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Abstract

Electronic transitions in condensed phases are subject to inhomogeneous broadening, caused by the variation of local fields. Even in extremely
well defined crystals, this broadening is on the order of magnitude of 1 cm−1 (30 GHz), obscuring valuable information about the electronic
structure. There are several laser-based techniques that can overcome the inhomogeneous broadening and the homogeneous (or natural) line
width may be approached at low temperatures. This latter line width may be as narrow as 30 Hz (1× 10−9 cm−1) at liquid helium temperatures.
In this article an overview of spectral hole-burning mechanisms and their application to coordination compounds is given, and recent progress in
chromium(III) systems is emphasized. In the past, the main subject of investigations by spectral hole-burning has been the temperature dependence
of the homogeneous line width and ultimate spectral resolution was sought. However, even at moderate resolutions of ca. 30 MHz (0.001 cm−1),
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spectral hole-burning is a very powerful technique that is capable of unraveling g-factors in low magnetic fields, dynamics of water molecules of
crystallization, spin-lattice relaxation rates and hyperfine (and super-hyperfine) interactions in the excited state and the ground state.

Besides being a highly successful spectroscopic technique, spectral hole-burning also has many potential applications in areas such as ultra-high
density optical data storage (>100,000 GB/cm3) and processing, laser frequency stabilization, portable frequency standards, etc. Coordination
compounds may be tailored to fulfill the stringent requirements of such applications.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electronic transitions; Hole-burning; Hyperfine interaction; Homogeneous broadening; Inhomogeneous broadening; Coordination compounds; Zeeman
effect

1. Introduction

Laser spectroscopy of condensed phases has advanced
rapidly since the advent of tunable single frequency dye lasers in
the early 1970s and, over the last three decades, energy-selective
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[10], Wild et al. [11], Meltzer and co-workers [12], and Man-
son and co-workers [13]. The interested reader is referred to the
many excellent contributions by these researchers.

However, with the exception of the highly interesting and
original work by Strauss et al. on infrared hole-burning in vibra-
echniques, such as spectral hole-burning, have become invalu-
ble and highly successful spectroscopic tools for the detailed
nvestigation of electronic structures.

The discovery of transient and persistent spectral hole-
urning in optical spectra of solids can be credited to Szabo [1],
nd Kharlamov et al. [2] and Gorokhovskii et al. [3], respec-
ively. Szabo observed transient hole-burning in the R1-line of
uby, whereas Kharlamov et al. and Gorokhovskii et al. reported
ersistent spectral hole burning in the 1�–�* transition of pery-

tional excitations [14] and the investigations by the author of
the present article on electronic transitions [15], the application
of hole-burning spectroscopy to coordination compounds has
received little attention despite its outstanding power.

1.1. The homogeneous line width and its temperature
dependence

The simplest electronic model system consists of an elec-

ene and 9-aminoacridine in frozen ethanol and the Q-band
f free base phthalocyanine in an n-octane Shpol’skii matrix,
espectively.

However, spectral hole-burning in optical spectra of con-
ensed phases at modest resolutions was reported before these
rticles. For example, Soffer and McFarland reported some evi-
ence for transient spectral hole-burning in an early paper (1966)
ntitled “Frequency locking and dye spectral hole-burning in Q-
poiled lasers” where they investigated some aspects of spectral
ole-burning in phthalocyanine containing solutions [4]. In a
elated paper, Spaeth and Sooy reported in 1968 that cryptocya-
ine in methanol displays transient spectral hole-burning under

tronic ground state and an electronically excited state. The width
of the electronic origin, the transition between the zero point
energy of the ground state and the zero point energy in the
excited state, is governed by the lifetime of the excited state,
T1, and the pure dephasing time T ∗2 . These two times are often
combined in an effective dephasing time T2, as shown in the
following equation:

1

T2
= 1

2T1
+ 1

T ∗2
(1)

Using the effective dephasing time the homogeneous line width
of an electronic origin between the two electronic levels can be
d
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aser irradiation (ruby laser at 694.3 nm) at room temperature
nd that the spectral width of the hole is less than 20 Å [5].

In the same year as the reports by Kharlamov et al. [2]
nd by Gorokhovskii et al. [3] were published, Hager and
illard delivered a paper entitled “Wavelength-selective bleach-

ng (burning holes) in the optical spectra of solvated electrons
n organic glasses” [6]; they reported the observation of spec-
ral holes in infrared transitions of trapped electrons in frozen
-methylpentane and methyltetrahydrofuran glasses at 25 K.

In the following we will present a short introduction to the
oncepts and properties of homogeneous and inhomogeneous
ine widths and the mechanisms of spectral hole-burning. Sev-
ral excellent reviews of hole-burning spectroscopy in organic
olecules and rare earth containing solids have been published

reviously. We note here that Macfarlane and his group at the
BM Almaden Research Center have made seminal contribu-
ions to this field in general, and its application to rare earth
ons in solids in particular. His early review with Shelby can be
onsidered as a major cornerstone in the development of laser
pectroscopy of the solid state [7]. Other major contributors to
his field include Moerner [8], Völker [9], Friedrich and Haarer
escribed by

hom = 1

πT2

√
1+ ω2

1T1T2 (2)

he second term in the square root describes the power broad-
ning by the probing laser. In this term ω1 denotes the Rabi
requency, which is proportional to the scalar product of the elec-
ric field vector of the radiation field and the transition dipole

oment µ:

1 = µE

h̄
(3)

he inverse of the Rabi frequency is a measure of the time needed
or an ensemble to reach ≈50% excited state population.

The power term can be neglected if very low laser powers
re used and the homogeneous line width is then approximately
iven by

hom ≈ 1

πT2
(4)

ephasing processes can be due to electron–phonon interactions
r electron-spin–electron-spin and electron-spin–nuclear-spin
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interactions. If the electronic ground state has no spin and orbital
degeneracy (diamagnetic species), dephasing is based on the
interactions of phonons (vibrations) with the electronic system
and can be frozen out by cooling the sample to liquid helium
temperatures. In this case, the lifetime limited homogeneous
line width, as given in Eq. (5), is approached:

Γhom ≈ 1

2πT1
(5)

Thus, optical line widths can, in principle, be as narrow as
30 Hz for spin and parity forbidden transitions with excited state
lifetimes of approximately 5 ms and about 15 MHz for electric
dipole allowed transitions with excited state lifetimes of about
10 ns.

In the case of paramagnetic centers, electron-spin–electron-
spin and electron-spin–nuclear-spin interactions govern the
dephasing time T ∗2 at liquid helium temperatures. Dephasing
processes based on electron-spin–electron-spin interactions can
be minimized by working with extremely dilute samples and
high external magnetic fields. In a very early paper, Bloem-
bergen has estimated that these interactions become negligible
if the average distance between paramagnetic centers is much
larger than 100 Å [16]. Thus, to avoid electron-spin–electron-
spin interactions, concentrations should be much lower than
4× 10−4 mol/L. Electron-spin–nuclear-spin interactions cannot
be avoided if the system contains atoms with nuclear spins. It
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Fig. 1. Schematic representation of the direct (I), two-phonon Raman (II),
Orbach (III) and intrinsic Raman scattering processes (IV). In II and III, c is
a virtual and real state, respectively.

maximum vibrational frequency a multi-phonon process may
bridge the gap. This latter process is strongly dependent on the
number of phonons that have to be created or annihilated and the
relative displacement of the two states along the metal–ligand
normal coordinate. The contribution by a direct one-phonon
relaxation process between levels a and b, separated by �E,
to the line width of a transition involving either level a or b, can
be calculated by using Eqs. (6) and (7) for the absorption and
emission of one phonon, respectively:

�Γdirect(a) = 1

2πT1(b)
n̄(�E) (6)

�Γdirect(b) = 1

2πT1(b)
(n̄(�E)+ 1) (7)

where n̄(�E) = 1/[exp(�E/kBT )− 1], kB the Boltzmann con-
stant and [T1(b)]−1 is the relaxation rate b→ a at 0 K. It is
obvious that the 0 K contribution by the direct process has a
finite value, 1/(2πT1(b)), for level b whereas it is zero for level
a.

