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1 Recent development in laser crystals with 3d ions

S. Kiick

Physikalisch-Technische Bundesanstalt AG 4.13 Laserradiometrie, Bundesallee 100
38116 Braunschweig, Germany

Abstract This chapter will give an overview about the recent advances
on the fieldof lasers, based on the 3d ions. The main focus is set on the
lasercharacteristics and results obtained within the last few years.In general,
transition metals are elements of the 3™, 4™ and 5" row in the periodictable.
However, laser oscillation was only obtained thus far mainly withions of
transition metals of the 3™ row (Fe-row, Ti to Cu); therefore, thefocus of
this chapter is on these ions. The outstanding characteristics ofthese ions i.e.
their broad band emission, is caused by the fact that theirelectronic levels
couple strongly to the surrounding field which isestablished by the crystalline
environment, forming the so called vibronic levels. Therefore, transition metal
ion lasers usually are tunable over a widespectral range up to several to
hundreds of nanometers, making theminteresting sources for frequency
comb generation, short pulse generationas well as for applications in many
scientific fields, were coherenttunable laser radiation is essential.

Keywords Tunable solid state lasers; transition metal ion lasers; transition
metal ion spectroscopy; absorption, excitation, emission, luminescence;
electroluminescence; emission lifetimes; nonradioactive decay; multiphonon
relaxation; quantum efficiency; excited state absorption; laser materials;
vibronic transitions; phonon coupling; 4-level lasers; near-infrared lasers;
mid-infrared lasers; room temperature lasers; continuous wave lasers; mode
locking; short pulse generation; femtosecond lasers; crystal and ligand fields;
ligand coordination.

1.1 Introduction

This chapter will give an overview about the recent advances on the field of lasers,
based on 3d ions. The main focus is set on the laser characteristics and results
obtained within the last few years. A detailed overview on transition metal lasers
since the beginning of laser operation is given in [1], a more spectroscopically
oriented overview is given in [2]. In general, transition metals are elements of 3%,
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4™ and 5™ row in the periodic table. However, laser oscillation was only obtained
thus far with ions of transition metals of the 3™ row (Fe-row, Ti to Cu), therefore,
the focus of this chapter is on these ions. The outstanding characteristics of these
ions i.e. their broad band emission, is caused by the fact that their electronic levels
couple strongly to the surrounding field which is established by the crystalline
environment, forming vibronic levels. Therefore, transition metal ion lasers usually
are tunable over a wide spectral range up to several to hundreds of nanometers.

Right after the demonstration of the Ruby (Cr3 "Al,03) laser in 1960 [3] a number
of crystalline and glass lasers were realized within the following decade, however,
mainly based on divalent or trivalent rare earth ions. It was in the end of the
70ties and the beginning of the 80ties, when successful and efficient laser operation
of Cr’*-doped [4-7] and Ti3+—doped crystals [8, 9] were achieved. These tunable
room temperature lasers have stimulated further research in transition metal ions
as active ions in crystals. Interesting new results with respect to application and
efficiency have been obtained with the Cr*"-ion [10-13] at the beginning of the
90ties and with the divalent Cr**-ion [14] in the mid 90tie.

The applications of transition metal ion lasers is predominantly in those fields,
where the tunability is of outstanding characteristic, i.e. to produce ultra short
pulses via mode-locking, for applications, where the wavelength has to be exactly
adjusted e.g. to a specific transition of an atom, ion, and molecule which is under
investigation or where the coherence occurs and thus brilliance over a wide spectral
range is required. Such applications are used in scientific research, medicine,
measurement and testing techniques, ultra short pulse generation, communication
and very recently in photometry [15]. Via second harmonic generation, optical
parametric oscillation, and sum- and difference-frequency generation the tunability
can be transferred into other spectral regions which are not accessible via tunable
lasers operating on the fundamental wavelength. Transition metal ion lasers are
not supposed to be competitors to high power/high energy lasers, as e.g. Yb** and
Nd*" lasers.

