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The purpose of this presentation is to review the spectroscopic properties of the main laser materials
based on transition metal ions which lead to noticeable laser performance at room temperature and, for
very few cases, because of unique properties, when they are operated at cryogenic temperatures. The
description also includes the materials which are currently being used as saturable absorbers for passive-
Q-switching of a variety of other near- and mid-infrared solid state lasers. A substantial part of the article
is devoted first to the description of the energy levels and of the absorption and emission transitions of
the transition metal ions in various types of environments by using the well-known Tanabe-Sugano
diagrams. It is shown in particular how these diagrams can be used along with other theoretical con-
siderations to understand and describe the spectroscopic properties of ions sitting in crystal field en-
vironments of near-octahedral or near-tetrahedral symmetry. The second part is then dedicated to the
description (positions and intensities) of the main absorption and emission features which characterize

the different types of materials.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There are two important categories of laser materials doped
with transition metal ions of the ion group: those for which the
active ions enter the crystals in sites of (near) octahedral symmetry
and the optical transitions can be electric-dipole allowed vibronic
transitions thanks to the coupling to odd phonon modes, and those
having (near) tetrahedral symmetry sites and for which optical
transitions can be electric-dipole allowed thanks to anti-symmetric
components of the static crystal field. In the first case, the ab-
sorption and emission cross sections generally reach values be-
tween 102! and 107" cm? and the radiative lifetimes of the
metastable emitting levels between a few tens of microseconds to a
few milliseconds. In the second case, the optical transitions can be
ten times more intense and the radiative emission lifetimes of the
order of a few microseconds. The first category gathers all the most
important near and mid-infrared laser materials based on Ti**
(Ar3d"), cr** and V** (Ar3d3), Co?* (Ar3d”) and Ni*>* (Ar3d®) ions
which have been studied in the past and exploited for their wide
laser wavelength tunability or their ability to produce and/or to
amplify ultra-short laser pulses. The second one also concerns a
number of very important broad-band emitting laser materials
such as those doped with Cr** (3 d), Cr** or Fe?*, but also the same
or different host materials doped again with Cr?* or Cr* as well as
with V3*(3 d?) or Co®* (3 d”) ions as saturable absorbers for passive
Q-switching.

http://dx.doi.org/10.1016/j.optmat.2016.05.060
0925-3467/© 2016 Elsevier B.V. All rights reserved.

2. Generalities on the spectroscopic properties of transition
metal ions

At room temperature, most of the transition-metal (TM) ion
doped materials are broad-band absorbing and (eventually) emit-
ting materials. There are however a few exceptions among which
the famous ruby laser system (corundum Al,O3 doped with Cr3*),
the one indeed emits in the form of sharp lines (the famous ruby R
lines) because of the strength of the crystal-field experienced by
the Cr3* laser active ions in this material.

Most of these materials are oxides and fluorides, but also, to a
lesser extent, chlorides, selenides and sulfides single crystals and
ceramics doped with TM ions of the Iron-group having the elec-
tronic configuration (Ar)3d™ with (Ar) = 15225%2p®3s23p®, n =1 to
10 and their atomic number Z is equal to 21 for Sc up to 30 for Zn. In
contrast with trivalent rare-earth (RE) ions, the other important
family of laser active ions, the 3 d optical electrons of these TM ions
are the outermost electrons of the electronic configuration; they
are not screened by any other electrons. Consequently, these 3 d
electrons directly interact with the ligands, i.e. the negatively
charged surrounding lattice ions, oxygen 0%~ ions in the case of
oxides, fluorine ions F~ for fluorides, etc ... The electronic energy
levels thus experience a medium or strong ligand (or crystal) field,
they eventually split into several components and the positions of
the resulting crystal field energy levels for one particular ion
strongly depend on the considered host material. Moreover, as the
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optical electrons directly interact with the neighboring ions of the
host lattice, the positions of their ligand field energy levels are very
sensitive to the vibrations of these lattice ions. As a matter of fact,
the energy levels of TM ions in solids are better described in terms
of vibronic, i.e. electronic + vibrational, energy levels (like mole-
cules), and the involved optical transitions which are generally
spin-allowed and parity-forbidden transitions between the energy
levels of the 3d" electronic configuration, i.e. d-d transitions, are
better described in terms of vibronic transitions. This is the reason
why the optical absorption and emission spectra of most of the T.M.
ion doped materials have the form of broad bands with widths of
several hundreds of nanometers: over 400 nm in the case of
Ti>*:Al,03 and 1200 nm in the case of Cr2*:ZnSe, for instance.

Transition-metal ions of the Palladium-group having the 4d"
electronic configuration (with Z = 40 for Zr up to Z = 47 for Ag) or of
the Platinum-group having the 5d" configuration (with Z = 72 for
Hf up to Z = 79 for Au) have never been lased so far in any host
materials. These ions, when they are embedded in a crystal, expe-
rience a crystal field even stronger than in the case of the 3d" ions.
It means a stronger interaction with the surrounding host lattice
ions, thus a stronger interaction with the lattice vibrations. This is
resulting in wider optical bands and stronger non-radiative relax-
ation processes, thus strong excited-state absorption (ESA) losses
and very reduced fluorescence quantum efficiencies, with emission
lifetimes generally decreasing very significantly with the sample
temperature.

No transition-metal ion doped amorphous material has ever led
either to laser action. Several attempts have been made in the past
and some researchers working with glass fibers still hope to ach-
ieve laser action with Cr>* and Cr** dopants. The task however
remains very tough since in amorphous materials, the optical
transitions become even wider than in crystals, restricting further
the wavelength domain within which there is no excited-state
absorption (ESA) losses, and the transition cross-sections become
even smaller than that found in crystals.

No transition-metal ion doped crystal, ceramic or amorphous
material has ever lased in the near-UV and visible spectral domains.
This is mainly due to the proximity of the energy levels and the
non-radiative radiationless transitions between them, but also and
mainly because of the strong electric-dipole allowed ESA bands
(inter-configurational and charge-transfer optical transitions)
which occur in the considered wavelength domains.

2.1. Tanabe-Sugano energy level diagrams

Without entering into the details, which can be found in many
articles and reference books, let us focus here on the energy level
diagrams as reported [1] by Tanabe and Sugano (TS). These dia-
grams were established within the framework of a point-charge
model in the strong field approximation. Therefore, they do not
account explicitly for effects such as covalency (as detailed for
instance in Ref. [2]) and local site distortion. Although the calcu-
lation could be done rather easily, they do not include either the
effect of spin-orbit coupling. Nevertheless, they remain very useful
to roughly understand and to account for most of the spectroscopic
properties of TM ions in any solid state environment. These dia-
grams can be found in many books [3]. The matrices which allow to
build them, even by including spin-orbit coupling, can be found in
the Griffith’s book [4]. These TS energy level diagrams give the
reduced energies E/B of the crystal-field levels of all the TM ions
having the electronic configuration (Ar)3d™ with 2 < n < 7, as a
function of the reduced quantity Dq/B; Dq measures the strength of
the local crystal field supposed of octahedral symmetry and B
stands for one of the Racah intra-ionic and electron-electron
interaction parameters. The energy level diagrams for n = 1 and 9

are not reported because they are associated to one d electron or
one hole, respectively, and their two-levels diagrams, are only
made of the two energy states °E and T».