Fig. 2 illustrates the contribution by the direct process to the
line width of an optical transition with final or initial level a or b.
Consider, for example, the case where kBT/�E = 1. From Fig. 2
(dashed lines) it then follows that the contributions, �Γ direct

F
t
b

s important to note here that in the case of the so-called super-
yperfine limit (only interactions between the electron spin of
he guest with nuclear spins of the host are present) the line
idth is not defined anymore [17]. In this case the nuclear spins

lose to the paramagnetic centre are detuned from the spins of
he bulk due to the large magnetic moment of the optical centre.
s a consequence mutual spin–flips are subject to a distribu-

ion that displays a decrease of the rate with decreasing distance
etween the nuclear spin and the paramagnetic centre and only
pins far from the paramagnetic centre will flip at early times.
owever, as time progresses nuclear spins close to the optical

entre will also flip. Hence the dephasing rate increases with
ncreasing time, resulting in an increase of the observed line
idth. The phenomenon of detuned nuclear spins in the near-

st neighborhood of paramagnetic centres has been coined the
frozen core” effect [18–20] and the variation of the dephasing
ate with time has been observed in photon-echo measurements
n ruby, LaF3:Er3+ and YLiF4:Er3+ [17].

Both for paramagnetic (diluted to a reasonable level) and
iamagnetic species, dephasing processes are, in general, dom-
nated by electron–phonon (vibration) interactions at higher
emperatures (>6 K).

Fig. 1 illustrates the dynamic broadening mechanisms that
re based on the interaction between the electronic system and
ibrations. These four mechanisms broaden optical transitions
hat involve either level a or b as the initial or the final state i.e.

and b can be excited state or ground state levels. The direct
rocess (I) is important for coordination compounds due to the
elatively high density of phonon states at low frequencies (i.e. a
igh number of accessible vibrational excitations). If the energy
ifference between the two electronic levels is larger than the
ig. 2. Contributions by the direct one-phonon process to the line width of a
ransition that involves either level a or level b. �E is the energy difference
etween a and b; 1/T1(b) is the direct one-phonon rate from b→ a at T = 0 K.
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to the line width of transitions involving level a or level b are
≈0.09/T1(b) and ≈0.25/T1(b), respectively. Thus, for a typical
splitting of �E = 20 cm−1, a relatively low 0 K relaxation rate
1/T1(b) of 1× 109 s−1 and a temperature T = 29 K contributions
of 90 MHz (0.003 cm−1) and 250 MHz (0.008 cm−1) result for a
and b, respectively. Often relaxation rates are in the picosecond
or even femtosecond range and hence the line width contribution
by the direct process can become very large (ca. 1–100 cm−1).
This rationalizes the fact that electronic origins to higher-lying
excited states can be much broader in comparison with the elec-
tronic origin to the lowest-excited state.

The temperature dependence of electronic origins is often
governed by two-phonon Raman processes (II). In the case of
weak quadratic electron–phonon coupling, the contribution to
the line width by this process can be described by Eq. (8) [21]:

�ΓRaman ∝
∫ ∞

0
ρ(ω)2n̄(ω)[n̄(ω)+ 1] dω (8)

where ρ(ω) is the weighted density of phonon states. The Raman
process will broaden transitions involving levels a or b by the
same amount. (Fig. 1 shows only the two-phonon Raman pro-
cess initiating from level a.) Applying the Debye approximation
for the density of phonon states in Eq. (8), the famous “T7” tem-
perature dependence for the two-phonon Raman process results,
as given in Eq. (9) [22], where TD is the Debye temperature:

�

A
p
c
T
a

F
a
a

(dashed line) is followed at low temperatures only, being valid
up to temperatures of≈0.1TD. Fig. 3 highlights (dashed bars) an
example with T/TD≈ 0.3 where a contribution of ca. 10−2ᾱ is
calculated. The parameter ᾱ is of the order of magnitude of sev-
eral hundred wave numbers. For example, the MgO:V2+ R-line
displays a value of ᾱ = 378 cm−1 and the Debye temperature
is TD = 760 K for this material [23]; thus at T = 228 K the two-
phonon Raman process leads to a broadening by 3.7 cm−1. We
stress here that the parameter ᾱ can be much larger for crystals
of coordination compounds.

In coordination compounds, vibrations that couple to the elec-
tronic states are often best described as pseudo-local, because
this class of compounds consists of discrete molecular units. If
the angular frequency and lifetime of the pseudo-local modes in
the ground electronic state are given by ωi

0 and τi
0, respectively,

and their product τi
0ω

i
0 � 1, Eq. (8) can be approximated by Eq.

(10) [24–26] where ai are coupling constants:

ΓRaman ≈
∑

i

ain̄(ωi
0)[n̄(ωi

0)+ 1] (10)

Fig. 4 illustrates the contribution to the line width by the two-
phonon Raman process of a local mode with angular frequency
ω0. Again, the graph is generally applicable. For example, if
kBT/ω0 = 1 the contribution is approximately equal to the cou-
pling constant a, which can be of the order of magnitude of
t
r
l
s

t
(
p

F
w

ΓRaman = ᾱ

(
T

TD

)7 ∫ TD/T

0

x6 ex

(ex − 1)2 dx (9)

lthough ᾱ can, in principle, be calculated, it is best treated as a
arameter. Fig. 3 illustrates the temperature dependence of the
ontribution by a two-phonon Raman process to the line width.
o render this figure generally applicable, �ΓRaman/ᾱ is plotted
s a function of T/TD. This graph shows that the T7-dependence

ig. 3. Line width contribution (solid line) by the two-phonon Raman process
s a function of temperature. The dashed straight line (that follows the solid line
t low temperatures) indicates the “T7” behavior.
ens of wave numbers. Thus a substantial line width increase
esults from an increase of the temperature when the system has
ow frequency vibrational modes that couple to the electronic
tate(s).

If the energy difference between levels a and b is much less
han between a and c (where c is a real state) the Orbach process
III) broadens both a and b by equal amounts and the rate is
roportional to n̄(�E) = 1/[exp(�E/kBT )− 1] where �E is

ig. 4. Contribution by a local mode i (with coupling constant ai) to the line
idth by the two-phonon Raman process as a function of temperature.
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the energy difference between (a,b) and c. At low temperatures
�E� kBT and thus n̄(�E) ≈ exp(−�E/kBT ).

In addition to these three mechanisms, intrinsic Raman scat-
tering (IV) may occur: this is a pseudo-elastic scattering process
that dephases the total vibronic wave function. This process
has the same functional dependence on temperature as the two-
phonon Raman scattering discussed above.

1.2. Inhomogeneous broadening

Unfortunately, the homogeneous line width cannot be
observed in conventional absorption and luminescence spec-
troscopy at low temperatures because all condensed phases
suffer from the phenomenon of inhomogeneous broadening: the
frequency of an electronic transition is subject to a distribution
because each optical centre may have a (slightly) different envi-
ronment. This is obvious for an amorphous system where there
is no long range order and the chromophores are in disordered
environments, leading to a massive inhomogeneous width. In the
case of crystals, defects, unintentional impurities, strain, isotope
distributions etc cause a variation of the local fields. For example,
a slight variation of the metal–ligand distance R in coordination
compounds leads to a significant change in ligand-field strength
since the latter is proportional to 1/R5. Nevertheless, in very
well defined crystalline systems the inhomogeneous width can
be relatively low (≈1 cm−1).
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with the lower and upper limits applicable to well defined crys-
tals and highly disordered amorphous systems, respectively.