The outline of this chapter is as follows: After this introductory section, a brief
introduction into the general properties of transition metal ion lasers will be given
in section 2. In the third section, the recent progress on the field of the transition
metal ion doped laser materials will be given. Finally, a summary and an outlook
for transition metal ions will be given.

1.2 General properties and aspects of tunable solid-state
lasers

In general, for the understanding and description of the lasers based on transition
metal ions, several different aspects have to be taken into account. These aspects
concerning preparation, spectroscopy and laser operation were thoroughly discussed
in the overview articles [1, 2] and the appropriate literate cited therein. Thus,
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they will be only briefly presented here. Greater focus, however, is laid on the
temperature dependence of the lifetime and the excited state absorption, which
are the main parameters and characteristics determining the laser behavior of a
transition metal ion doped system.

1.2.1 The prep rational aspect

The Prep rational aspects are as follows:

1. Transition metal ions usually occurs in several valence state as well as in
different kinds of co-ordinations of the surrounding first shell of ligands, i.e.
tetrahedral (4), octahedral (6), and cubic (8). Both characteristics determine strongly
the energy level scheme of a transition metal ion.

2. The coordination number and the site symmetry determine the transition
selection rules. Thus, usually transitions for ions in the tetrahedral co-ordination
are much stronger than transitions for ions in the octahedral coordination, because
of the lack of a center of inversion in the case of tetrahedral coordination.

3. The valence of an ion determines the spectroscopic properties and eventually
the laser characteristics.

4. The crystal quality directly affects the laser efficiency.

1.2.2 The spectroscopic aspect

The energy level schemes of the transition metal ions in crystalline hosts are
in principle described by the so called Tanabe-Sugano diagrams [16-18]. These
diagrams are distinguished by the number of electrons within the 3d-electron
shell. In these diagrams the energy of a specific level of the transition metal ion
is depicted as a function of the crystal field strength. We will not describe the
quantum mechanical background needed to obtain these diagrams; this would be
beyond the frame of this chapter. The reader is referred to appropriate literature
[19-24]. The investigation of a transition metal ion doped crystal with respect to
its possible laser characteristics which includes the determination of all laser
relevant parameters by spectroscopic methods. The basic measurements are the
ground state absorption, the spontaneous emission cross sections and lifetimes
and the excitation spectrum, see [1, 2].

1.2.2.1 Emission lifetime and its temperature dependence

The lifetime of an excited state of a transition metal ion usually is temperature
dependent. The temperature dependence can be described partly by the model of
Struck & Fonger [25] using the so-called Single Configuration Coordinate Model,
which describes the interaction between the electronic center and the vibrating
crystalline environment. This model describes the radioactive and the nonradioactive

3
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transitions between the two vibronic levels u, and v,,. The transition probability
is proportional to the square of the overlap integral (u, |v, ), where u, and v,
describe the vibronic wave functions of the ground state and the excited state. In
case of parabolic potentials (harmonic approximation), these are wave functions
of a harmonic oscillator. For the case of a radioactive transition between the v
and u states, a photon of energy hv will be emitted. In nonradioactive decay there
is none or only a very small difference between the u, and v,, levels. Therefore, a
direct “tunneling process” exists between the two levels, followed by a relaxation
into the lower vibronic levels. In thermal equilibrium, the population of the
vibronic level within each electronic state will follow the Boltzmann statistics.
The following transition probabilities for the radioactive and the nonradioactive
rate are determined:

Radioactive: R, =R, (1—r)r" |{u, |v,) , (1.1)
Nonradioactive: N,, =R, (1—r)r" | {u, | v,) |, (1.2)

where the electronic factor R,, = 10° Hz (forbidden transitions)-10° Hz (allowed
transitions), R, = 10'? Hz-10" Hz, is the thermal population of photonic level m
inthe (1—-#)r" electronic level v, and nd », = exp (—hw/kT).

