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Spectroscopic and tunable laser properties of Co +-doped single crystals
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We present here a comparison of the general optical properties (absorptions, emissions, Auorescence
decays) of various Co +-doped single crystals (KZnF3, KMgF3, MgF2, and MgO) and the results of
direct measurements of excited-state-absorption (ESA) cross sections and of laser experiments in Co +-

doped KZnF3 and MgF2. The ESA measurements are made in the pump as well as in the emission
domains. The data are interpreted, with some approximations, within the framework of the single-
configurational-coordinate model and the Struck and Fonger formalism. The laser data (threshold,
efficiency, and tunability) are obtained at room temperature and in the same pumping conditions
(pulsed-type longitudinal pumping) for the two systems. It is shown that MgF2. Co +, in spite of a
stronger ESA at the usual pumping wavelength of 1.32 pm, leads to better laser performance than
KZnF3. Co'+ and that the fIuorescence quantum efficiency of both systems is quite low.

I. INTRODUCTION

Many tunable solid-state laser systems have been stud-
ied and developed within the last decade. Indeed, many
important applications, taking advantage of their broad-
band emissions, exist in the industrial, medical, and mili-
tary domains as well as in fundamental research.

As with the recent and now very famous Ti:sapphire,
we talk about single crystals doped with transition-metal
ions of the iron group, Ti + ions, but also Cr +, Cr +,
V +, Ni +, and Co +. With the color center laser crys-
tals (crystals in which luminescent defects have been
created intentionally) the transition-metal ion (TMI) laser
crystals lead to optical bands between electronic and vi-
brational states called vibronic sidebands. Their laser
gains are generally much weaker than those of the color
center lasers but their optical properties are more stable
and much more power can be extracted. In addition,
most of the color center lasers require cryogenic cooling.

The vibronic laser systems based on Co +-doped ma-
terials are unique because, in principle, they allow tuna-
bilities over about 1000 nm in a wavelength domain ex-
tending from about 1500 to 2500 nrn. They are the only
TMI lasers which emit a tunable radiation beyond 2000
nm and they are among the first systems based on
transition-metal ions to have led to tunable laser action at
the beginning of the sixties;' at that time the crystal
was pumped by Hash lamps and was maintained at
liquid-nitrogen (LN) temperature. These systems were
neglected for a while and then emerged again at the end
of the seventies and at the beginning of the eighties. It
was the first demonstration of the CW (continous wave)
tunable laser effect under laser pumping at LN tempera-
ture, in MgF2. Ni yttrium-aluminum garnet [YAG:Nd
laser excitation at 1.32 pm (Ref. 4) or krypton laser exci-
tation at 755 nm (Refs. 5 and 6)], in MgF2..Co +

[YAG:Nd laser excitation at 1.32 pm (Refs. 7 and 8)] and
in KZnF3:Co + [argon laser excitation at 514.5 nm (Refs.
9 and 10)]. At the same time, many Cr +-doped laser

materials, such as alexandrite (BeAlz04..Cr +) appeared
and were found to work at room temperature, under a
Aash lamp as well as laser pumping, "' but essentially in
a restricted wavelength domain between 700 and 900 nm.
It is only recently that high-temperature laser opera-
tion of the Co -doped laser materials, essentially
MgF2. Co +, has been reported. ' '

II. MATERIALS

KZnF3 and KMgF3 are both Auoroperovskites of type
AMF3 where M is a divalent metal ion surrounded by six
nearest-neighbor Auors. In the doped compounds, the
Co + ions substitute for M and occupy octahedral sym-
metry sites. ' ' The metal-Auor distance in KZnF3 with
a value of about 2.026 A is slightly larger than in KMgF3
where it is about 2.00 A; thus the local crystal field ex-
perienced by the Co + ion in KZnF3 is expected to be
smaller than in KMgF3.

Two crystals of KZnF3. Co +, grown by the Czokralski
method by M. Gesland of the University of Le Mans in
France, were used in the present study. They are good
single crystals of laser quality and they both contain
1.5X10 Co + ions/cm (or 1.7% Co /Mg +). One
was used for the spectroscopy and the other was cut and
polished for the laser measurements.

Only one crystal of KMgF3..Co +, provided by Profes-
sor D. Simkin of McGill University in Canada, was avail-
able. It contained 1.52X10 Co + ions/cm (or 1%
Co +/Mg +) and its small size (a few mm ) and poor op-
tical quality only allowed spectroscopic measurements.