1.3. Spectral hole-burning mechanisms

Inhomogeneous broadening can be overcome by several laser
techniques, including fluorescence line narrowing, spectral hole-
burning and photon-echo experiments. In spectral hole-burning
a subset of chromophores gets depleted in the ground state upon
selective laser excitation, leading to a dip in the absorption,
transmission or excitation spectrum. Spectral hole-burning is
basically a sequential two photon process: the first photon is
used to burn the center and the second photon is used in the
readout of the spectral hole.

There are three mechanisms for spectral hole-burning. First,
in photochemical hole-burning a subset of chromophores, within
the inhomogeneously broadened transition, may undergo some
chemistry in the excited state upon selective excitation. Char-
acteristically, the photoproduct leads to new absorption features
outside the inhomogeneous distribution. Specific mechanisms
that lead to photochemical hole-burning include photoredox
reactions, tautomerization, ligand exchange, conformer inter-
conversion, etc. Fig. 6 schematically depicts an absorption spec-
trum before and after photochemical hole-burning has occurred
at the laser frequency.
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Because electronic energies usually depend on many param-
ters, the resulting inhomogeneously broadened line shape is
ften Gaussian, in accord with the central limit theorem (see
ig. 5). Naturally, the inhomogeneous broadening strongly
epends on the nature of the transition. For example, a charge
ransfer transition (e.g. metal-to-ligand charge transfer) is much

ore susceptible to variations in the local environment than,
or example, a simple spin–flip transition, because the resulting
lectric dipole moment will strongly interact with local electric
harges and dipoles. As a consequence, in an amorphous host,
t can be expected that MLCT energies are substantially differ-
nt for individual ligands in a complex such as [Ru(bpy)3]2+. It
ppears that this effect has been underestimated in the past. For
pin–flip transitions within the same electronic configuration,
igand-field transitions, and charge-transfer excitations we can
xpect a range of the inhomogeneous broadening of electronic
rigins of about 1–100, 10–100 and 10–1000 cm−1, respectively,

ig. 5. Inhomogeneous broadening in condensed phases is caused by the distri-
ution of transition frequencies due to the variation of local fields. Γ inh and Γ h

enote the inhomogeneous and homogeneous line widths, respectively.
Second, non-photochemical hole-burning is a ubiquitous
henomenon in amorphous hosts but can also occur in crys-
alline systems such as inorganic hydrates. Upon the selective
xcitation of a subset of chromophores within the inhomoge-
eous distribution, host–guest interactions may be rearranged.
hese rearrangements may include hydrogen bonds, transla-

ional movements or rotations of chemical groups or the entire
hromophore or host molecules. Characteristically, the rear-
anged host–guest subset leads to absorption features within the
nhomogeneous distribution and, indeed, even close to the laser
requency. This is schematically depicted in Fig. 7.

Non-photochemical spectral hole-burning has often been
nterpreted by the so-called two-level systems (TLS) model
27], originally developed to rationalize the thermal properties
f glasses at low temperatures [28]. The potential energy along
ny coordinate Q within an amorphous host will display a non-
eriodic behavior, as is schematically illustrated in Fig. 8. The
LS model then approximates this potential energy function as

ig. 6. Schematic representation of photochemical hole-burning. A selectively
xcited subset of chromophores undergoes chemistry in the excited state, result-
ng in ground state depletion at the laser frequency.
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Fig. 7. Schematic representation of non-photochemical hole-burning. The
absorption spectrum is shown before (a) and after (b) hole-burning. A sim-
ple TLS model that can rationalize non-photochemical hole burning is shown
on the right.

a distribution of double well potentials. Because of the central
limit theorem, it can be assumed that this distribution is close
to Gaussian. A selectively excited subset of chromophores may
tunnel to the adjacent well. After deactivation, the tunneling to
the original ground state well may be very slow, resulting in
long-lived holes. Naturally, both the tunneling in the excited
state and the ground state will be subject to the distribution of
double wells involved.

It has been argued that for the interpretation of non-
photochemical hole-burning properties of impurities in amor-
phous systems two sets of TLSs have to be considered, namely
the extrinsic and intrinsic TLSs which are due to the interac-
tion between the guest with nearest and distant host neighbors,
respectively [27,29].

Third, transient spectral hole-burning is, in principle, a uni-
versal phenomenon. Upon the selective excitation of a subset
of chromophores a depletion of the ground state occurs at the
laser frequency. This depletion lasts as long as the system takes to
relax back to the initial ground state level. Thus it is obvious that
it is much easier to perform experiments on long-lived excited
states. Transient spectral hole-burning can be classified into three
types, as is depicted in Fig. 9. Type I consists of a ground state

F
e
s
t

Fig. 9. Schematic representation of the three types of transient spectral hole-
burning.

level and an excited state level and hence the readout has to be
performed within the lifetime of the excited state; type II has
a lower-lying metastable excited state that can act as a bottle-
neck if the latter has a long lifetime; type III has more than one
ground state level due to electronic fine structure (ground state
splitting caused by spin-orbit coupling and lower symmetry lig-
and fields), hyperfine interactions (electron-spin–nuclear-spin
interaction within chromophore) and superhyperfine interac-
tions (interactions of electron spin of chromophore with nuclear
spins of host) or Zeeman levels in an external magnetic field.

1.4. Hole-burning kinetics

1.4.1. Hole growth
For an optically thin sample, in the absence of hole-filling

and dispersion of hole-burning rates, and with the assumptions
of a Lorentzian homogeneous line shape and that the laser line
width is much narrower than the homogeneous line width, the
normalized contour of a spectral hole, burnt at w0, is given by
following convolution [30,31]:

H(w− w0, t)

=
∫ +∞
−∞

[
1− exp

(
−ktL(w′ − w0)πΓ

2

)]
L(w′ − w) dw′

(11)
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ig. 8. Potential energy in an amorphous system. In the upper panel the potential
nergy along a coordinate Q in an amorphous host is shown. The lower graph
hows one TLS (double well) with a definition of the parameters used to calculate
he tunneling parameter λ.
here k is the hole-burning rate which is determined by the peak
bsorption cross section σ, the photon flux P and the quantum
fficiency φ, k = σPφ. In Eq. (11), t is the time and Γ the full
idth at half maximum (FWHM) of a normalized Lorentzian

ine shape as given by

(x− x′) = 1

2π

Γ

(x− x′)2 + (Γ/2)2 (12)

Figs. 10 and 11 show the evolution and width of a spectral hole
s a function of kt. As time progresses the effective hole width
rows dramatically, and, eventually, the hole shape becomes
everely non-Lorentzian. A 35% depth results in a ca. 50%
ncrease of the hole width. Ideally, very shallow holes are burnt
n investigations where resolution is important, e.g. in experi-

ents on Zeeman splittings in low magnetic fields. Extrapolation
o zero time (burn fluence) yields a hole width that is equal to
wice the homogeneous line width. From Figs. 10 and 11 it
learly follows that homogeneous line widths have to be esti-
ated from extrapolation to zero fluence.
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Fig. 10. Evolution of a spectral hole with time. The hole spectrum has been
calculated using Eq. (11) with kt = 5, 10, 15, . . ., 95.

The fractional hole depth, |�A|/A0, can be obtained [31] by
integrating Eq. (11) at w = w0:

|�A(w0, t)|
A0

=
∫ +∞
−∞

[
1− exp

(
−ktL(w′ − w0)πΓ

2

)]
L(w′ − w0) dw′

= 1− exp

(
−kt

2

)
I0

(
kt

2

)
(13)

F
k

where I0 is the modified Bessel function of zeroth order. The
resulting hole growth kinetics as a function of kt is displayed in
Fig. 12.

