,
s demonstrated by the steady state FLN spectra recorded at 4.2 K
ncluded in Fig. 9. This behaviour is characteristic for energy non-
elective phonon-assisted energy migration.

But how is the very different low-temperature behaviour of the
wo compounds to be explained? Further experimental evidence
s provided by time-resolved FLN spectra following pulsed exci-
ation shown in Figs. 10 and 11. For [Rh(bpy)3][NaCr(ox)3]ClO4
he 1.4 K spectrum at the shortest delay of 30 �s is very close
o the three-line spectrum for isolated chromophores. The addi-
ional lines appear sequentially at longer delays. As schematically
hown in Fig. 12, this is explained by energy transfer in which
he initially excited chromophore as donor gives the energy of its
ransition from the excited state to the upper component, that
s, the MS = ±1/2 component of the ground state, to an acceptor

ithin the inhomogeneous distribution for which the transition
rom the MS = ±3/2 component to the excited state is resonant. In
urn the acceptor becomes the donor for the next step in hand-
ng the energy down the ladder spaced by the ZFS of the ground
tate. For [Ru(bpy)3][NaCr(ox)3] the 1.4 K spectrum at the shortest
elay of 30 �s is likewise very close to the three-line spectrum for

solated chromophores, and at longer delays some additional lines
ppear, however the total number is lower. This is to be expected,
s the inhomogeneous line width of the ruthenium(II) contain-
ng compound is only 1.1 cm−1 as compared to 4.4 cm−1 for the
hodium(III) compound, and thus less multiples of the ground state
FS can be accommodated within the inhomogeneously broadened
and. The important difference is that in addition to the appear-
nce of new lines, the initially sharp lines broaden out rapidly for
onger delays. This is not due to phonon-assisted energy migra-
ion. The phonon-assisted process being totally frozen in at 1.4 K
or the rhodium(III) compound, there is no reason as to why it
hould be so much faster in the ruthenium(II) compound. Indeed,
he narrower inhomogeneous distribution would slow it down
ather than accelerate it. Additionally, the evolution of the band
hape is very much different from the one typical for the phonon-
ssisted process observed at higher temperature. As shown in
ig. 10, the non-energy selective phonon-assisted process in the
hodium(III) compound manifests itself as an increasingly rapid
rowing in of the full inhomogeneously broadened band without
ffecting the band width or the temporal evolution of the sharp
ands, whereas in the ruthenium(II) compound at l.4 K the indi-
idual sharp line broadens out. This broadening has its origin in
uasi-resonant energy migration between spectral neighbours due
o partial overlap between the respective Lorentzians as schemat-
cally shown in Fig. 12. Curve fitting of the multi-line spectra with
set of Lorentzians spaced by 1.3 cm−1 results in the evolution of

he line width as function of delay time displayed in Fig. 13 for
oth compounds. Whereas the line width of the individual sharp

ines for [Rh(bpy)3][NaCr(ox)3]ClO4 stays almost constant at the
alue of the spectral resolution of the spectrometer of 0.2 cm−1,
or [Ru(bpy)3][NaCr(ox)3] it increases rapidly from that value to
each almost the limiting value of 1.1 cm−1 of the inhomogeneous
ine width for this compound. The question remains, why is the
ehaviour of the two compounds at 1.4 K so very different. As
oted before, the key difference lies in their inhomogeneous line
idths. With reference to Fig. 8, at a homogenous line width of

.02 cm−1, for [Rh(bpy)3][NaCr(ox)3]ClO4 there are approximately

.5 acceptors available for either the stepwise resonant or the
uasi-resonant energy migration within the same component of
he ground state. For [Ru(bpy)3][NaCr(ox)3] there are more than
, provided the homogeneous line widths in the two compounds
re similar. In the present case and according to the Inokuti and
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Fig. 10. Time-resolved FLN spectra of the R1 line of the 4A2 → 2E transition of [Rh(bpy)3][NaCr(ox)3]ClO4 at different temperatures: (a) 1.4 K, (b) 2.4 K, (c) 3.2 K and (d) 4.2 K.
The steady state FLN spectra as well as absorption and the non-selective emission spectra are included.
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Fig. 11. Time resolved FLN spectra of the R1 line of the 4A2 → 2E transition of [Ru(bpy)3][NaCr(ox)3] at different temperatures: (a) 1.4 K, (b) 2.9 K, (c) 3.5 K and (d) 4.2 K. The
steady state FLN spectra as well as absorption and the non-selective emission spectra are included.
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ig. 12. Schematic presentation of the three mechanisms for energy migration in t
omponents of the ground state giving rise to a multi-line spectrum with spacings
igration between spatial neighbours at elevated temperature resulting in a growin

pectral neighbours resulting in spectral diffusion around the resonant line.