MgF2 belongs to the rutile family. The unit cell is
tetragonal and the Mg + ion is surrounded by six
Auorines occupying the tops of a distorted octahedra of
D2& site symmetry. ' The nearest neighbor Mg-F dis-
tances are of the order of 1.98 A, thus shorter than in the
above perovskites. This makes the lattice stiffer and the
local crystal field about the Co + dopant probably
stronger.

Three crystals were available. The one with the best
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optical quality contains 3.73X10 Co + ions/cm (or
1% Co +/Mg +) and was cut and polished for the laser
measurements; it was grown by the Czokralski technique
at the LETI/CEA in Grenoble, France and provided to
us by Dr. J. J. Aubert. The other crystals, grown by the
Bridgman method, were used for the spectroscopy. The
one, provided to us by Professor Margerie of the Univer-
sity of Caen in France, contained 4.44 X 10 Co +

ions/cm (1.4% Co +/Mg +) and the other, provided by
Professor McClure of Princeton University (USA), con-
tained 1.55X10 Co + ions/cm (or 0.5% Co +/Mg +).

MgO is a face-centered-cubic system in which the
0

Mg + ions are surrounded by six oxygens at about 2.1 A.
The crystal used in our spectroscopic study was provided
to us by Dr. Abraham from the Oak Ridge National Lab-
oratory (USA); it contained 2.3 X 10 Co + ions/cm3.

The three fluorides KZnF3, KMgF3, and MgF2 have
low fusion temperatures, 870', 1070, and 1261'C respec-
tively, compared to that of MgO with 2852'C. This
makes their crystal growth much easier but they are more
fragile; polishing is difficult and their growth in the form
of large laser rods is delicate. We note that the fusion
temperature of the fluorides increases as the metal-fluor
distance decreases. This increasing lattice stiffness likely
has consequences on the refractive index of the materials
since it takes values of 1.48, 1.4, and 1.38 in KZnF3,
KMgF3, and MgF2, respectively, but also on their
thermal conductivity with room-temperature values of 6
and 11.6 W/m/K in KZnF3 and MgF2, respectively.

Consequently, because of its better thermomechanical
properties, MgF2 already appears as a better laser materi-
al. We shall see in this study that it is confirmed by its op-
tical properties and its laser performance when it is
doped by Co + ions.

III. SPECTROSCOPY
AND FLUORESCENCE DYNAMICS

Each of the compounds KZnF3, KMgF3, MgFz, and
MgO, doped either by Ni + or Co + ions, was already
studied in the past, more or less thoroughly, for its opti-
cal and laser properties. ' ' ' Thus the available
data are very numerous and we could have used some of
them directly if we had not noticed a number of puzzling
observations, experimental uncertainties, or misinterpre-
tations. In addition, only the low-energy infrared optical
transitions were really studied in some detail. As we were
interested in the vibronic absorption and emission transi-
tions with the ground state of the active ions as well as in
the vibronic transitions between their excited states, we
needed a very complete description of all the energy lev-
els, from the infrared to the near ultraviolet, and we
needed to know all the phonon energies which are in-
volved in the radiative and nonradiative processes in each
compound, which could not be obtained without analyz-
ing the optical properties of these compounds with a
common systematic procedure. This is the purpose of
this section.

The assignment of the various features (lines and
bands) observed in the absorption spectra and the deter-
mination of the positions and the description of the

profiles of the main bands in the linear electron-phonon
coupling approximation (the same interacting phonons of
energy %coo in all the energy levels) have allowed us first
to confront the results with the predictions of the single-
configuration-coordinate (SCC) model, with the help of
the Struck and Fonger (SF) formalism. From that we
have deduced the Huang-Rhys electron-phonon cou-
pling factor S, associated with each excited state (this pa-
rameter determines the relative positions of the excited-
state and ground-state potential curves in the SCC dia-
grams) and the eff'ective phonon energy ficoo, as we al-
ready have done in the past in the case of the Ni +- and
V +-doped systems. ' This first approach has led to a
better positioning of all the zero-phonon energy levels
and to the values of the Racah (B and C), crystal-field
(Dq) and spin-orbit (g) parameters which give, by di-
agonalizing the well-known Tanabe-Sugano matrices, the
best description of these levels.

Then the analysis of the thermal evolution of the
widths (or first moments) and of the intensities (oscillator
strengths) of the visible and infrared-absorption bands
has allowed us to determine the phonon energies fin, and
Aco2, and the analysis of the vibronic structures, which
characterize these bands at low temperature, the phonon
energies Acu3, kco4, . . . , values which can be related, in
principle, with the phonon density of states in each ma-
terial. '

The evaluation of the phonon energies Ace, and %~2 as-
sumed that the bands are associated with vibronic transi-
tions (forced) electric dipole allowed by odd-parity pho-
nons, in which case the widths 5 and the intensities I of
the bands should vary according to the well-known equa-
tion

F +R + WNR

and that WNz is related to SN& and AcoNz by

(2)

S(T)=S(T =0) coth(fico/2kT),

with

S=6 or I and A'co& =A'coz=Acu .