It is important to note here that the kinetics is not described by
a simple exponential law but displays an intrinsic dispersion due
to the fact that the Lorentzian has infinite wings. In other words,
as the hole becomes deeper, the absorbance at the laser frequency
due to the Lorentzian wing of transitions of near-resonant subsets
of chromophores becomes important. Crystalline systems show
relatively little disorder and thus the quantum efficiency for hole-
burning is often well defined, so that Eq. (13) can indeed be
applied. However, amorphous systems show a variation of hole-
burning rates and this dispersion has to be taken into account. If
the rate k is subject to a distribution function P(k), the fractional
hole depth is given by [31]:

|�A(w0, t)|
A0

= 1−
∫ +∞

0
P(k) exp

(
−kt

2

)
I0

(
kt

2

)
dk (14)

In Ref. [32] the quantum efficiency was parameterized by
φ = exp(−a) and it was assumed that a is subject to a Gaussian
distribution. Moreover, the random orientation of the absorbing
center in an amorphous solid was taken into account. In this
latter point, it is assumed that the molecular transition moment
occurs along one axis only. Applying Eq. (14), the following
integral equation then results
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ig. 11. Hole width in units of the homogeneous line width Γ , as a function of
t.
|�A(w0, t)|
A0

= D− 3D

2Γa

√
4 ln(2)

π

∫ ∞
0

∫ π

0

× exp

(
−P exp(−a)σ cos2 θ

2
t

)

× I0

(
P exp(−a)σ cos2 θ

2

)
cos2 θ sin θ dθ

× exp

(
−4 ln(2)

(a− a0)2

w2

)
da (15)

here a0 and Γ a are the center and width of the distribution
f a, respectively, and D is a parameter that takes into account
hat a fraction of centres cannot be burned a priori. We note
ere that the average quantum yield can then be calculated as
φ〉 = exp(−a0) exp(Γ 2

a /4).
The formalism of Ref. [32] is very much related to the pre-

ious work by Jankowiak et al. [33]. In this early work it was
uggested that the tunneling parameter λ, as given by Eq. (16),
s, most likely, subject to a Gaussian distribution:

= d
√

2mV

h̄
(16)

n Eq. (16) d is the distance between the two wells along the
ormal coordinate, m the mass of the particle and V is the barrier
eight (see Fig. 8). The parameter λ determines the tunneling
nteraction, ∆, between wells according to

= h̄ω0 e−λ (17)



1744 H. Riesen / Coordination Chemistry Reviews 250 (2006) 1737–1754

Fig. 12. Fractional hole depth, |�A|/A0, as a function of kt. The dashed line
shows a simple exponential behavior. The solid line has been calculated by
using Eq. (13).

where �ω0 is on the order of magnitude of one quantum of a
harmonic oscillator. The relaxation rate R, based on phonon-
assisted tunneling, in a double well potential is proportional to
∆2:

R = Ω0 exp(−2λ) (18)

where Ω0 is an attempt frequency. Assuming an exponential
function for the hole-growth, the following expression then
results for the fractional hole depth if all sites can be bleached:

|�A(t)|
A0

=
(

1− 1√
2π

∫ +∞
−∞

exp

(
−x2

2

)
exp(−Σ0ξ(x)t) dx

)
(19)

with x = (λ− λ0)/σλ, Σ0 = PσΩ0τ and ξ(x) = exp[−2(λ0 + σλx)]
where P is the photon flux, σ is the peak absorption cross sec-
tion of the homogeneous line, τ the excited state lifetime and
σλ the standard deviation of λ. We note here that this latter
equation neglects the intrinsic dispersion as is described by Eq.
(14). However, in amorphous systems the dispersion of rates
due to the variation of the tunneling parameter λ may be by far
the most dominant effect, and hence Eqs. (15) and (19) yield
comparable results. The expectation value for the hole-burning
quantum efficiency is then given by 〈φ〉= 〈R〉/(〈R〉+ 1/τ) with
〈R〉 = Ω0 exp(−2λ0) exp(2σ2

λ).
In a simpler approach, (a lower limit for) the initial quantum

e
u

φ

w
c

of (mol/cm3), l the optical path length in (cm), I the laser irra-
diance in (W/cm2), F the fluence in (J/cm2) and A0 is the initial
absorbance (optical density) at the laser frequency ν. Eq. (20)
underestimates the hole-burning efficiency by a factor of 2–6
because it is based, again, on the assumption that the hole-growth
is given by a simple exponential function. However, Eq. (20) can
be applied to optically thick samples.

1.4.2. Spontaneous hole-filling
Non-photochemical spectral holes in amorphous systems are

subject to spontaneous hole-filling due to tunneling in the ground
state TLSs. Hence, after a while (typically 1 h) the initial hole
area may be significantly reduced. If the hole-burning process
involves the translational tunneling of a proton in the double well
potential of a hydrogen bond, a decrease of the tunneling rate
is expected upon deuteration because the mass m increases by a
factor of 2. This isotope effect has been observed in hole-burning
efficiencies (tunneling in the excited state) and spontaneous
hole-filling (tunneling in the ground state).

Assuming a Gaussian probability density function for the
rate-controlling tunneling parameter λ, Jankowiak et al. have
shown [27,33] that the hole decay can be modeled by the fol-
lowing (dispersive first order kinetics) function:

|�A(t)|
A

=
(

1− 1√
∫ +∞

exp

(
−x2

2

)
exp(−Ω0ξ(x)t) dx

)
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fficiency for spectral hole-burning can also be estimated by
sing the following equation:

i =
lNAc(Γh)

(
∂A
∂t

)
t=0

A0
1
hν

(1− 10−A0 )
= lNAc(Γh)hν

(
∂A
∂F

)
t=0

A0(1− 10−A0 )
(20)

here NA is Avogadro’s number, c(Γ h) the concentration of
hromophores within one homogeneous line width, Γ h, in units
0 2π −∞
(21)

his equation is related to Eq. (19) with the same meanings of
he parameters but for a spontaneous process.

.4.3. Spectral diffusion
As time progresses one often observes a broadening of the

nitial hole width in spectral hole-burning experiments. This
o-called spectral diffusion is particularly pronounced in amor-
hous hosts but has also been observed in crystalline systems.
pectral diffusion is caused by rearrangements in the host; that is

o say, mostly due to rearrangements within the intrinsic TLSs.
hese rearrangements may be due to slight structural changes
r due to nuclear and/or electronic spin fluctuations. Spin fluc-
uations are usually relatively fast, so that in most experiments
o date, they were not resolved in time, leading to an effective
omogeneous line width. In contrast, structural changes occur
n a much slower time scale and spectral diffusion caused by
uch variations is easily observed. Structural rearrangements
ertainly occur in amorphous hosts even at liquid helium tem-
eratures because they are non-equilibrium systems. Since the
urroundings are subject to variations, the transition frequency
ill also change and hence the spectral hole will broaden with

ime.
For amorphous systems, Fayer et al. [34] derived Eq. (22) for

he contribution of spectral diffusion to the optical line width

SD ∝
∫ ∞

0
P(R)[1− exp(−Rtw)] dR (22)

here P(R) is the probability density function for the relaxation
ate R and tw is the waiting time after the hole-burning event.
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Again, it is plausible to assume a Gaussian distribution of the
tunneling parameter λ, yielding following distribution function
for the relaxation rate R where R0 and σ are the average and
standard deviation of R, respectively:

P(R) dR = 1

σ
√

2π
exp

[
−{ln(R/R0)}2

2σ2

]
d(ln R) (23)

1.5. Correlation of energy levels

Many spectroscopic models assume full correlation between
the energy levels of a particular chromophore; that is to say,
energy differences between levels are thought to be constant
within the inhomogeneous distribution. Full correlation has been
denoted as the “rigid shift approximation” and has been, for
example, extensively used in the modeling of magnetic circu-
lar dichroism (MCD) [35]. However, it turns out that the rigid
shift approximation is often severely in error and energy levels
are poorly correlated. This is certainly true for frozen glasses
but may also be true in crystalline systems for transitions that
are strongly dependent on the local surroundings (e.g. charge-
transfer transitions).

1.6. Homogeneous line widths of higher-energy transitions
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DVD-R/RW technology, the frequency domain adds an extra
dimension to the effective data storage density.