In fact, the calculations of these energy level positions are per-
formed for each TM active ion, by accounting for the kinetic en-
ergies of the electrons and 3 types of interactions, (i) the Coulombic
(attractive) interactions between the electrons and the nuclei of
each active ion, with the Hamiltonian (including the kinetic en-
ergies) noted Hg, (ii) the Coulombic (repulsive) intra-ionic in-
teractions between the electrons, with the Hamiltonian noted Hee,
and (iii) the electrostatic attractive interactions between the posi-
tively charged active ions and their neighboring ligands associated
with the so-called ligand- (or crystal-) field Hamiltonian noted Hcs.
Starting from that, two approaches have been used. In the medium
field approach, the crystal field experienced by the TM active ions in
the crystals is treated as a perturbation (He > Hee > Hgf), the
action of the first two interactions give rise to the “spectral terms”
noted 25*L, with the spin S and the angular momentum L, and the
crystal field to the splitting of these spectral terms and the shifts of
the resulting “Stark” components or “crystal-field terms” noted
2S+1T where T stands for the irreducible representations associ-
ated with the crystallographic symmetry point group correspond-
ing to the arrangement of the ligands immediately around the
considered active ions. For example, in the case of the d> electronic
configuration, the spectral term “F (which means that L = 3 and
S = 3/2) gives rise to the 3 crystal-field energy terms, %A, 4T, and
“T; (the latter being sometimes noted *T;r or *T;(“F) to remember
that it comes from the spectral term “F. In the strong field
approximation, that used in fact by Tanabe and Sugano, the crystal
field is assumed to be stronger than the inter-electronic in-
teractions (He > H¢r > Hee). Therefore, Her acts directly on the
d orbitals and the d” electronic configuration and splits them into t,
and e crystal field orbitals and t3'e™ ™ electronic configurations
with energies E(t3'e"™ ™) = (6n—10 m)Dq, prior to the inter-
electronic Hamiltonian Hee Which then couples the electronic or-
bitals to form the same crystal field energy levels 25*T", as above. At
the end, the two methods lead to the same energy level scheme
with spectral terms on the left side and with crystal field terms and
crystal-field electronic configurations on the right hand side.

It is worth noting here that in the TS diagrams, the positions of
the crystal field energy levels have been all reported with respect to
the lowest one, i.e. to the final fundamental state. This is the reason
why, in the case of the d3 electronic interaction, for instance, the 4A2
energy level is reported with the same (assumed equal to zero)
energy. Therefore, the energy E reported on the ordinate axis just
represents the energy separation of each excited state with respect
to the ground state. It is absolutely necessary to understand this
point if one wishes to correctly understand more complicated sit-
uations like that found in the case of the d* configuration, for
example. Indeed, in that case, above a Dq/B value of about 2.65, the
3T1 excited state shifts down below the °E and replace it as
fundamental state. Therefore, the reported energy curves above
this Dq/B value are just obtained by adding the calculated energy of
the °E.

As introduced above, the B parameter is one of the three Racah
parameters (A, B and C) with which the energies of the spectral
terms are calculated. The relations giving these energies versus
these parameters can be found for instance in Ref. [5]. These three
Racah parameters themselves can be derived from the three inter-
electronic Slater integrals noted Fy, F, and Fy4. In the TS diagrams,
only one B parameter associated with each kind of configuration
appears and is used as reduction factor for the energy and the
crystal-field strength parameter reported on the axes of the dia-
grams. The reason for that is that for any ion associated with a
particular electronic configuration all the energy levels have the
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same dependence on the A parameter so that it disappears when
energies, as just mentioned, are calculated and reported with
respect to the fundamental one. Moreover, all the energy levels
have been calculated by assuming a particular C/B. These free-ion B
parameters and C/B ratios have been tabulated for each type of ions
and valency state in Ref. [5] p 109. In practice, they are adjusted to
experimental data, such as the positions of the main spin-allowed
absorption bands, to account for covalency effects (overlap of
active ion electronic orbitals with ligands’ orbitals) and they are
found smaller than their free-ion values (reduction of free-ion in-
ter-electronic repulsion parameters often called “nephelauxetic”
effect). These covalency effects generally increase (B and C
decreasing values) when going from fluorides to oxides and sele-
nides and along the series of ions Cr?*, V2*, Co?*~ Ni**, Fe>*, Cr3*
and V3*. The value of the B parameter for the Cr>* ion, for instance,
is reduced from 920 cm~! for the free ion down to 740 cm~! in a
fluoride like LiCaAlFs (colquirite) and to 640 cm™! in AlLO3
(corundum or alumina).

As mentioned above, each TS energy level diagram was estab-
lished for an octahedral environment with the corresponding
parameter Dq = Dqoct, and Do =332 12-(r*) 34, where a is the
distance between the central ion and the ligands, Ze the effective
charge of each ligand and (r%);,; the standard radial integral
calculated for the 3 d electrons. The same calculations can be done,
however, for cubic and tetrahedral environments inscribed in the
same cube, as reported in Fig. 2. From that different arrangements,
it can be demonstrated that two other Dq parameters can be
introduced, i.e. Dq = Dqtetra = —4/9 Dqoct for a tetrahedral envi-
ronment and Dq = Dqcyp = —8/9 Dqoct for a cubic one. It simply
means that the average strength of a tetrahedral crystal-field is
about half that of an octahedral one and about the same as found
for a cubic one. The interesting consequence is that the TS diagrams
can be also used to describe the energy levels of any TM ion in a
(near) tetrahedral or cubic environment. This can be done, for
instance, for a tetrahedral environment by consulting the diagram
of the “complementary” electronic configuration and by looking at
the energy levels corresponding to a Dq value equal to about 4/9
what it would be for an octahedral environment inscribed in the
same cube. As there are 10 possible electrons on a 3 d electron shell,
the complementary of an (Ar)3d" electronic configuration is (Ar)
3 d19-", Therefore, for instance, the positions of the energy levels of
a Cr** or a Mn®* ion (3 d? configuration) in a tetrahedral envi-
ronment will be given by the TS diagram for a 3 d® jon (Ni?* for
instance) in an octahedral crystal field. In the same way, the posi-
tions of the energy levels of a Co?* ion (3 d”) in a tetrahedral
environment will be given by the TS diagram of Cr>* (3 d°) in an
octahedral crystal field.

Last point but not the least, the TS energy level diagrams reveal
the existence of more or less sensitive energy spacings between
ground and excited states, thus, as we shall see in the following, of
absorption and emission transitions having the form of sharp lines
or of broad bands. Taking the previous case of Cr>*(3 d) in an
octahedral environment, it is shown for example that an energy
level like the spin doublet %E remains approximately at the same
position with respect to the A, spin-quartet ground level. It means
that for materials like ruby for which the local crystal field corre-
sponds to Dq/B > 2.5, the lowest excited energy level is this %E level
and that the lowest 2E —“A, spin-forbidden (AS # 0) absorption
and emission transitions observed in this material will have the
form of sharp lines, the famous ruby R lines already mentioned
above. On the other hand, energy levels like *T, *Tip and “Tqp
strongly vary with the crystal field. In this case, it indicates the
existence of spin-allowed absorption transitions such as 4A2 <—>4T2
having the form of broad bands. In fact, the local slope of each
calculated energy level versus the Dq crystal field strength

parameter can be used, within the framework of the single-
configuration coordinate (SCC) model [6] which will be discussed
in the next paragraph, to give an estimate of the width of each
associated absorption band. The slopes and the positions of these
highly sensitive excited energy levels also show in which material
and for which crystal field, a broad band or a sharp line emission
should be observed. According to the TS diagram for Cr>*, it is clear
that broad band emissions associated with 4T, — %A, (vibronic)
optical transitions should be observed as soon as the Cr>* ions are
incorporated in sites with local crystal fields of medium and low
strengths corresponding to Dq/B values below about 2.1. Indeed, in
these situations (see in section 3b), the 4T, excited state becomes
the lowest one or it can be thermally populated from the %E either
at room temperature or, after heating, at the considered operating
temperature.