irayama equation [47], an increase in the concentration of poten-
ial acceptors of a factor of four results in an increase of the energy
ransfer efficiency of at least an order of magnitude. Whereas for
Rh(bpy)3][NaCr(ox)3]ClO4, a pseudo-first-order rate constant for
he resonant energy transfer process of kr

et ≈ 104 s−1 had been
stimated [15], this must therefore be of the order of 105 s−1 for
Ru(bpy)3][NaCr(ox)3]. Or in other words, on average the energy
s transferred ∼100 times before radiative decay. With each step
dding approximately � hom ≈ 0.02 cm−1 to the observed line width
n the FLN spectrum, this explains the evolution of the observed line

idth from 0.2 cm−1 at 30 �s delay all the way to the full inhomo-
eneous width of 1.1 cm−1 at longer delays [Ru(bpy)3][NaCr(ox)3],
s well as the negligible increase for [Rh(bpy)3][NaCr(ox)3]ClO4, for
hich the observed line width is limited by the spectral resolution

f the monochromator.
Within the temperature interval of 1.4–4.2 K, the resonant

rocesses are independent of temperature, as born out by the

ime-resolved FLN spectra at higher temperatures included in
igs. 10 and 11. At the higher temperatures there is merely a grow-
ng in of the inhomogeneous background, the evolution of the
harp lines themselves is identical to the one at 1.4 K. This is to

ig. 13. Evolution of the line width as a function of delay time for of the sharp lines in
he FLN spectra at 1.4 K of [Rh(bpy)3][NaCr(ox)3]ClO4 (�) and [Ru(bpy)3][NaCr(ox)3]
�).
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ee-dimensional oxalate networks. (1) Resonant energy transfer between different
ponding to the ground state ZFS. (2) Non-energy selective phonon-assisted energy
mogeneous back-ground spectrum. (3) Quasi-resonant energy migration between

e expected, as in the concentrated systems, the homogeneous
ine width as the crucial parameter does not vary much within
his temperature interval. However, at 4.2 K the phonon-assisted
rocess becomes dominant, all narrowed features being lost after
00 �s following the excitation. For [Rh(bpy)3][NaCr(ox)3]ClO4,
he hopping rate for the phonon-assisted process at 4.2 K can
e estimated from the time-resolved spectra in Fig. 10. In the
pectrum at a delay of ∼100 �s the integrated intensity of the
honon-assisted background is almost identical to the integrated

ntensity of the sharp features, and therefore the hopping rate
ust also be of the order of kph

et ≈ 104 s−1 at this temperature.
ue to the higher density of low frequency phonons as compared

o ruby and the somewhat larger ground state ZFS, phonon-
ssisted processes set in a lower temperature in the oxalate
etworks.

. Conclusions

The very specific crystal structure of the model compounds with
strictly alternating sequence of sodium and chromium ions in

he oxalate backbone ensures that exchange interactions between
hromium ions are negligible, and that therefore the interaction
etween the chromophores is restricted to multipole–multipole

nteractions. As a result, three different mechanisms of non-
adiative energy migration within the electronic origin of the
1(4A2 → 2E) transition of [Cr(ox)]3− could be identified in the
hree-dimensional network compound. In addition to the com-

on energy non-selective phonon-assisted process, previously
bserved in a number Cr3+ doped oxides, two different resonant
nd thus energy selective processes can be observed down to 1.4 K.
he first one occurs between different ground state components.
t is dominant if the inhomogeneous line width is substantially
arger than the ground state ZFS, and it gives rise to a multi-line
attern in FLN spectra with spacings equal to the ground state ZFS
f D = 1.3 cm−1. The second one occurs between the same com-
onents of the ground state and in an FLN spectrum gives rise
o spectral diffusion of the initially sharp lines. It is dominant
or small inhomogeneous distributions, which result in a higher

oncentration of species resonant within one homogeneous line
idth.

Whereas the inhomogeneous line width as well as the ground
tate ZFS are comparatively easy to determine experimentally, the
hird crucial parameter, the homogeneous line width is much more
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ifficult to determine. The value obtained in the steady state tran-
ient hole-burning experiment does not necessarily correspond
o the correct value as it might already show some broadening
hrough energy migration and power broadening. Even though in
he discussion equal values for the homogeneous line width in the
ystems were assumed, this is by no means certain and will have
o be ascertained. Both problems can and will be addressed with
ime-resolved hole-burning.

The surprisingly large value of Rc for Förster-type energy trans-
er is due to the small homogeneous line width of the purely
lectronic transition at low temperatures, which counteracts the
mall oscillator strength of the formally symmetry and spin-
orbidden transition. In [Rh(bpy)3][NaCr(ox)3]ClO4, the resonant
nergy migration goes on average over at least 5 steps down the lad-
er and probably also over an equal number of quasi-resonant steps.
t more than 20 Å per step, the energy migrates up to 200 Å on aver-
ge. As mentioned above, in [Ru(bpy)3][NaCr(ox)3] the resonant or
uasi-resonant process is as much as 10 times faster, and therefore
he energy could migrate up to 2000 Å. In contrast, phonon-assisted

igration is a hopping process between nearest neighbours and
hus is limited to 9.4 Å only per step.

Finally, the effect of applying an external magnetic field could
ive some further insight into the role of the homogeneous
ine width for the resonant energy transfer process, because an
xternal magnetic field reduces the electron-spin–electron-spin
elaxation and thus the homogeneous line width substantially.
nother intriguing question to ask and indeed to be addressed is, is

t possible to burn persistent side-holes via resonant energy trans-
er in a system, which shows persistent hole burning such as the
aMg[Al(ox)3]x9H2O system studied by Riesen and Hughes [48]
nd the step-wise energy migration of the oxalate networks simul-
aneously.
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