2. Experiment

2.1. Persistent spectral hole-burning

Persistent spectral holes can be burnt and read out in excita-
tion or absorption. After keeping the laser at constant wavelength
for a certain period of time, it is scanned across the inhomo-
geneous profile to reveal the dip in the absorption/excitation
spectrum. This is the simplest experiment because the hole-
burning and readout process can be undertaken on a slow
timescale.

2.2. Transient spectral hole-burning

There are basically two experiments that can be employed to
conduct transient spectral hole-burning. In the first case a pump
and a probe laser are used and the measurement is performed
under steady-state conditions. In the second case the experi-
ment uses only one laser: after a short burn period at constant
wavelength, the laser frequency is slewed across the absorption
profile to reveal the spectral hole. Laser diodes are highly suit-
able for this experiment since their frequency can be slewed over
3
t
t
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t
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t
m

In general, transition metal complexes relax rapidly to
he lowest-excited state upon excitation into a higher lying
xcited state. This relaxation is typically below the nanosecond
imescale although some specific systems may display relatively
low relaxations within sublevels of the lowest-excited multiplet
e.g. thermalization within the 3�* state of a ligand-centered
ransition). Transient hole-burning is then of type II, as defined
n Fig. 9, and, since the lifetime is usually much shorter than the
ure dephasing time, the hole width is directly proportional to
he lifetime of the higher-lying excited state and given by Eq.
5).

.7. Potential applications of spectral hole-burning

Besides being a highly powerful tool for probing fine details
f the electronic structures of molecules and ions, spectral hole-
urning has also many potential applications in laser stabiliza-
ion schemes (both with persistent and transient holes) [36,37],
ortable frequency standards [38], pulse shapers and filters [39],
ll-optical spectrum analyzer [40], quantum computing [41], etc.
owever, the prevailing driving force for hole-burning studies

s the field of frequency [42] and/or time domain [43] optical
torage (FDOS/TDOS). FDOS and TDOS schemes allow stor-
ge densities of >100 TB/cm3 (1000 GB = 1 TB) at liquid helium
emperatures [44]. To find a material with a large figure-of-merit,

inh/Γ hom, at room temperature remains the difficult challenge
nd is not unlike the quest for high temperature superconductors
f the 1970s and 1980s.

For example, in the basic FDOS scheme, binary numbers are
ncoded in terms of the presence (1) and absence (0) of holes
n a frequency grid. In comparison with current CD-R/RW and
0 GHz on the nanosecond–microsecond time scale by changing
he injection current. Naturally, if the laser frequency is scanned
oo rapidly the laser line width will broaden according to the
ourier transform limit (Eq. (5)). Fig. 13 illustrates a typical

ransient hole-burning measurement, employing a diode laser
nd Fig. 14 shows a basic experimental set-up. We note here
hat, in general, in excitation transient holes cannot be burnt and
ead out with a single laser.

ig. 13. Transient spectral hole-burning with one diode laser. The injection
urrent, and thus the laser frequency, is kept constant for the burn period and
hen ramped for the readout. The transmission of the transmitted laser beam is

onitored, revealing the spectral hole.
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Fig. 14. Basic set-up for transient hole-burning spectroscopy with a diode laser
(L). Optical feedback to the laser is avoided by an optical diode (Faraday isolator,
OD). The laser is current (I) and temperature (T) controlled and the wavelength
is measured by a wavemeter (λ). The injection current (I) is modulated by a
wavefunction generator (W) and the signal, measured by a photodiode (P) is
averaged on a digital oscilloscope (DO) and subsequently on a computer (PC).
The sample is kept in a variable-temperature cryostat (C).

3. Spectral hole-burning of coordination complexes in
amorphous systems

3.1. Spectral holes in the R-lines (2E← 4A2) of
chromium(III) complexes in amorphous hosts

In some early work, non-photochemical persistent spectral
holes in the R1-line (lower-energy 2E← 4A2 transition) of
[Cr(en)3]3+ embedded in ethylene glycol-H2O (2:1, v/v) glass
and poly(vinyl alcohol) were investigated [45]. Hole widths on

the order of magnitude of 300 MHz (1/100 cm−1) were observed
at 1.8 K, indicating an upper limit for the effective homogeneous
line width of 150 MHz. We note here that these line widths were
limited by electron-spin–electron-spin interactions due to the
relatively high concentrations of [Cr(en)3]3+ (0.01 and 0.02 M
for the ethylene glycol–H2O glass and the poly(vinyl alcohol),
respectively) and spectral diffusion within the amorphous hosts.
It was found that holes are subject to spontaneous hole-filling
and decay to about 50% of their initial area within 1 h. Equations,
based on a constant and Gaussian distribution for the tunneling
parameter λ, were applied to the data of spontaneous hole-filling,
but the experimental accuracy was not adequate to discrimi-
nate between the two models. Importantly, it was found that the
two 2E levels are poorly correlated leading to very broad side
holes for the R2-line. Also, from the absence of side holes within
30 GHz it was concluded that the ±3/2 and ±1/2 Kramers dou-
blets of the 4A2 are also poorly correlated.

In some related work, the correlation of the zero field split-
tings of the 4A2 and 2E multiplets were systematically investi-
gated for the [Cr(bpy)3]3+ complex in a variety of amorphous
hosts [46]. Fig. 15 shows 1.5 K hole-burning results for the R1-
line in four different amorphous hosts. The observation of the
side hole at approximately 30 GHz is due to the 4A2 ground
state splitting. The width of this side hole, in comparison with
the resonant hole at the laser frequency, is a direct measure of
t

F
d

ig. 15. Non-photochemical spectral hole-burning at 1.5 K in the R-lines of [Cr(bpy)
erived SiO2. The hole widths are given for the resonant hole and the side hole. Hole
he correlation of the ±3/2 and ±1/2 Kramer’s doublets of the
3]3+ in (a) glycerol, (b) ethanol/methanol (4:1, v/v), (c) nafion and (d) sol–gel
s were burnt to 25–30% depth at ca. 729.5 nm. Adapted from Ref. [46].
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Fig. 16. Non-selectively excited (Ar+ laser 488 nm) luminescence spectrum of
[Cr(NCS)6]3− in glycerol at 2.5 K. The insert shows a typical spectrum for a non-
photochemical spectral hole burnt into the R1-line at 780.49 nm. A Lorentzian
line shape is fitted to the hole [48].

ground state. This width ranges from 8 GHz in ethanol/methanol
glass (4:1, v/v) to 16 GHz in a sol–gel derived SiO2 glass, indi-
cating, indeed, a poor correlation of the levels, and thus a failure
of the rigid shift approximation. The variations of the zero field
splittings in the 2E excited state and the 4A2 ground state were
analyzed in terms of low symmetry perturbations of the nom-
inally trigonal complex. From these investigations it followed
that data obtained by optically detected magnetic resonance
and EPR in amorphous systems have to be interpreted with
caution.

The low symmetry fields were also probed by investigating
the effect of an external magnetic field on a hole burnt into the
R1-line (lower energy 2E←4A2 transition) of [Cr(bpy)3]3+ in
glycerol [47]. The fact that electronic structures of complexes are
subject to distributions of lower symmetry fields in amorphous
hosts, and hence energy levels are poorly correlated, is the most
significant caveat of these investigations.

Spectral diffusion was investigated for the R1-line of
[Cr(NCS)6]3− in glycerol [48]. Magnetic field effects in hole-
burning of the R1-lines in this system were previously used to
demonstrate the feasibility of a hole readout scheme based on
sweeping the magnetic field whilst keeping the laser frequency
constant (“Zeeman scanning”) [49]. [Cr(NCS)6]3− is a system
that exhibits a pronounced nephelauxetic effect, resulting in a
very low energy of the 2E multiplet (see Fig. 16).