2.2. Electron-phonon coupling, vibronic transitions and
desexcitation rates

Because of the lattice vibrations, the crystal field experienced by
a luminescent active ion will be the sum of two contributions, a
static contribution, the one involved in the T.S. calculations, and a
dynamic one which oscillates at the frequencies of the local and/or
the lattice phonon modes. In other words, the strength of the
resulting crystal field is modulated by the vibrations of the sur-
rounding ions and, in the case of the T.M. ions, interaction of the 3d"
electrons with this modulated crystal field (so-called electron
phonon coupling) will lead to a description of the energy levels in
terms of potential (or configuration) curves. Within the framework
of this description and the so-called single-configuration coordi-
nate (SCC) model, each energy level is represented by a parabola
centered around an equilibrium position of the ions (a generalized
“normal” coordinate often noted Qg) and, according to the theory,
the relative shifts of the parabola associated with the different
excited states will be proportional to the slopes s; = %z) of the
energies calculated versus the crystal field parameter Dq. Assuming
the same phonon mode of energy #w in the ground- and the
excited-states (linear electron-phonon coupling approximation)
but different electron-phonon coupling strengths measured by the
Huang & Rhys parameters Sy and Se;, respectively, the shift
6Q¢" = Q¢ — Qf of each parabola will be determined by using the
following procedure: (1) determination of the energies of the
intersection points of the excited-state parabola with the vertical
axis Q = Q§ by using the experimental positions of the absorption
band maxima and by confronting them with the corresponding T.S.
energy level diagram, this first step providing the Dq and B values of
the considered system, (2) determination of the “Stokes shift”
AEs = (Sg + Se1)hw measuring the energy separation between the
maxima of the first absorption and emission bands, S.; being the
Huang & Rhys parameter for the first absorption band (i =1), and
determination of the associated equilibrium position
Q¢! = Q§ +6Qg§! (3) determination from the T.S. diagrams of the
slopes s; of each considered excited energy level i, and of the cali-
bration factor K such as Sg1hw = Ks? for i = 1, (4) determination of
the equilibrium positions of the excited-state energy levels of in-
terest by writing 6Q¢' = 5 6Q¢", then Seihw = Ks?. It is worth noting
here that slopes can be positive or negative which means that
potential curves can be displaced towards higher Q values, which
corresponds to local lattice expansions, or towards lower Q values
(level E of Co®*, d’ electronic configuration for material with Dq/
B < 2.2, for instance), corresponding then to lattice contractions.

Within the framework of this SCC model, a number of useful
expressions can be derived to describe the band-shapes of the
vibronic optical transitions but also their radiative and non-
radiative properties versus temperature. To illustrate that matter,
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we have used here the Struck & Fonger (S&F) approach. The tran-
sition rate associated with any particular desexcitation is written as
the sum of two contributions

W = Wg + Wrg (1)

or, in terms of lifetimes,

1 1
EZE+WNR7 (2)

whererp stands for the fluorescence lifetime of a particular emitting
level, 7 for its purely radiative lifetime, and Wy for any other non-
radiative desexcitation rate. As a matter of fact, because of a strong
electron-phonon coupling, non-radiative transitions caused by the
transfer of electronic excitation into heat through the lattice vi-
brations represents one of the most important issues for materials
doped with transition metal ions. They directly condition their
fluorescence quantum efficiency n =7- = WR%VNR at a given tem-
perature and their use as a laser system at that temperature.

- Non-radiative multiphonon relaxation processes and desexci-
tation rates

Restricting the discussion to non-radiative desexcitations
caused by these lattice vibrations, two types of phonon modes are
generally invoked, so-called “promoting” phonon modes inducing
non-radiative transitions by mixing the vibrational wavefunctions
of adjacent vibronic energy levels, and “accepting” phonon modes
reflecting the overlap of the vibrational wavefunctions mediating
the dissipation of the excitation energy in the crystal by involving a
set of p phonons. In the case of transition metal ions, one generally
invokes the latter with an energy noted #wgccep Which roughly
corresponds to a weighted average energy of all the vibrational
modes which can be involved in the non-radiative desexcitation
processes associated with a particular transition.

According to the S&F formalism, when the desexcitation process
involves p phonons with p >> 2, the associated non-radiative rate
between two adjacent energy levels a and b at some temperature T
transforms like:

Wi = Nop Wi (S, 7w, T) 3)

where Ngp is the electronic part of the transition process (of the
order of 10" s~1) which depends on the mixing of the electronic
and vibrational wavefunctions via the above mentioned promoting
modes, and W) (S, hw, T) is given by:

_ 1 P/2
Wy (S, hw, T) = e~ S@M+D) [”7’"} I [25(m(m +1)1/2 (4)

where S is the above defined Huang & Rhys parameter, I, stands for
amodified Bessel function of order p, and 7l = (¢"“/kKT — 1)~! for the
Bose-Einstein factor for the accepting modes. Then, it can be shown
that, at very low temperature, Wy(T) transforms like:

-s
Wp(T = 0) = 5P (5)

which is the well-known Pekar formula.

From the detailed expression for Wng [7] it is also possible to
establish some selection rules on the symmetry of the promoting
modes and their impact on the non-radiative transitions between
particular energy levels. For instance, in the case of Cr>*doped
materials in which Cr>*ions have a nearly octahedral environment,

their ground- and first excited-states 4A2 and 4T2 can interact only
via promoting phonon modes of Tz symmetry. On the other hand,
for Co®* ions in the same type of environment, their ground- and
first excited-states #T; and “T, can be coupled by several phonon
modes of Tqg, Tag and Eg. It is thus expected that stronger non-
radiative transitions occur in the case of Co?* than in the case of
Cr** doped materials. This generally manifests in stronger multi-
phonon relaxations and lower fluorescence quantum efficiencies
for the former compared to the latter.

Assuming a weak electron-phonon coupling and at low tem-
peratures, the expression (4) can be advantageously reduced to the
exponential form [7,8]:

Wp(T) = WoeweiEa (6)

with ayg = [In(p/S) — 1]/hw and where 4E;, stands for the ener-
getic separation between levels a and b. The expression is known as
the “energy gap law” (or tunneling effect induced non-radiative
transitions law); it applies rather well to the case of rare-earth ions.

On the other hand, assuming a strong electron-phonon
coupling, which more specifically applies for transition metal
ions, and at high temperature, the expression (4) can be also
reduced to the exponential form:

W) (T) = Woe /KT (7

where it is assumed that the non-radiative transitions can occur via
thermal activation of the excited-state vibrational modes and the
crossing point of the potential curves associated with the two
considered electronic energy levels. 4Eg, is the activation energy
corresponding to the energy gap between the lowest vibrational
level of the considered excited state and this crossing point.

- Vibronic transition rates, selection rules and band-shapes

According to the S&F formalism, in the case of vibronic transi-
tions, the radiative part Wk of the transition rate which appears in
the expression (1) can be treated in a similar way by writing:

WEb = Rap Wy (S, i, T) (8)

where Ry is proportional to the square of the considered vibronic
transition matrix element (electric- or magnetic-dipole transition
matrix element) and Wy(T) is again defined by equation (4) but
represents here the band-shape function of a vibronic transition
associated with p phonons. It is worth noting, however, because of
the different electron-phonon coupling mechanisms, that the
vibrational accepting modes participating in the non-radiative
transitions are not necessarily all the same as those participating
in the vibronic band-shapes. In the case of Ni>* (3 d® configuration),
for instance, it is generally found that the energy of the accepting
modes fwaccep Which can be deduced from the thermal variations of
the non-radiative transitions (as derived from the measured fluo-
rescence decays) is smaller than that corresponding to the totally
symmetric vibrational mode noted Az which is most often
involved in the description of the vibronic band-shapes.

In the general case, at low temperatures, when the electron-
phonon coupling is not too strong, thus when the potential
curves for the energy levels are not too much displaced between
each other and the associated Huang & Rhys parameters are not too
high (S <5), the vibronic transitions occur from the lowest vibra-
tional state of the initial electronic energy levels to all the vibra-
tional states of the final energy levels. In that situation, their band-
shapes, as given by Expr. 5, often take the form of a sharp line
corresponding to what is called a “zero-phonon” transition (p =0 in
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Expr. 5) flanked of a broad-band often called a “sideband” associ-
ated with the absorption or the emission of 1, 2, ...n phonons.
Moreover, according to Expr. 5, the intensity ratio between the
zero-phonon line and the zero-phonon line+ its associated vibronic
sideband should be equal to % = e~S. Such intensity ratio, when it
is measurable, thus gives an estimate of the electron-phonon
coupling strength parameter S.