Thus, the transition rates R,,, and N,, differ only due to the electronic factors
R, and R,,. The total rates W, and W, for the radioactive and nonradioactive decay,

respectively, are determined by summations. The total radioactive rate W, results
from a summation over all the transitions between the electronic levels v and u:

W, =D Rum=D Ry(A=1)r" | (4, |v,) F= R, (1.3)

Thus, the radioactive rate within the Struck and Fonger model is independent
from the temperature. It does not take into account the coupling of the parity-
breaking phonons, see below.

For the calculation of the nonradioactive rate the summation is carried only
over the levels u, and v,, having the same energy, because only in that case the
tunnel-ing process can take place. At higher temperature however, the higher
phonon (or vibrational) levels are populated, thus the nonradioactive rate increases
with temperature. For simplification, within the model of Struck and Fonger only
phonons with an effective energy A /eff will be considered, thus:

nh/u—mh/v = ph/eff, (1.4)

where i /u and h/v are the phonon energies in the ground and in the excited
state, respectively. The value of p results from the zero phonon energy of the
transition:

phleff = hv,, (1.5)
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The total nonradioactive rate is:

=Y N, =2 R, (A-r)" |, |v,)F=R,U,, (1.6)
m=0 m=0
where
U, =2 A=r)r" [, | v,) P (1.7)
m=0

In this sum m and » are connected according to Eq. (1.4). For the U, the
following condition holds true:

dU, =1 (1.8)

The calculation of the U, is possible with the help of the Manneback equations
[26]. In case of equal force constants in the ground and the excited states (which
is equivalent to identical curvatures of the potential energy parabolas of both
states), the U, are simplified to the Huang-Rhys-Pekar-#,, functions, which are
defined by the following recursive equation:

So(m)W ., + pW, = S{l+myW, , =0 (1.9)
where S is the Huang-Rhys-Pekar factor, and

(m) =[exp(hew/kT) — 1] (1.10)

YW, =1 (1.11)
V4
The exact solution for the W, is:

So (m)? (So (1 + my)”*/

", = exp(—=S,(2m +1) 1.12)
P )Z 7'+ ) (
In the Stirling approximation this can be further simplified to:
%k 2
W, = exp(~S <2m+1>)e"p(p )<2S°<1+;">> (1.13)
p+p

r 1
l—r_exp(ha)/kT)—l

where p* = \/ p? + 4S2(1+ m)(m), (m) = , r=exp(hiw/kT)
The approximation is valid for p*>1. For T=0K Eq. (1.13) gives the

5
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nonradioactive rate W,,(0):

,,(0) = RH,MGY (1.14)

N 2mp

In Fig. 1.1 the nonradioactive rate ,,(0) as a function of the number of effective
phonons for different values of the Huang-Rhys-Pekar factor S is shown; R, was
set to 10'* Hz. As expected, high values for the nonradioactive rate are present
for high values of S and p. With increasing number of phonons and decreasing
value of S the nonradioactive rate decreases and leads to the Kiel-multi phonon
law, see section 0.
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Figure 1.1 Nonradioactive decay rate W,,(0) for different values of S as function
of the number of phonons p

With Egs. (1.14) and (1.13) for the total nonradioactive decay rate can be
transformed into a very concise format, which can be used for fitting temperature
dependent lifetime data:

W, (T) = (O)f splim <1+'"> exp(p —p—2mS). (1.15)

The origin of the temperature dependence of the radioactive rate is the coupling
of parity-breaking i.e. in general non-centrosymmetric (odd), phonons with the
transition. This enhances the transition probability, because the prohibition weakens
due to the mixing of levels with different parity via these odd parity phonons. At
higher temperatures, the phonon levels of these parity-breaking phonons will be
higher populated, thus the radioactive rate increases. The effect can be described
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by the Coth-law, which takes into account the phonon occupation [19]:

1 1 hay,
W’(T)Zr(T)zr,(O)COth 2kT)’ (1.16)
with 7(7) and 7,(0) being the radioactive lifetimes at temperature 7 and 7=0 K,
respectively, and hw,, being the energy of the odd-parity phonon.