In the range of 10 to 105 s, the time dependence of the spec-
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Fig. 17. Width of a spectral hole in the R1-line of [Cr(NCS)6]3−/glycerol at
2.5 K as a function of waiting time, tw. The solid line is a fit to the integral Eq.
(22), using Eq. (23) for the distribution of R, with σλ = 1.99 and R0 = 0.016 s−1

[48].

the nephelauxetic effect does not enhance spectral diffusion in
the title system. Importantly, from this work it also followed that
spectral diffusion parameters in organic glasses of the 2E← 4A2
spin–flip transition and 1�–�* transitions of organic molecules
are comparable. These two findings indicate that spectral diffu-
sion in amorphous systems is largely governed by host proper-
ties.

The temperature dependence of the effective homogeneous
line width was also reported. The data shown in Fig. 18 indicates
that the direct process to the R2 level, and two-phonon Raman
processes, govern the line width above >10 K. Interestingly,
these two processes appear to yield a significant deviation from
a simple T1.3 law. This is in contrast to previous investigations of
organic systems that were shown to follow, almost universally,
a T1.3 temperature dependence of the hole width [50].

In some recent work the effects of host deuteration on the
spectral hole-burning efficiency (see Fig. 19) and spontaneous
hole-filling of [Cr(oxalate)3]3− in ethylene glycol/water (2:1,
v/v) were investigated [51]. In line with previous findings in
organic systems [52], the (initial) hole-burning efficiency is
reduced by a factor of ca. 15 upon full deuteration of the glass.
This reduction can be rationalized by a simple two level sys-
tem model where tunneling of hydrogen atoms between the two
wells of a double well potential occurs. Deuterium is heav-
ier by a factor of 2 and hence the tunneling rate is slowed
down. This work corroborates the significance of a 1000-fold
i
i

ral hole width displays a non-logarithmic behavior which can
e described by using a Gaussian distribution for the tunnel
arameter λ of the TLSs with λ0 = 15.9 and σ≈ 2 (Fig. 17).
his investigation established that spectral diffusion is a major

actor for hole widths of electronic transitions in coordination
ompounds embedded in amorphous systems. Thus the poten-
ial of hole-burning experiments for determining subtle details
f the electronic structure of coordination compounds in amor-
hous hosts is somewhat limited, and faster experiments, such
s photon-echo measurements, are required. By comparison of
he data with [Cr(oxalate)3]3−/glycerol it was concluded that
ncrease of the hole-burning efficiency upon partial deuteration
n NaMgAl(oxalate)3·9H2O:Cr(III) (see below) [53].
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Fig. 18. Temperature dependence of the effective homogeneous line width, Γ eff,
of the R1-line of [Cr(NCS)6]3−/glycerol. The solid line is a fit to Eq. (5); the
dashed line is the T1.3 power law.

3.2. Hole-burning in 3LC transitions

Spectral hole-burning was conducted on the triplet ligand-
centred transition, 3LC, transition of [Rh(phpy)(bpy)2]+ [54]
and [IrCl2(5,6-methyl-phen)2]+ [55] by tuning the 457.9 and
488.0 nm lines of an Ar+ laser, respectively, by changing the
temperature of an intracavity etalon. Relatively broad holes were
observed. The limited hole width must be due to spectral dif-
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fusion because the singlet ground state cannot be subject to
electron-spin–electron-spin or electron-spin–nuclear-spin inter-
actions.

Also, some magnetic field dependence was observed for the
[Rh(phpy)(bpy)2]+/glycerol system. More work is needed to
establish the potential of hole-burning spectroscopy in this class
of compounds.

4. Spectral hole-burning of coordination complexes in
crystalline systems

4.1. Applications to 3MLCT transitions

The lowest-excited 3MLCT states of ruthenium(II) and
osmium(II) diimine complexes in crystalline hosts were exten-
sively studied by a wide range of experiments [56–62].
In particular, the [Ru(bpy)3]2+ and [Os(bpy)3]2+ complexes
were investigated as the neat perchlorate and hexafluorophos-
phate salts and in the [Zn(bpy)3](ClO4)2 and [Ru(bpy)3](PF6)2
hosts, respectively [56,57]. Racemic [Zn(bpy)3](ClO4)2 and
[Ru(bpy)3](ClO4)2 are isomorphous and crystallize in the mon-
oclinic space group C2/c with four formula units per unit cell
[63]. All cations are equivalent but within a single cation one lig-
and lies about the symmetry axis (crystal b axis) while the other
two ligands are crystallographically equivalent, being related
by the symmetry axis. Thus, as follows a priori from the crys-
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ig. 19. Effect of host deuteration at 3 K on the hole-burning efficiency of
Cr(oxalate)3]3− in ethylene:water (2:1, v/v). Crosses and solid squares show
he data in the perprotonated and perdeuterated samples, respectively. The solid
ines are best fits to Eq. (19).
al structure, the 3MLCT transition cannot involve all ligands
o the same degree. From a simple point charge calculation the
MLCT transition to the crystallographically unique bpy ligand
s estimated to be about 900 cm−1 above the transitions to the
wo equivalent ligands. This energy difference manifests itself
n polarized absorption spectra in the 1MLCT region.

Racemic [Ru(bpy)3](PF6)2 crystallizes in the trigonal space
roup P 3̄c1 at room temperature with a phase change to the
rigonal space group P31c at 190 K [64]. Thus in this structure
he ligands are crystallographically equivalent.

Selective deuteration experiments were particularly suc-
essful in demonstrating the localized nature of the lowest
hree electronic origins in [Ru(bpy)3](PF6)2 and [Ru(bpy)3]2+/
Zn(bpy)3](ClO4)2. For example, in [Ru(bpy)3−x(bpy-dn)x]2+

omplexes (with n = 2, 6, 8 and x = 1 or 2), distinct transitions
o the bpy and the bpy-dn ligand, with the correct intensity
atios, are observed [65]. Another research group has invoked a
ultiple-site hypothesis to account for the observation of the two

ets of electronic origins [66]. However, this hypothesis could
e refuted by transient spectral hole-burning experiments as is
llustrated in Fig. 20 [57].

In Fig. 20 a transient hole-burning spectrum of [Ru(bpy)(bpy-
8)2]2+/[Zn(bpy)3](ClO4)2 is shown. Upon burning a spectral
ole into the electronic origin II-h8 of the bpy-h8 ligand, side
oles can be observed at higher energy in the transitions II-d8
nd III-d8 of the bpy-d8 ligand. This unequivocally demonstrates
hat the two sets of transitions occur on one single cation and
re not due to two sites.

This example also demonstrates that moderate resolutions on
he order of magnitude of 1 cm−1 are often sufficient to solve
hemical problems.
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Fig. 20. Transient spectral hole-burning in [Ru(bpy-d8)2(bpy)]2+/[Zn(bpy)3]-
(ClO4)2 at 1.8 K. The pump laser is in resonance with the II-h8 transition. The
absorption spectrum is shown for comparison.

4.2. Exchange interactions facilitate narrow spectral holes
in concentrated materials

In systems with paramagnetic centers the observed hole
widths grow rapidly with increasing concentration, and in order
to approach the homogeneous line width extremely low concen-
trations (≤0.001%) have to be used. The dependence of the hole
width on the concentration is mostly due to the fact that electron-
spin–electron-spin interactions are governing the effective width
at low temperatures, certainly at often used dopant concentra-
tions of about 0.5%. Exchange interactions provide a tool to
minimize these interactions since the lowest ground state level
has a total spin of S = 0 in anti-ferromagnetically coupled dimers.