Without entering into the detail of the expression for Ry, a
minimum should be said at this point on the underlying transition
matrix elements and resulting selection rules to really understand
the spectroscopy of the transition metal ions in a crystal, and more
specifically, which is very important for many laser materials, when
these ions site in centro-symmetric or non-centro-symmetric
crystalline environments. Very briefly, the vibronic transitions be-
tween two electronic states a and b essentially depend on the
square of matrix elements of the form (gl/b] eﬁf//a) where P’ off 1S an
effective transition operator which takes different forms depending
on the nature and the parity of the initial and final electronic
wavefunctions ¥, and ¥p,: the form of an odd parity electric-dipole
transition moment D = S eT; for different parity wavefunctions,
or the form of an even parity magnetic-dipole transition moment
M= ch( T+2 S) for samf:parlty wavefunctions, knowing that
parity is given by P = (-1) T when [; stands for the angular mo-
mentum of each optical electrons and that [; = 2 for a d electron,
and that a magnetic-dipole optical transition is generally much
weaker than an electric-dipole one.

Namely, when the active ion sites in a centro-symmetric crys-
tallographic site, such as a perfect or nearly perfect octahedral site,
the initial and final wavefunctions have the same parity. In this
case, to have a non-zero matrix element and to observe an optical
transition, the effective transition operator Peff must be of even
parity. Therefore, if the observed transition is a purely (zero-
phonon) electronic transition, this transition will be necessarily a
magnetic- dlpole allowed transition and the transition operator will
be written P’ off = M. Nevertheless, if the considered transition is a
vibronic (electronic + vibrational) transition, the operator will take
the form:

—
Peﬁ‘Xi:Pﬁl)ﬁw}g —T e (9)
where P is the electric- or magnetic-dipole operator, V; represents
one of the possible phonon modes of the system and y; the elec-
tronic wavefunction of an intermediate electronic state. In this case,
the observed vibronic transition can be electric-dipole allowed
(P = D) if the active phonon mode is an odd mode, Ty, for
instance, but it can be magnetic-dipole (P = M) if the involved
phonon mode is an even mode. In the first situation, it is said that
the transition is a “forced” electric-dipole transition.

When the active ion sites in a non-centrosymmetric crystallo-
graphic site, such as a perfect or nearly perfect tetrahedral site,
optical transitions can be directly electric-dipole allowed thanks to
the anti-symmetric components V,q4q4 of the static crystal field and
the above transition operator transforms like:

By -y D|xg<w,|5voaa e (10)

This is a very important situation which is encountered in many
modern laser materials (gain media as well as saturable absorbers)
based on transition metal ions.

In the end, the radiative transitions being enabled thanks to the
static as well as to the dynamic components of the crystal field, the
vibronic radiative lifetime, as introduced in the expression (2) will

be generally equal to the sum of two terms:

11 1
—=—+

TR  Tstat  Tdyn

(11)

Tstar aving its origin in the purely static part of the crystal field, the
one does not depend significantly on the temperature, and 74y,
coming from the vibrational part, the one can depend on the
temperature and varies according to the relation [9]:

) coth (hO;:]’Zab) (12)

1 B 1
Tdyn (T) Tdyn (T=0

where 7w, Stands for the phonon modes for which the vibronic
term Ry appearing above in Expr. (7) is different from zero. The
energy hwepqp 1S generally equal to the weighted average energy
associated with all the odd symmetry phonon modes (bending and
stretching phonon modes noted Ty, Ty, and Ty,’) conducting to
electric-dipole allowed vibronic transitions.

2.3. Excited-state absorption and charge-transfer bands

As introduced above, non-radiative transitions and fluorescence
quantum efficiency at a given temperature are very important is-
sues for laser materials based on transition metal ions. Another
important one is excited-state absorption (ESA) and, to a lesser
extent, charge transfer bands.

ESA in the case of rare-earth ions is often very detrimental for
laser operation. There are however some circumstances for which
ESA can be used to reach laser emission (up-conversion laser
emission) from upper energy levels. In the case of transition metal
ions, because ESA appear as broad bands and very few systems emit
from excited energy levels other than the lowest one, it is always
very detrimental. There is simply no laser operation when a
particular ESA band coincides with the emission one or a narrowing
of the laser emission spectrum and tunability due to a partial
overlap of the ESA and emission bands. Many materials have been
considered and deeply studied in the past because of interesting
emission domains. Examples of such investigations can be found in
reference papers such [10] for Cr3*-doped garnets and Ti>* doped
oxides and [11] for Co®* doped fluorides. Unfortunately, a restricted
number of them have been lased, at low as well as at room tem-
perature because of ESA.

The nature and the effect of charge transfer bands is more
subtle. They would correspond to an electron charge delocalization
(LMCT for Ligand to Metal Charge Transfer transition) from the
surrounding (oxygen, fluorine, ...) ligands towards the active
transition metal ions. They are usually very intense electric-dipole
allowed optical transitions, 2 to 3 orders of magnitude stronger
than the above considered vibronic transitions, and they generally
occur in the near UV. Therefore, they do not perturb the emission
processes. However, they seem to strongly influence the refractive
index of the optically pumped materials and contribute to pseudo-
nonlinear effects which still need to be clearly identified and
eventually exploited. A good survey of that question has been made
recently in the case of Cr>* doped GSGG and Ruby (Cr>* doped
Al,03) and can be found in Ref. [12].

The position of these LMCT absorption bands can be roughly
determined by using the Jorgensen expression [13]:

Epmer =30000 | xopr (L) — Xunc(M) (13)

where x,, (L) stands for the electronegativity of the ligands
(Xopt(0*7)=3.2 and  yop(F)=3.9) and yy, (M) for the
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electronegativity of the considered transition metal ions, uncor-
rected for spin correlation.

3. Laser crystals doped with active ions sitting in (near)
octahedral environments

3.1. Ti** doped laser crystals

Nowadays, Ti:Sapphire (Ti*:Al,03) is probably, with some
other rare-earth doped materials, one of the most attractive laser
crystals. Indeed, with its incredibly wide laser wavelength
tunability (due to a very particular “Jahn-Teller” effect) extending
from about 650 nm up to 1100 nm, its relatively large emission
cross section (4.5 x 107 cm? in « polarization), its excellent
thermo-mechanical properties and its availability in the form of
large, uniformly doped and excellent optical quality single crystals
[14—16], Ti:Sapphire now enters in a multitude of laser systems
from standard medium high average power and broadly tunable
continuous-wave (CW) lasers and ultra-short pulse laser oscillators
to terawatt level amplifiers.

Nevertheless, the crystal growth of large (20 cm diameter) and
uniformly doped single crystals with a high factor of merit (FOM),
i.e. a ratio between absorption coefficients at the pump and laser
wavelengths, of the order of a few hundreds, remain a challenge
and a problem for the construction of the future high intensity laser
chains. Additionally, very few companies are now able to provide
such large size and high quality crystals.

Other problems encountered with Ti:Sapphire are its pump
wavelength and emission lifetime. Indeed, Ti:Sapphire must be
pumped around 500 nm (see in Fig. 1), but there is no high power
semiconductor diodes, at present and certainly for a long time,
available in this wavelength domain (which is often called the
“Green-Gap” domain), and its emission lifetime (3.2 ps at room
temperature) is too short to really store as much power as other
systems based on Nd3* or Yb3*-doped laser materials. It is perfectly
fine for laboratory purposes since many medium high power pump
sources including CW and pulsed frequency-doubled Nd:YAG or
Nd:YVO4 solid-state lasers, or optically pumped semiconductor
lasers (OPSL) can be used advantageously to pump the crystals
around 500 nm. However, for the high intensity laser chains, CW
OPSLs are useless and pulsed solid-state lasers become really
complicated.

Several other materials with longer emission lifetimes or com-
plementary absorption and emission domains such as Ti>* doped
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Fig. 1. Room temperature absorption/emission spectra of Ti:Sapphire (Al,03) and
Ti:Chrysoberyl (BeAl,04) (see in Table 1 for calibration in cross section unit).