The total decay rate and its temperature dependence can now be calculated from
the above derived equations, for the temperature dependence of the radioactive
and nonradioactive rate:

W(T) = VVr(T) + I/I/nr(T') = l'/I/r(z-rﬂha)vib)ﬂ_ Wnr(Rnr’hw’S’p)

- coth(hwv“’)+W,,,(O) ,% M)p exp(p *—p —2mS)

7,(0) 2kT p+p*
(1.17)
The temperature dependent quantum efficiency can be determined from:
w.T) =(T)
n(T) W) - ) (1.18)

It should be noted that Eq. (1.17) contains 6 independent variables, so that one
should be careful to use this equation for fitting without having enough knowledge
about the different parameters e.g. for spectroscopy. However, the equation was
very successfully used e.g. for the fit of the temperature dependent lifetime of
1) Cr**-doped [27] and, 2) Mn3+—doped garnet crystals [28]. Here, a series of
different garnets crystals were analyzed with the same or nearly the same site
symmetry for the Cr*" ion, so that the fitted parameters were only marginally
changed for the different host materials.

Borderline cases for the nonradioactive rate

Two borderline cases of the Struck and Fonger model should be mentioned here,
1) the Mott activation energy model [29] and, 2) the multi-phonon-law from Kiel
[30]. For large values of S and small values of W (0), the nonradioactive decay
rate can be described by the activation energy model of Mott. It assumes a
thermal population in the excited state, which yields a photonic relaxation at the
crossing points of the ground and excited state parabola. The nonradioactive can
be expressed as:

W, (T)= A, exp(—kE—}), (1.19)

where A4, is a constant of about 10" Hz, and E, is the activation energy, i.e. the
energy between the minimum of the excited state parabola an the crossing point
with the ground state parabola.
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The values for 4,, and E, are difficult to determine experimentally, £, can be
approximated from the zero phonon energy and the Huang-Rhys-parameter S.
However, due to the exponential factor, the model always yields W, (T=0)=0.

For small values of the Huang-Rhys parameter S as in the case of the 4f-4f
transitions of the trivalent rare earth ions, the multi-phonon-law of Kiel is often
used for the description of the temperature nonradioactive decay rate:

W, (T) = 4" (1 +{m),)", (1.20)

where A, is a constant, £ is a coupling constant, p stands for the number of
photons is the bridging gap between excited state and ground state, and (m)v is
thermal population of the excited state.

1.2.2.2 Excited state absorption (ESA)

The excited state absorption is one of the most decisive factors affecting the laser
performance of the transition metal ion doped laser materials where in some cases
it even prohibits laser oscillation at all. Therefore the knowledge of its cross
sections at the pump and at the laser wavelength (see Fig. 1.2) is of importance
for the understanding of the observed laser behavior and efficiency. Furthermore,
the measurements of the excited state absorption might give a more detailed insight
of energy level structure of an ion. Especially transitions into higher lying levels,
which are hidden within the band-band transition of the host, might be observable
in the ESA spectrum because the transition between the level of meta-stable and
the higher lying occurs in this case at energies below the band-band transition.
Also, due to the interconfigurational transition, the spin-flip transition often cannot
be observed in the ground state absorption spectrum, especially if they are hidden
under a spin-allowed transition or are spectrally broad. If the meta-stable level
has a different spin state than the ground state (e.g. Ccr’in strong crystal fields,
Mn®" [31], Fe®") the ESA spectrum reveals the transition from the meta-stable state
to the states with the same spin. Hence, the crystal field parameters are often
determined with higher accuracy. The third aspect of ESA, i.e. its usage as part of
an efficient up conversion pump process as in the case of e.g. Er’" visible lasers [1],
is not of any importance for transition metal ion lasers, because only a few transition
metal ions exhibit emission from other levels than the first excited state.

ESA —
ESA

GSA Laser GSA

Figure 1.2 Left: Excited state absorption on the pump wavelength, right: Excited
state absorption on the laser wavelength