For example, binuclear chromium(III) complexes are usually
subject to anti-ferromagnetic coupling, resulting in an S = 0 low-
est 4A2

4A2 ground state level [67]. Electron-spin–electron-spin
interactions cannot occur in the S = 0 ground state. Consequently,
dephasing due to these interactions is eliminated for the transi-
tion involving the S = 0 ground state level as long as the number
of chromophores in the 2E4A2 excited state is kept minimal.
Thus, electronic origins from the S = 0 level are only subject to
dephasing in the excited state caused by nuclear spin fluctua-
tions and by energy transfer processes that are relatively slow
due to the low transition dipole strengths involved. The anti-
ferromagnetic coupling in binuclear chromium(III) complexes is
well described by following Heisenberg–Dirac–VanVleck oper-
a

H

T
a
m
a
s
l
e
S
t

Fig. 21. The trigonal structure of the binuclear complex [LCr(III)(�-
OH)3Cr(III)L]3+ (L = 1,4,7-trimethyl-1,4,7-triazacyclononane). The point sym-
metry of this cation is C3h.

property has not been taken advantage of. Moreover, spectral
hole-burning work in excitations of binuclear transition metal
or rare earth complexes has received very little attention in gen-
eral [69].

From extensive studies of conventional luminescence,
absorption and Zeeman spectra of [LCr(III)(�-OH)3Cr(III)L]-
(ClO4)3·H2O (L = 1,4,7-trimethyl-1,4,7-triazacyclononane)
[70], it followed that the levels of the 4A2

4A2 ground state are
well described by Eq. (24) with the parameters J = 64± 0.3,
j = 1.6± 0.5 cm−1, and D1 = 2.25± 0.1 cm−1. Fig. 21 illustrates
the structure of this remarkable binuclear complex.

The strength of the exchange interaction in this trigonal com-
plex (C3h point symmetry) is based on the very short Cr3+–Cr3+

distance of 2.66 Å and an analysis of the excited state levels
indicated the dominance of the exchange interaction of the t2χ0
orbitals. Due to the large splitting between the S = 0 and S = 1
levels of the ground state, only the S = 0 level is populated at
liquid helium temperatures.

We have reported some properties of non-photochemical
spectral holes for the 2E4A2← 4A2

4A2 transitions in single
crystals of perprotonated and partially deuterated (lattice
water and hydroxo bridges) binuclear [LCr(III)(�-OH)3-
Cr(III)L](ClO4)3·H2O (L = 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane) [68]. Indeed, relatively narrow holes of Γ ≈ 80 MHz
were observed, confirming the above discussed ideas: anti-
ferromagnetic coupling facilitates narrow spectral holes in
u
h
f
m

s
a
o
e
a
(
t
p
a
s

tor:

= −2J 
S1 · 
S2 − j(
S1 · 
S2)
2 +Ds[S

2
z − 1

3S(S + 1)] (24)

he first term in Eq. (24) describes the bilinear exchange inter-
ction, the second term accounts for biquadratic exchange and
agnetostriction, and the third term is an axial anisotropy term,

ccounting for the zero-field splitting of the levels with total
pin S. If J is negative and large, only the S = 0 level is popu-
ated at liquid helium temperatures, preventing fast dephasing by
lectron-spin–electron-spin interactions as is discussed above.
urprisingly, with the exception of some work by the author of

he present review [68] (see below), it appears that this specific
ndiluted Cr3+ compounds. The upper limit for the “effective”
omogeneous line width of ca. 40 MHz is likely limited by
ast excitation energy transfer processes in the concentrated
aterial.
Fig. 22 shows a spectral hole burnt into the 3E′′ ← 1A′1 tran-

ition of perprotonated [LCr(III)(�-OH)3Cr(III)L](ClO4)3·H2O
t 685.1 nm in � polarization. The inhomogeneous width, Γ inh,
f this transition is ca. 0.5 cm−1. Very high initial hole-burning
fficiencies of 1% and 4% were estimated for the partially deuter-
ted and perprotonated system, respectively, at 2.5 K, using Eq.
20). Spontaneous hole-filling occurs on the minute and hour
imescale for the perprotonated and partially deuterated sam-
les, respectively, at 2.5 K, but the rates increase dramaticaly
t ca. 7 K. The hole-burning work also indicated that previous
pinor assignments were incomplete.
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Fig. 22. Spontaneous hole-filling of spectral holes burnt in � polarization
into the 3E′′ ← 1A′1 transition at 685.1 nm in perprotonated [LCr(III)(�-
OH)3Cr(III)L](ClO4)3·H2O (L = 1,4,7-trimethyl-1,4,7-triazacyclononane). The
holes were burnt at 2.5 K for 4 min and the temperature was rapidly ramped to
the measurement temperature for T > 2.5 K. The fit curves are bi-exponentials
for the 2.5, 6 and 7 K measurements. A single exponential was used for the 8
and 8.5 K data. The inset shows the spectral hole for four waiting times at 2.5 K
[68].

The fact that anti-ferromagnetic coupling can facilitate nar-
row spectral holes in undiluted materials points to the potential
of coordination chemistry in the design of “ideal” hole-burning
materials.

4.3. Temperature dependence of the homogenous line width
in crystalline systems

We have recently investigated the temperature dependence
of the effective homogeneous line width of the R1-line
in NaMgAl(oxalate)3·9H2O:Cr(III) by transient hole-burning
spectroscopy [71]. At low temperature the 90 MHz hole width
(=2Γ hom) is limited by electron-spin–electron-spin interactions
because a very high chromium(III) concentration of 4% was
employed. In later work zero field hole widths of 40 and
19 MHz were found for samples containing 1.0% [72] and 0.5%
chromium(III) [73], respectively. The observed hole width for
the R2-line of 1.1 GHz directly determines the R2→R1 relax-
ation rate, and hence the contribution to the R1-line width can be
calculated as a function of temperature using Eq. (6). At temper-
atures above 10 K the two-phonon Raman process by two local
modes becomes the dominant contribution to the line width [71]
(see Fig. 23).

The first investigation of the temperature dependence of the
homogeneous line width of an electronic origin in a coordina-
t
l

Fig. 23. Temperature dependence of the R1-line of NaMgAl(oxalate)3·
9H2O:Cr(III). The dashed line shows the contribution by the direct process.
The dash-dotted line is a fit using the T7 power law. The solid line uses a local
two-vibration Raman model [71].

ded in [Rh(bpy)3](PF6)3 [74] (not illustrated here). In this early
study the observed line width at low temperature was also limited
by the relatively high chromium(III) concentration of 0.5% lead-
ing to significant electron-spin–electron-spin interactions. The
temperature dependence was studied in the range of 1.5–200 K.
Again, the direct process between the 2E levels and two-phonon
Raman processes were found to account for the temperature
dependence. The latter was calculated by using Eq. (8) and
an effective density of phonon states as approximated from the
vibrational sidelines in the luminescence spectrum.

4.4. Magnetic field effects in spectral hole-burning

We have demonstrated that the high resolution provided
by spectral hole-burning measurements facilitates the determi-
nation of g-factors in the excited state and the ground state
by the application of low (<10 mT) external magnetic fields
[72,73]. An example of this work is illustrated in Fig. 24
where a transient hole-burning experiment in the R1(±1/2)-
line was conducted in a magnetic field of B‖c = 15.3 mT in
NaMgAl(oxalate)3·9H2O:Cr(III). The resulting hole pattern
exhibits side holes at the ground state splitting, the excited state
splitting and the sum and difference of the ground and excited
state splittings. Hence, the g-factor is determined both in the
ground state and the excited state to high accuracy.

c
p
n
fi

ion compound was conducted by employing the fluorescence
ine narrowing technique to the R1-line of [Cr(bpy)3]3+ embed-
Upon the application of an external magnetic field a signifi-
ant narrowing of the resonant hole width is observed. For exam-
le, the resonant hole displays a width of 4 and <1 MHz in mag-
etic fields B‖c of 7.3 and 15.3 mT, respectively. This magnetic
eld induced narrowing implies that electron-spin–electron-spin
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Fig. 24. Transient spectral hole-burning in the R1(±1/2)-line of
NaMgAl(oxalate)3·9H2O:Cr(III) in B‖c = 15.3 mT and 2.5 K. The smooth line
is the result of a simulation. α, β, γ and δ indicate twice the difference of excited
and ground state splittings, the excited state splitting, the ground state splitting
and the sum of the excited and ground state splittings, respectively [73].

interactions are the main dephasing mechanism at 2.5 K in
0.5–1% samples.