YAG [17], YAP [18,19], LMA [20,21],, MgAl,04 [22] and Chrysoberyl
(BeAl,04) [23—27] have been investigated in the past. Unfortu-
nately, among all these materials, because of different problems
related to crystal growth and the presence of impurity centers,
excited-state absorption (ESA) and charge transfer bands, only
Ti:Chrysoberyl has really led to laser action with significant laser
performance. As a matter of fact, because of a slightly longer
emission lifetime of 4.9 ps (stimulated emission cross section of
about 4 x 107 cm?) and a slightly shifted (towards the longer
wavelengths) emission spectrum (see in Fig. 1) compared to
Ti:Sapphire, Ti:Chrysobery is now reexamined in hybrid high po-
wer amplification laser chains combining both types of crystals to
better control gain narrowing and gain saturation, which is quite
interesting. However, although large size (1.5 cm diameter and
7 cm length) and good quality single crystals with FOM~100 have
been already obtained, due to the complexity of the material,
crystal growth of larger size and better quality crystals will
certainly be very challenging. Moreover, Ti:Chrysoberyl (like
Alexandrite Cr:BeAl;04) is a biaxial orthorhombic system whose
absorption and emission properties strongly depend on polariza-
tion along the direction of the three orthogonal crystallographic
axes a, b and c. This will probably add to the complexity of the
systems.

3.2. Laser materials based on V2* and Cr°* (3 d°*), Ni** (3 d®) and
Co?* (3 d7) active ions

This category of laser materials can be subdivided further by
considering those which led to room temperature CW and pulsed
laser operation, i.e. Cr>* doped oxides and fluorides, and those who
only operated at cryogenic temperatures or at room temperature
but by pumping them with flash-lamps or other pulsed lasers, i.e.
V2 (3 d3H), Ni2* (3 d®) and Co?* (3 d”) doped fluorides, essentially.
A summary of all these materials, their wavelength tuning range
and their temperature of laser operation can be found in Ref. [28].

The first remark which can be made concerning these materials
is that most of them were discovered and operated in the early days
of tunable solid-state lasers, i.e. in the end of the seventies up to the
end of the eighties, and that only few of them have really reached a
commercial level.

Many Cr’>* doped oxides and fluorides have been lased suc-
cessfully with rather good laser efficiencies at room temperature.
They are characterized by broad absorption bands peaking around
450 nm and 600 nm (spin-allowed absorption transitions
4A, — *T; and %A, — “T, with cross-sections of the order of
5 x 10729 cm?, depending on the materials — see in Fig. 2) which
allow to pump them with flash-lamps, with standard frequency-
doubled Nd:YAG or Nd:YVO4 solid-state lasers, with OPSLs oper-
ating around 500 nm, or even in the red, with the aid of semi-
conductor diode lasers working around 650 nm, for medium and
low-field crystalline materials like Cr:GSGG (Dq/B = 2.45,
B = 638 cm™! on the d® Tanabe Sugano T&S diagram) [29] and
Cr:LiCAF (Dq/B = 1.8, B = 885 cm™ ') [30,31].

They are also characterized by emission lifetimes of a few tens of
microseconds with provide good energy storage capabilities. Such
relatively long emission lifetimes are resulting from the thermali-
zation of the two metastable emitting levels %E and *T; (see T&S
diagram for Cr>* in Fig. 2) according to the expression given (in the
absence of non-radiative relaxation) by:

1 _(1/11) + (3/7p)e 4E/KT

TF 1+ 3 dE/KT (14)

where 71 is nearly equal to the emission lifetime associated with
the 2E — “A, spin-forbidden emission transition and 7, to the
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Fig. 2. Tanabe-Sugano and configuration curve diagrams along with optical transitions of the Cr** and V?* (Ar3d>) ions in nearly octahedral environments (LiSAF and KMgFs,

respectively) and of the Co?* (Ar3d’) ion in a nearly tetrahedral one (MgAl,04).

emission lifetime associated with the 4T, — %A, spin-allowed one,
depending on the relative positions of the 2E and “T, energy levels
and their energy mismatch (energy difference between the deep
parts of each configuration curve) AE = E(*T,) — E(%E), thus
depending on the nature of the host material and its Dq/B value.
When A4E is large and positive, like in the case of YAG
(4E = 1500 cm™ 1), the measured emission lifetime is equal to a few
milliseconds, whereas when 4E is large and negative, like in the
case of LLGG (4E = —900 cm™ '), the measured lifetime is equal to a
few tens of microseconds. In the same way, depending on the
strength of the local crystal field experienced by the Cr’* active
ions, thus on the 4E value, the vibronic emission spectra will be a
combination of sharp 2E — “A, emission lines (the so-called R-
lines) and of sharp zero-phonon and broad vibronic sidebands
associated with a 4’1"2 — 4A2 emission transition. For a medium-
field laser material like Cr:GSGG, both types of emission transi-
tions can be observed.

In the end, it is to be noticed that while most of these materials
have been lased successfully, their effective laser tuning range is
often substantially reduced compared to the one expected from
their entire vibronic emission spectrum. Indeed, such broad-band
emission spectra, with cross sections of about 107%° cm?, gener-
ally occur between about 650 and 1000 nm, but they strongly
overlap, on their short wavelength side, with a strong 4T, — 4T;(*P)
spin-allowed excited-state absorption (ESA) band peaking around
650 nm, and, on their long wavelength side, with another *T, — 4T;
(F) spin-allowed ESA band peaking around 1100 nm. A laser sys-
tem like Cr:GSGG, for instance, has been tuned between about 740
and 840 nm while its emission spectrum extends from 670 to
900 nm.

Consequently, in the last decades, only three laser systems (see
in Fig. 3) have been really exploited for applications, and this for
different reasons.

The first one is the Ruby laser, a flash-lamp pumped 3-levels
laser system based on the high-field Cr:Al,Os3 single crystal
(4E = 2300 cm™~ !, 7 p= 3 ms) and characterized by its sharp R-line
laser emission at 694 nm, a system which is still used for some

paramedical applications. The second one is Alexandrite, or
Cr:Chrysoberil, which is based on the medium/high-field
Cr:BeAl,04 laser crystal (AJE = 800 cm™', Dg/B = 2.5,
T = 260 us), thus on a robust laser crystal like Ruby but which
offers the possibility to be heated - up to about 150 °C, in which case
T7r = 70 ps according to expr. (1) - to obtain a broad-band and
tunable laser emission between about 700 and 820 nm. The third
and, maybe, most important systems are the low-field colquiriites
Cr:LiCAF (4E = -535 cm™!, 77 = 160 ps) and Cr:LiSAF
(4E = —720 cm™ ., 7¢ = 65 ps) [30] because of reduced non-
radiative (multiphonon) relaxations, thus improved emission effi-
ciencies, and the possibility to pump them with different kinds of
laser sources including semiconductor diodes, as mentioned above.
These two crystals have been used to build the most compact
diode-pumped, tunable (720—840 nm) and ultra-short pulse
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Fig. 3. Room temperature absorption (dashed curves) emission (solid curves) spectra
of Ruby, Alexandrite and Cr:LiSAF (see in Table 1 for calibration in cross section unit).
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Fig. 4. Room temperature absorption (dashed curves) and emission (solid curves)
spectra of V2*, Ni>* and Co®* in the most important laser crystals (see in Table 1 for
calibration in cross section unit).

(down to 10 fs) laser systems with the lowest laser thresholds even
achieved [32—34]. They were also implemented as flash-lamp and
diode pumped amplifiers in some high-power laser chains. The
only problems reside in the robustness of the crystals and in their
water durability which both need special cares [35,36].

A series of other very interesting laser systems based on
Vv3+(3 d?), Ni?* (3 d®) and Co?*(3d7) doped single crystals were also
investigated in the past for their broad-band emission properties in
the near- and mid-infrared regions. Except for Ni:MgO [37,38], most
of them are fluorides, thus low-field systems, and were operated at
cryogenic temperatures.