We shall see that some bands have a strong magnetic
dipole character, in which case the above equation does
not apply correctly and leads to very different values of
A'co, and fico2.

The analysis of the lines observed in the low-
temperature infrared emission spectra has led to the pho-
non energies fico5 and A'co6. The position and the shape of
the underlying vibronic sidebands then have been con-
fronted, as in absorption, with the predictions of the SCC
model by using the same effective phonon energy Acuo as
above.

Finally, the thermal variation of the infrared fluores-
cence lifetimes has been studied and described within the
framework of the same SCC model and new Huang-Rhys
factors SN~ and phonon energies AcoN~ have been de-
rived. We remember that the fIuorescence lifetime ~F, in
the case of nonradiative transitions, is related to the radi-
ative lifetime ~z of the emitting level and to the nonradi-
ative probability WN~ by the expression
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fVNR =N„„X8'p(SNR, A'coNR, T), (3)

where p stands for the mean number of phonons of ener-

gy ficoNR needed to overcome the excited-state —ground-
state energy mismatch of energy AE=pkcoNR, 2V„, is a
coupling constant and 8' the line-shape functions or
Franck-Condon weighting factors defined in the SF
theory.

The value of the radiative lifetime ~~ is generally de-
duced from the absorption coefFicient k of the emitting
level, level Tz in the case of Co +, according to the ex-
pression
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g2 X (4)

A. Spectral data

The absorption and the infrared emission spectra of
MgF2. Co + and KZnF~:Co + recorded at low and high
temperatures are reported in Figs. 1 —4.

The broadbands observed in absorption are assigned to
the three spin-allowed transitions characteristic of the
Co + ion [Ar(3d ) electron configurationj in an octahe-
dral environment, Ti, —+"T2 around 7000 cm
T„—+ Az around 15000 cm ', and T„~ T» around

20000 cm '. The emission bands are assigned to the re-
verse transitions T2~ T~ . The widths of these bands
are simply explained using the strong-field approach in
which it is admitted that the degeneracy of the 3d orbit-
als is lifted and are split into two eg and three t2 com-
ponents. Indeed these bands involve transitions between
a ground state "T„and excited states T2, A2, and T»,
having different electron configurations t2eg, t2eg, tze~,
and t 2e, respectively; thus different equilibrium
configurations. We also understand in this approach why

where g, /g2 is the ratio of the excited- to ground-state
T2~ T„degeneracy (here equal to 1), N is the active

ion concentration, and v is the wave number in cm . In
the case of m. and o. polarized spectra (the case of
MgF2. Co +) k is given by (k +2k )/3 where k stands
for the absorption coefficient in the a polarization.

Sometimes the integration is made over the entire ab-
sorption band. However, in the case of a large spin-orbit
and/or a large crystal-field splitting in the excited state,
not all the components contribute to the emission and the
radiative lifetime can be underestimated. As was done by
Sturge' in the case of KMgF&. Co +, it is more correct to
first make the integration over the zero-phonon line and
to derive the corresponding emission rate 8'Np by using
Eq. (4), then to calculate the ratio of the total emission in-

tensity (measured in photon units) to that of this zero-
phonon line to get the total emission rate 8'~ =~&',
which can be done only when low-temperature spectra
are available.

From Eq. (4) we also note that the radiative lifetime
might decrease as a result of an increase in transition
strength due to dynamical coupling via odd-parity pho-
nons. In this case rz ' takes a form analogous to (1), i.e.,

~ii '=alii '(T =0) coth(irido/2kT) .

0—
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FIG. 1. Polarized absorption spectra of MgF2. 0.5% Co +

(thickness = 1.62 mrn) at (a) T=300K and (b) 15 K.
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FICx. 2. Absorption spectra of KZnF&. 1.7%%u~ Co (thickness
= 1.48 rnm) at T = 15 and 300 K.

the T„~ A2 optical band is so weak; because it in-

volves a two-electron jump.
In KMgF&. Co + as well as in KZnF&..Co + and

MgF2. Co + the high-energy band is Banked at around
22000 cm ' by another band which is associated to a
T

&
~ Tj b spin-forbidden transition, partially allowed

through spin-orbit coupling between states T,b and

T,b. It is also likely that the band around 15000 cm
is not due solely to the T„~ A2 transition mentioned
above, ' based on the calculations made hereafter it must
be Aanked on its low-energy side by a T„~E transi-
tion.