We have also conducted magnetic field experiments in persis-
tent spectral hole-burning of the R1-line in NaMgAl(oxalate)3·

9H2O:Cr(III) [75]. The most interesting aspect of this work is
the fact that the same hole pattern results in a magnetic field after
burning in zero field, and in zero field after burning in the same
field. The latter thus provides a persistent memory of magnetic
fields. This is illustrated in Fig. 25 where the two lower traces
in panels (a) and (b) are identical.

Possible applications include the temporal profiling of pulsed
magnets, magnetic fluctuations in laboratories or, for exam-
ple, in the vicinity of astronomical objects as probed on space-
crafts.

The magnetic field effects with B‖c, both in persistent and
transient spectral hole-burning, can be interpreted by using the
schematic energy level diagram shown in Fig. 26.

4.5. Extraordinary deuteration effect

Upon partial deuteration of NaMgAl(oxalate)3·9H2O:Cr(III)
a 1000-fold increase in the hole-burning efficiency in the R1-
line has been observed [53] (Fig. 27). This was an unexpected
result because usually the hole-burning efficiency decreases
upon deuteration (see Section 3.1). It is well established that
water molecules of crystallization can flip by 180◦ in crystalline
solids, including oxalates [76–78]. The enormous increase in
the hole-burning efficiency in the partially deuterated sample
can thus be rationalized by a mechanism that is based on water
fl
t
s
i
o
H
f
t

Fig. 25. Memory effect in persistent spectral hole-burning in the R1(±1/2)-line of 5
b plied
t

urnt in zero field (upper trace) and then a magnetic field B‖c = 15.3 mT was ap
he field was switched off (lower trace) [75].
ips. After the flip, the zero point energies in the ground state and
he excited state change by different amounts, leading to slight
hifts in the transition frequency. This is because the hydrogen
sotope (1H, 2H), that undergoes hydrogen bonding with the
xygen atom of the oxalate ligand, is exchanged by the flip.
ence, upon each photoinduced flip a chromophore’s transition

requency is shifted out of resonance with the laser and the “pho-
oproducts” yield sharp anti-holes.

0% deuterated NaMgAl(oxalate)3·9H2O:Cr(III) at 2.5 K. In (a) the hole was
(lower trace). In (b) the hole was burnt in B‖c = 15.3 mT (upper trace) and then
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Fig. 26. Schematic energy level diagram for the magnetic field effects with B‖c in transient and persistent spectral hole-burning of the R1(±1/2)-line in
NaMgAl(oxalate)3·9H2O:Cr(III). The dark bars show the levels in the field leading to the hole pattern of Fig. 24 and upper trace of Fig. 25b. The grey bars
indicate the levels after the field has been switched off in persistent spectral hole-burning (lower trace of Fig. 25b).

4.6. Measuring spin-lattice relaxation times in the excited
state and the ground state

If very low concentrations of a paramagnetic impurity are
used it becomes possible to measure spin-lattice relaxation times
both in the excited state and the ground state by time-resolved
transient spectral hole-burning experiments. (At higher concen-
trations cross-relaxation effects lead to fast relaxation rates of
the chromophores that are resonant with the laser.) We have
demonstrated this effect in transient spectral hole-burning in
the R1-line in very low chrome (0.0017% per weight) emerald,
Be3Al2Si6O18:Cr(III) [79]. Although this is not a coordination
compound per se, it can be used as a model system.

The experiment illustrated in Fig. 28 was conducted on the
R1(±3/2)-line. In an external magnetic field B‖c the ±3/2 lev-
els in the ground state (gs) and the ±1/2 spin levels of the 2Ā
(2E) excited state (ex) split by 3g‖(gs)µBB‖c and g‖(ex)µBB‖c,
respectively. If no relaxation occurs between the two levels in
the excited state (±1/2) and the ground state, no side-holes will
be observed. If relaxation occurs in the excited state, side holes
will appear at the difference of the excited state splitting and
ground state splitting. If the system is then deactivated and spin-
lattice relaxation is still slow in the ground state, the side-holes
will be converted into anti-holes. These effects have indeed been

observed; at lowest temperature no side-holes appear due to the
very slow relaxation rate in the excited state. At temperatures
above 5 K, side-hole to anti-hole conversion can be observed.
The time behavior shows three regimes: in the first ≈100 �s a
build-up of the side holes occurs due to spin-lattice relaxation in
the excited state; the excited state is then deactivated, leading to a
decay of the resonant hole with a conversion of the side holes into
anti-holes due to ground state level population storage; finally
the decay of the residual resonant hole, which is based on ground
state level population storage, and the anti-holes occurs due to
spin-lattice relaxation in the ground state. From the temperature
dependence it follows that the spin-lattice relaxation rates are
dominated by Orbach processes in the experimental temperature
range (3–12 K). For example, Fig. 29 displays the temperature
dependence of the spin lattice relaxation rate in B‖c = 12.2 mT
between the +3/2 and −3/2 4A2 ground state spin levels.

Time-resolved transient spectral hole-burning experiments
thus facilitate the simultaneous determination of g-factors and
spin-lattice relaxation times for both the excited and the ground
state. The inherent stability of diode lasers enables hole-burning
experiments of highest quality. Moreover, since the frequency
of diode lasers can be rapidly swept, it is readily possible to per-
form time-resolved transient hole-burning experiments on the
microsecond timescale. We note here that for saturated holes

F 9H2O
s ted sa
ig. 27. (a) Spectral hole and anti-holes in 46% deuterated NaMgAl(oxalate)3·
ame power density for the perprotonated (solid triangles) and partially deutera
:Cr(III) at 2.5 K. (b) Relative hole depth as a function of the burn time for the
mple (solid circles) [53].
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Fig. 28. Time-resolved THB in the 2Ā(2E)← 2Ā (4A2,±3/2) transition of Be3Al2Si6O18:Cr(III) (0.0017%) at 6 K in B‖c = 12.2 mT at delay periods of 1, 0.05 ms;
2, 0.324 ms; 3, 0.698 ms; 4, 1.06 ms; 5, 2.62 ms; 6, 4.69 ms and 7, 10.38 ms. The left insert shows the time evolution of the side-hole/anti-hole at −840 MHz. The
right insert shows the integrated hole area of the side-hole as a function of short delay periods [79].

Fig. 29. Temperature dependence of the spin-lattice relaxation time between the
+3/2 and −3/2 spin-levels of the 4A2 ground state.

the hyperfine structure associated with 53Cr(III) becomes also
visible.

5. Summary and outlook

The present review aims to demonstrate that spectral hole-
burning is a highly valuable tool in the elucidation of fine details
of the electronic structure of coordination compounds. This
laser-based technique allows to overcome the inhomogeneous
broadening of electronic transitions, and magnetic properties,
spin-lattice relaxation rates, host and guest dynamics, non-
photochemical and photochemical hole-burning kinetics, etc.
can be probed to greatest accuracy. For example, it is possible
to simultaneously measure g-factors and spin-lattice relaxation
rates in the ground and excited states in minute magnetic fields,
greatly simplifying the experimental requirements. We have
established that (inexpensive) diode lasers are particularly useful
in hole-burning spectroscopy of coordination compounds; they
enable fast and reliable transient spectral hole-burning exper-
iments that otherwise need very expensive ion laser/dye laser

systems. So far, the spectroscopy has been somewhat restricted
by the limited wavelength availability of single longitudinal
mode diode lasers and the relatively narrow range (ca. 30 GHz)
of mode-hop free tuning. However, as more wavelengths become
available for vertical cavity surface emitting laser (VCSEL)
diodes, diode laser-based spectroscopy will undertake a quan-
tum leap in terms of significance and importance. This stems
from the fact that VCESLs are tunable over a much wider fre-
quency (wavelength) range without mode hops in comparison
with Fabry-Perot or DFB diode lasers.
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