V2* doped crystals [39] like MgF, and KMgF3 [40] were inves-
tigated for their potential laser emissions between about 1 and
1.3 pm, thus beyond that offered by Ti>** and Cr>* doped materials.
Unfortunately, both systems have been abandoned either because
of strong non-radiative transitions and limited room temperature

emission efficiencies as well as reduced effective emission cross
sections and restricted laser wavelength tuning range (because of a
broad 4T, — *T; (*F) spin-allowed ESA band) [41], which is the case
of V:MgF,, or simply because of limited absorption and emission
cross sections of the order of 4 x 102! cm?, which is the case of the
cubic system V:KMgF;. Nevertheless, V:KMgF3 remains a very
attractive system and could be worth to be reexamined by using
more recent technological means. Indeed, it could work at room
temperature with a fluorescence emission lifetime 7 = 1.05 ms
(for a radiative one 7 = 1.2 ms), which means a large energy
storage capability and a high fluorescence quantum efficiency
7 > 85%. It could be efficiently pumped, like Yb3* ions, with high
power laser diodes working around 940 or 980 nm, thanks to
negligible spin-forbidden 4T, — 2A;,%T,?T, ESA transitions (see in
Fig. 2 the T&S diagram for 3 d® ions with Dq =~ 1091 cm~! and
B = 616 cm™ !, thus Dq/B = 1.8 [41]). Its laser wavelength could be
tuned between about 0.95 and 1.15 pm thanks to a negligibly small
spin-allowed 4T, — Ty (“F) ESA transition in the considered
emission domain [41] thus with a quite low quantum “defect”
(quantum shift between the pump and laser emission wavelengths
Ap and A;) given by 7gp=1 — ﬁ—'L’=7%.

Concerning Ni** (3 d® ion) doped materials, as mentioned
above, except for Ni:MgO which was interesting because it was the
only (high-field) crystal which could be operated at room tem-
perature and around 1.3—1.4 pm [37,38] but which was abandoned
because of an extraordinary difficult high-temperature crystal
growth, all the other systems were fluorides and only worked at
cryogenic temperatures around 77 K [28]. Among them, Ni:MgF, is
probably the most important one as it could be lased, in spite of a
strong T, — >T; (F) spin-allowed ESA transition (see in Fig. 5 the
T&S diagram for the 3 d® ions with Dq = 665 cm ™!, B = 1000 cm™,
thus Dq/B = 0.67, and in Ref. [42]) between about 1.61 and 1.74 pm
[43] (for a total emission range going from 1.5 up to 1.95 um), and
by pumping with a conventional CW Nd:YAG laser operating at
1.32 pm (transition 2A; — 3T,). Following the spectroscopic results
reported in Refs. [42,44] and the laser results obtained by pumping
the system with a Krypton laser at 752.5 nm (transition A, — >T;
(*F)) [45], two kinds of laser experiments could be carried out in the
future with this interesting laser material. Its near-infrared laser
properties could be reexamined by pumping with laser diodes

Fig. 5. Tanabe-Sugano diagrams along with emission transitions of Co** (Ar3d’ ion) in MgF, (nearly octahedral symmetry), on the left, of Ni>* (Ar3d® ion) in MgF,, and of V3,
Cr**and Mn°* (Ar3d? ions) in the near tetrahedral environments of YAG and SVAP, on the right.
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Fig. 6. Tanabe-Sugano diagrams for tetrahedrally coordinated Cr?* (3 d* T&S diagram for 3 d°), on the left, and Fe?* (3 d°, T&S diagram for 3 d*) ions, on the right.

around 800 nm, in a wavelength range where no ESA should occur,
and the laser potential of its green and red emissions ('T, — 3A,
and T, — 3T>) could be worth to be investigated more specifically
once pump laser diodes will be available around 420 nm (3A; — 3T;
(*P) absorption transition).

Last in the series are the Co?* (Ar3d’ ion) doped crystals with
essentially two types of fluoride systems whose detailed ground-
and excited-state spectroscopy were reported in Refs. [46—49]: the
low-field orthorhombic crystal Co:MgF, (associated — see in Fig. 5
— with a Dq/B value of about 0.84) and the isotype cubic crystals
Co:KMgF3 and Co:KZnF3 (associated with a Dq/B value of about
0.86). In fact, only the first one has reached a commercial level for a
while [50], in particular for atmospheric remote sensing and
intracavity laser spectroscopy of different molecules [51,52]. It
could be lased quite efficiently and tuned in a very wide spectral
range, between about 1.51 and 2.4 um, in the CW regime and at
liquid nitrogen temperature, by pumping with a CW Nd:YAG laser
operating at 1.32 pm [53]. Co:MgF, was also operated at room
temperature in the QCW regime, but in a more restricted spectral
range (1.75—2.5 um) [48—50,54| by pumping again at 1.32 pm but
with a free-running Nd:YAG laser delivering pulses of a few tens of
microseconds. It is worth noting here that Co:MgF, could be
operated at room temperature in spite of a very reduced fluores-
cence quantum efficiency. Indeed, due to the large electron-phonon
coupling and the number of allowed promoting phonon modes
which can induce non-radiative multiphonon relaxations between
the 4T, and the *T; (*F) emitting- and ground states of Co®* in this
orthorhombic crystal (see in Fig. 4 the T&S diagram for 3 d” ion), its
emission lifetime is decreasing from about 1.6 ms at T = 12 K down
to about 40 ps at T = 300 K, thus resulting in a fluorescence
quantum efficiency of about 2.5%.

4. Laser crystals and saturable absorbers based on active ions
sitting in (near) tetrahedral environments

A lot was known about the spectroscopy of these materials
already in the beginning of the sixties, with important reports
Pappalardo, Weakliem et al. [55,56] for Ni>" and Co?* in chlorides,
bromides, sulfides and oxides, from Ferguson, Wood et al. [57,58]
for Co?* in aluminum and gallium oxides, from Baranowski et al.
[59] for Co®* in sulfides, selenides, tellurides, phosphides and ar-
senides, from McClure, Tanabe and Sugano [60,61] for V3* in

oxides, from Avinor, Meijer and Allen [62,63] for V37 in sulfides and
selenides, from Slack et al. [64,65] for Fe2™ (3 d®) in oxides, sulfides
and tellurides, and from Baranowski, Vallin, Nelkowski e al
[59,65—67] for Fe?* in selenides, tellurides, sulfides, phosphides
and arsenides.

4.1. Principal laser systems

Their interest as laser materials really starts at the end of the
eighties, beginning of the nineties, first with the Cr** (3 d?) doped
oxides Cr:Mg,SiO4 (Forsterite) and Cr:YAG (also called “black
garnet”), with the laser demonstrations reported in Refs. [68] and
[69] respectively, then with the Cr?* (3 d* ion) doped selenide
Cr:ZnSe and the pioneer’s works reported in Refs. [70—72] with the
laser properties of Cr?* then of Fe?* in ZnSe [73—75].

Concerning the former, it is worth noting here that almost no
data was available at that time on the spectroscopy of the Cr** ion
in a tetrahedral symmetry site. Moreover, since Cr>* and Cr** ions
could coexist in systems like Mg;SiO4 and YAG, it was easy to
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Fig. 7. Room temperature absorption (dashed curves) and emission (solid lines)
spectra of Cr*t (3 d?), Cr** (3 d*), Co?* (3 d”) and Fe?* (3 d°) ions sitting in (near)
tetrahedral environments (see in Table 1 for calibration in cross section unit).
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misinterpret the absorption and emission spectra. This is the reason
why Petricevic et al. first wrongly assigned the lasing emission
observed around 1.23 pm in Cr:Forsterite to Cr>* ions in a low
crystal field environment, and Angert et al. [69] the laser emission
observed around 1.4 pm in Cr:YAG to some impurity color center
associated with the oxidation of the chromium dopants to the
quadrivalent state. It was quickly recognized, however, in the case
of Cr:Forsterite [76—78] then of Cr:YAG [79—81], that the positions
of the optical transitions, their high cross-sections (of the order of
1071°~10""® cm?) and their short emission lifetimes (3 ps for
Cr:Forsterite and 4.1 pus for Cr:YAG) could not be assigned to octa-
hedrally coordinated Cr>* ions but to Cr** ions in lattice sites of
tetrahedral symmetry (the Si** lattice sites in the case of Cr:For-
sterite, for instance [82].