The sharp features observed at low temperature are
zero-phonon lines and/or phonon satellites. As an illus-
tration, we show in Fig. 5 the low-temperature infrared-
absorption and emission spectra (in cm ' instead of nm)
of KZnF~:Co + from which the phonon energies fico3,

Am4, Aco5, and %~6 are deduced.
At this point it is worth noting that no fiuorescence at

all could have been detected in MgO:Co +, even at very
low temperature (T = 10 K), though this fluorescence was
reported in the past. This is one of the puzzling ques-
tions that we mentioned at the beginning that we were
unable to solve.

Finally, from all these data we have been able to obtain
all the energies of the phonons which participate in the
radiative vibronic processes. These energies are gathered
in Table I.
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FIG. 4. Emission spectra of KZnF3. 1.7% Co + at (a) T =12
K and (b) 300K.
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FIG. 3. Polarized emission spectra of MgF2.0.5% Co + at (a)
T = 12 K and (b) 300 K.

The energies of the "enabling" phonons determined
from the thermal evolution of the widths (%co&, ) and of
the intensities (fico2, ) of the infrared-absorption bands as-
sociated with the T„~"T2 optical transition are very
different from each other, except in the case of
MgO:Co +. On the contrary, those determined from the
widths (fico» ) and the intensities (fico2b ) of the visible ab-
sorption band associated with the T„~ T,b transition
are very close in all the systems. This discrepancy means
that the above law in coth applies better in the case of the
high-energy (visible) than in the low-energy (infrared) ab-
sorption band; it is a consequence of the predominant
character of each band, of electric dipole and magnetic

dipole character, respectively.
Nevertheless, whatever the intensity enabling process,

the intensity of the infrared-absorption band increases be-
tween low and room temperature, by about a factor of
1.17 in the case of KznF3, KMgF3, and MgF2 and by
about a factor of 1.9 in the case of MgO. As we shall see
in the following, these variations will be neglected in the
derivation [from Eq. (2)] of the nonradiative rate 8'NR
because 8 NR )&~~ ' but they will be taken into account
explicitly in the derivation of the stimulated emission
cross sections.

The spectral profiles of the absorption and emission
bands are described very satisfactorily by taking %coo

equal to the weighted average energy of the phonon den-
sity of states in each material' and we believe that it
is justified by the number of phonons of different energies
which precisely come into play in each system. This
seems a quasigeneral result in the case of the transition-
metal ions of the iron group such as Co +. This is not
the case with the rare-earth ions for which the electron-
phonon coupling is much weaker and the most important
phonon modes are generally the high-energy totally sym-
metric phonon modes A

&
. As an illustration we show in

Fig. 6 the fitting of the band shape F(v)=N(v)lv of the

TABLE I. Comparison of the difFerent phonon energies (in cm ') derived from the absorption and emission data (half widths 5
and integrated intensities I with temperature T, vibronic structures at low temperature), with the mean phonon energy Scop in each
material.

Abs. T2
6(T) I(T)

Abs. T,b

6(T) I(T)
Abs. 4T,

vibr. str. vibr.
Em. 4T,

str.
Mean
energy

f1COp

KZnF Co2+

KMgF3. Co
MgF2..Co
MgOCo +

330
260
390
270

530
490
510
260

232
225
250
295

280
275
250
295

161
197
200
170

370

410
405

90

85

110 223
285
326
405
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FIG. 5. Infrared absorption and emission
spectra of KZnF3..Co + at low temperature
(T—= 12 k) showing the phonon spacings A'co3

(3), fico& (4), Acus (5), and Ac@6 (6).
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FIG. 6. Fitting of the infrared emission band shape F(v)
( ) in KZnF3..Co +, at low and high temperatures, with the
sum (0) of three SF line-shape functions 8'~ () and with the
same parameters S—=2.6 and %coo—-223 cm ' but different zero-
phonon (zp) positions.

infrared emission in KZnF3..Co + at low and high tem-
peratures with the sum of three line-shape functions
W~(S, A'coo, T) (the same kind of function is used to de-
scribe the radiative and nonradiative processes). These
functions are associated at low temperature with the
three zero-phonon lines located at 6595, 6302

(6595 —293), and 5655 (6595 —940) cm ' (see Table III)
and corresponding to the same parameters S, and %coo

used in absorption, i.e., S =2.6 and ficoo=223 cm '. At
room temperature the zero-phonon origins were fixed at
6395, 6102, and 5455 cm ' to account for the effect of
the thermal expansion of the lattice. Indeed, when the
temperature of the crystal is increased, the lattice slightly
expands; thus the Co + active ion experiences a lower
crystal field and the optical transition energies, (this can
be seen easily on the Tanabe-Sugano diagram of the Co +

ion) are reduced. Assuming that the shift of the zero-
phonon levels roughly follows that of the phonon side-
bands and accounting for the thermal population of each
state, we find that the T„- T2 transition energy should
be reduced by (250+50) cm ' in the case of
KMgF3..Co +, in good agreement with previous works,
and by (200+50) and (150+50) cm ' in the case of
KZnF3. Co + and MgF2. Co +, respectively.