As indicated in Section 2a the energy levels for 3d™ ions in (near)
tetrahedral crystalline environments are given by the T&S diagrams
for the 3 d'%™ jons with complementary electronic configurations
in (near) octahedral crystal fields. Therefore, for instance, the en-
ergy levels of the tetrahedrally coordinated Cr** (3 d?) and Cr?*
(3 d*) ions are giving by the T&S diagrams for the 3 d® (see in Fig. 5)
and 3d°® ions (see in Fig. 6).

Consequently, in the case of Cr:Forsterite, the sequence of
ground- and excited-states is the same as for octahedrally coordi-
nated Ni%* ions, i.e. 3Az, 3Ty, 3T1(3F), 3T1(3P), and the observed laser
emission is assigned to a 3T2 — 3A2 spin-allowed transition. More
precisely, the SiO4 tetrahedra in which the Cr** ions substitute in
this material having a symmetry close to a Csy trigonal symmetry
(instead of pure Tq tetrahedral one) with the three-fold symmetry
axis parallel to the a axis of the crystal, each above mentioned
crystal-field spectral term splits into lower symmetry ones, such as
3A; and 2E for the first excited state >T,. Making the approximation
of a pure Tq tetrahedral site symmetry (what is not correct), a rough
description of the entire sequence of energy levels for Cr:Forsterite
is obtained with the T&S diagram for a 3 d® ion (see in Fig. 4) with a
Dq/B value of about 1 and B = 900 cm™! [76,83].

In the case of the Cr:YAG black garnet [83—85] it was demon-
strated that the Cr** ions were sitting in a nearly-tetrahedral
environment (S4 symmetry) corresponding to a large ligand field
with Dq/B = 1.8 (much larger than in the case of Cr:Forsterite).
Therefore, according to the T&S energy level diagram for d® ions,
the lowest metastable excited state is a 'E singlet and the broad
band emission (1.1-1.6 um) which is observed at room temperature
in this material (see in Fig. 7) with an emission lifetime of 4.1 ps is
actually due to a thermal admixture of 'E and 3T, emitting levels
[86,87].

Many other Cr-doped crystals with tetrahedrally coordinated
Cr** jons, including a series of mixed garnets [88], silicates [89—93]
(for the most important ones), and some germanates [94—97] were
investigated afterwards because of complementary emission do-
mains. However, only Cr:Forsterite and Cr:YAG (see in Fig. 7) have
reached a certain level of maturity and have been really exploited.
Both have been lased in the CW and the mode-locked (ML) regimes
with laser tuning ranges extending from about 1170 to 1370 nm in
the case of Cr:Forsterite [98] and from 1309 to 1596 nm in the case
of Cr:YAG [99,100] and laser pulses as short as 20 fs at 1300 nm in
the case of Cr:Forsterite [101,102] and 53 fs at 1540 nm in the case of
Cr:YAG [103].

Several crystals (fluorovanates) were also investigated with
pentavalent Mn°* jons in tetrahedral environments [90]. As they
are 3 d? ions, like Cr**, their spectroscopy is described by the same
T&S diagram as for 3 d® jons. However, they are associated with a
crystal field even larger than in the case of Cr**:YAG with Dq/B = 3.
In this case, at room temperature, there is no thermalization be-
tween the 'E and 3T, emitting states and the only possible emission
isa 'E — 3A, spin-forbidden optical transition having the form of a

sharp line (like in the case of ruby for crystals doped with Cr3* ions)
and a long emission lifetime of the order of 1 ms [90,104]. None of
these crystals have really lased efficiently and they have been
quickly abandoned.

In the case of Cr?*:ZnSe, as given by the T&S energy level dia-
gram for octahedrally coordinated 3 d® ions (see in Fig. 6) with a Dq/
B value of about 0.8 [105], the ground-state for the tetrahedrally
coordinated Cr>* (3 d*) ions is a °T, crystal field spectral term and
the first excited ones °E, 3Ty, 3T, etc. . Therefore, the first absorption
band peaking around 1.8 um and the broad emission one extending
from 1.6 to 3.2 um in this material (see in Fig. 7) are associated with
5T, < E spin-allowed optical transitions. As indicated by the dia-
gram, it is clear that no (negligible) ESA is expected and was
detected neither at the pump nor at the laser wavelengths [106]
since the only possible ESA absorption transitions originating
from the °E metastable emitting state are spin-forbidden transi-
tions. This constitutes one of the major advantages of this very
efficient laser system. With absorption and emission cross sections
of the order of 10712 cm?, a room temperature emission lifetime of
about 8.7 us and a corresponding emission quantum efficiency
close to 1, Cr:ZnSe is now considered as one of the major solid-state
laser materials and it is sometimes called the “Ti:Sapphire laser of
the mid-infrared”. It has been lased in the CW and ML regimes
(with the production of ultra-short laser pulses down to 69 fs [107]
by pumping with different kinds of laser sources including Er?*
doped fibers operating around 1.58 um, solid-state lasers based on
Tm>*doped single crystals such as Tm:YAP or Tm:YAG operating
around 1.95 um and InGaAsP semiconductor laser diodes working
around 1.55 pm. Its laser wavelength could be tuned between 2 and
3.1 um, which is a record never reached by any other ion-doped
solid-state laser material.

The situation found in the case of Fe’* doped chalcogenides
such as Fe>:ZnSe and Fe?*:ZnS is very similar to that found with
Cr®*. Fe?" is a 3 d® ion. Therefore, in a tetrahedral environment, its
energy levels are those found with the T&S diagram for d* ions in
octahedral symmetry (see in Fig. 6). The only spin-allowed optical
transitions are the absorption and emission transitions occurring
between the °E and °T, energy levels. No significant ESA transition
occurs at the pump and the emission wavelengths. Compared to
Cr?*, the splitting of the D spectral term which gives to the °E and
5T, energy levels is just reversed. This is what is expected for ions
having complementary electronic configurations, here 3 d® and

-
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Fig. 8. Room temperature absorption spectra of V3*, Cr** (3 d?) and Co?** (3 d’) doped
crystals - ions sitting in (near) tetrahedral environments - used as saturable absorbers.
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Spectroscopic characteristics of main laser materials.
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Material Type of material: Main absorption wavelength, cross Main emission wavelength, cross Emission and Typical dopant
Laser/SA section and polarization section and polarization radiative lifetimes concentration
Ti>*:Al,03 Laser 485 nm 760 nm 3.15ps 0.1 wt%Ti,03
(Ti:Sapphire) 9.3 x 1072 cm? E/Jc 4 x 1071° cm? 3.85 s 33 x 10" cm3
E/lc
Ti**:BeAl,04 Laser 500 nm 780 nm 5 us 3 x 10" cm—3
(Ti:Chrysoberil) 1.3 x 10720 cm? 2 x 10719 cm? 6.4 us
E/[b E/[b
Cr’+:ALOs Laser 550 nm 694 nm 2.9 ms 1.9 x 10" ecm 3
(Ruby) 2.2 x 1079 cm? 3 x 1072% cm?
Elc
Cri+:BeAl,04 Laser 590 nm 740 nm 260 ps (28 °C) 0.05 at%
(Alexandrite) 2.6 x 1079 cm? 3 x 1072% cm? 76 us (150 °C) 2.05 x 10" cm—3
E//b at 200 °C (75% of the ions in C, laser
E//b active sites)
Cr3*:LiSrAlFg Laser 638 nm 846 nm 67 ps 1.7 at%
(Cr:LiSAF) 5.5 x 10720 cm? 4.8 x 10720 cm? 14 x 10*° cm™3
E/lc E/lc
V2+:MgF, Laser 890 nm 1130 nm <20 ps 1 at%
1.9 x 10720 cm? 0.8 x 1072% cm? 23 ms 3 x 102 cm™3
V2 :KMgF3 Laser 870 nm 1040 nm 1.05 ms 0.5 at%
0.9 x 1072° cm? 4 x 107! cm? 1.2 ms 7.8 x 10" cm™
Ni“:Mng Laser 1370 nm 1620 nm 3 ms 1at%
8.8 x 1072 cm? 2.1 x 107! cm? 11.5 ms 3 x 102 cm™3
E/lc E/lc
Co%*:MgF, Laser 1350 nm 2050 nm 40 ps 1at%
53 x 1072 cm? 1.2 x 107%' cm? 1.4 ms 3 x 102 cm™3
E/lc E/lc
Cr‘”:MgZSiO‘, Laser 1064 nm 1120 nm 3.6 us 0.13mol%
(Cr:Forsterite or 1.7 x 1071° cm? 2 x 10719 cm? 1.8 x 10" cm™3
Cr:MS) E//b E//b
Cr*+:Y3Al501, Laser 1064 nm 1440 nm 42 s 55 x 107 "¥ cm~3
(Cr:YAG) and SA 2.2 x 1079 cm? 1.9 x 107° cm?
V3+:YALsO1, SA 1342 nm - 22 ns 2 x 102 cm™3
(V:YAG) 7.2 x 1071% cm? (less than 1% in
tetrahedral sites)
Co%*:MgAl,04 SA 1.54 ym - 350 ns 55 x 10" cm—3
(spinel) 3.5 x 1071° cm?
Co?*: SA 1.54 um - 210 ns 10" cm 3
LaMgAl;1019 44 x 107" cm? E//c
(Co:LMA)
Co:LiGasOg SA 1.54 um - 130 ns 33 x 1079 cm?
(Co:LGO) 2.5 x 1079 cm?
Co**:ZnSe SA 1625 nm 3300 nm 290 ps 3-4 x 10'® cm™3
7.4 x 107" cm? 3.6 x 1072° cm?
Cr?*:ZnSe Laser and SA 1760 nm 2400 nm 7.8 us 1.5 x 10" cm3
8.8 x 107" cm? 8.9 x 10719 cm?
Fe?*:ZnSe Laser 3000 nm 4400 nm 370 ns 1-3 x 10'"¥ cm™3
107"® cm? 2.5 x 10718 cm?

3 d4, the maximum number of electrons for a d shell being equal to
10.

A system like Fe>*:ZnSe which is associated with Dg/B and B
values of about 0.35 and 1000 cm™}, respectively, is thus charac-
terized by strong absorption and emission transitions having the
form of broad bands peaking around 3—3.5 pm and 4—4.5 pm with
cross sections of about 1 x 1078 and 2.5 x 10718 cm? (see in Fig. 7).
Its low temperature emission lifetime is of the order of 100 us but it
decreases down to about 370 ns at room temperature. Conse-
quently, such as laser system perfectly works at cryogenic tem-
peratures (say below about 200 K) but is more difficult to operate at
room temperature.

4.2. Principal saturable absorbers

The interest of tetrahedrally coordinated transition metal ions as
saturable absorbers for passive Q-switching of various solid-state
laser sources has really appeared at about the same time (end of
the eighties) as some of them, like Cr:YAG [108] were studied for
their broad-band laser properties. Three types of materials have

been really exploited: Cr**:YAG, Cr**:LuAG [109] and Cr**doped
silicates [110,111] for intracavity Q-switching of 1.06 pm Nd-based
lasers, V3*:YAG for Q-switching of 1.32 pm lasers [112], Co®*
doped magnesium spinels Co®*":MgAl,O4 (MA) [113] and
Co?*:LaMgAl;;019 (LMA) [114] as well as Co?*:LiGas0g (LGO) [115]
for Q-switching of 1.32 pm and 1.54 pm lasers, and also Co** and
Cr’* doped chalcogenides like ZnSe, ZnS and CdMnTe for Q-
switching of 1.54 um and 2 um eye-safe lasers [116—119].

In the case of crystals doped with Cr** ions, it is the absorption
band (see in the T&S diagram for 3 d® ions and in Fig. 8) corre-
sponding to the first spin-allowed absorption transition Ay — 3T,
peaking around 1 pm (Dq/B = 1.8) which saturates at high intra-
cavity circulating powers in 1.06 um Nd-based lasers [111].

In the case of V3*(3 d? ion like Cr** and T&S diagram for 3 d®), it
is again the same 3A, — 3T, spin-allowed absorption band which is
involved but around 1.32 um (see in Fig. 8) due to a lower crystal
field (Dq/B = 1.5 and B = 535 cm™!) [112].

In the case of Co®* (3 d” ion and T&S diagram for d), the ab-
sorption spectra consist of three broad bands: a very weak one
corresponding to the low energy absorption transition®A; — T,
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and two strong ones associated with the spin-allowed and higher
energy absorption transitions A, — 4T;(*F) and %A, — “T1(*P). For
spinels, these broad absorption bands are peaking around 2750 nm,
1600 nm and 600 nm (see in Fig. 8). On the T&S diagram, they
correspond to a crystal field parameter Dq/B = 0.65 with
B = 545 cm™ L The lifetime of the emission coming from the T,
metastable level is very short, with a value of about 200 ns in the
case of Co®*:LMA for instance [114]. Such crystals are used in fact as
passive Q-switchers for lasers operating around the peak of the
second absorption band and more particularly for Er-based eye-safe
lasers emitting around 1.54 pm [113,118,119]. They can be used as
well for passive Q-switching of other mid-infrared lasers operating
at longer wavelengths, such as Tm-based lasers emitting around
1.9 pm [117].

The first broad absorption band peaking around 1.8 pm
mentioned above in the case of the tetrahedrally coordinated Cr?+
doped chalcogenides like ZnSe (°T, — °E spin-allowed optical
transition) can be also used for passive Q-switching Tm- and Ho-
based solid state lasers operating around 2 um [120]. In that case,
saturation occurs in spite of a 2E metastable level with an emission
lifetime of several ps: 8 ps in the cases of Cr2*:ZnSe and Cr>*:ZnS at
room temperature, for example [70].

5. Summary and conclusion

The spectroscopic characteristics of the main laser materials
(laser emitting materials as well as saturable absorbers) based on
transition metal ions which can be operated at room temperature
have been reviewed. As discussed in the Section 2 then developed
in the Section 3 and synthetized in Table 1 where we have gathered
the cross sections at the main absorption and emission wave-
lengths used to operate these materials as well as their character-
istic emission lifetimes, these laser materials can be divided into
two categories. The first category consists of crystals doped with
Ti3*, Cr3F, V2T, Ni2™ and Co?* occupying sites of (near) octahedral
symmetry. They are characterized by broad bands with cross sec-
tions ranging between 102! to 10° cm? and emission lifetimes
between a few tens of s to several ms. They are essentially used as
laser emitting materials in the near- and the mid-infrared, either
for their wide wavelength laser tunability and/or the production of
ultra-short laser pulses. The second category consists of crystals
doped with V3+, Cr**, Co?*, Cr?* and Fe** occupying sites of (near)
tetrahedral symmetry. They are also characterized by very broad
bands but with much higher absorption and emission cross sec-
tions (several 10712 up to several 10~'® cm?) and shorter emission
lifetimes (few ps down to few hundreds of ns) because of strong
spin- and parity-allowed optical transitions. Among these mate-
rials, only those doped with Cr**, Cr** and Fe?* have been effi-
ciently operated as laser emitting materials, either, as the previous
ones, for their wide laser wavelength tunability or the production
of ultra-short laser pulses. All the other materials, those doped with
Vv3* and Co?* ions, as well as some materials doped with Cr** or
Cr®* ions, have been essentially used as saturable absorbers for
other mid-infrared solid state lasers operating around 1.32 pum,
1.54 pm and 2 pm.

In conclusion, the laser materials based on transition metal ions,
because of their unique properties, are still been used and exploited
for various kinds of applications. Most of them, however, have been
operated as bulk crystals and pumped with other more or less
complicated solid-state laser sources. Although some attempts
have been already made in the past in that direction, very inter-
esting results should be expected in the future by revisiting and
operating these materials in the form of waveguides, to decrease
the laser thresholds and increase the laser efficiencies, and by
pumping them with the laser diodes which are presently developed

from the blue to the mid-infrared.
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