B. Lifetime data

The lifetime data are reported in Fig. 7. The fits of Eq.
(3) to the data are reported in Fig. 8. The TI, T2 ener--
gy mismatch introduced in the calculations as the prod-
uct pA'co&R is taken as the energy gap between the mean
positions of the spin-orbit components in the excited and
the ground states. The radiative lifetime is that deduced
from the low-temperature absorption and emission spec-
tra and its slight variation (see Sec. III A) between low
and high temperatures was neglected. The fitting param-
eters are gathered in Table II.

We first note that the nonradiative probability in these
Co +-doped materials is very strong. It is the reason why
the thermal variations of the radiative lifetimes were
neglected in the previous fits. This strong nonradiative
probability can be explained by using group-theory argu-
ments. Indeed the probability O'NR depends on transi-
tion matrix elements of the form (I, /I /I b ) where I,
and I b are the irreducible representations characterizing
the ground and the excited states, respectively, and I is
the interacting phonon mode. In the case of Ni +, Cr +,
and V + in low-field systems, the lower-energy optical
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KMgF~. 1%Co +

o KZnF3:1.67%Co +

o Mg F2 . 0.5% Co '
o Mg F2 . 1.4% Co

TABLE II. Fitting parameters to the lifetime data and values
of the radiative lifetimes derived from the absorption data in
each material.

p z„(ms)
N„, (s ') SN& A~NR (cm ') (mean) T=12 K

KZAF:Co + 1.21 X 10' 2.6
MgF:Co + 1.17X 10" 3.4
KMgF3..Co + 1.71X10' 3.0

317
267
282

19
23
22

3.2
6

0 ~
p ~0

0 0 ~
p ~

A
A' a

a a
300

I

100 200
Tempera t-ur e (K)

FIG. 7. Temperature variations of the fiuorescence lifetimes
in various Co +-doped compounds.

transitions occur between orbital states A2 and Tz, in the
case of Co + they occur between states T, and T2.
Group theory thus indicates that only T, -promoting
modes can be efficient in the case of Ni +, Cr +, and V +

ions, while A2, E, T, , and T2 modes can act in the
case of Co +. Knowing that the coupling to T&g modes,
which corresponds to a simple rotation of the immediate

ligands, is usually very weak, we can conclude, in good
agreement with the experimental observations, that the
nonradiative processes are much more efBcient in the
case of Co + than in the case of the other ions.

From Table I we also note that the energies AcoNR of
the phonons involved in the nonradiative transitions can
be very dificult from the mean energies %coo involved in
the radiative mechanisms. It means that the "accepting"
phonons in the radiative and the nonradiative processes
are not necessarily the same, which makes sense.

In the end we shall mention that the radiative hfetimes
calculated from the entire absorption band or from the
zero-phonon line and the emission spectrum registered at
low temperature only differ significantly in the case of
MgF2. Co +. In this system the lifetimes differ by about a
factor of 4, with 1.6 ms from the entire absorption band
against 6 ms via the zero-phonon line, which is very im-
portant and will be essential in the interpretation of our
laser data.

C. Energy levels

a)
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Yj
P

Vo 2-

Ciz 1--

KZnF3-1.67%Co '
N„~=12 10 s"
SNR= 2.6

~"NR= 3

P(mean

To illustrate our purpose, Fig. 9 shows the energy-level
diagram which is obtained in the case of KZnF2. Co +

from the position of each of the experimentally observed
(or estimated) and calculated zero-phonon levels (func-

T
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V
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0
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FIG. 8. Nonradiative emission rate 8 NR () and fits with Eq.
(3) ( ) in Co'+-doped KZQF3 KMgF3 and MgF2.

normal coordinate QA 1g

FIG. 9. Energy-level diagram (SCC model) of KZnF3..Co +.
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TABLE III. Observed (or estimated) and calculated energy
levels (with Dq=705 cm ', B =900 cm ', C =4100 cm ', and
/=535 cm ') along with energy shifts of potential curves in
KZnF:Co + (in cm ').

Energy levels
Calculated

energies

Observed (or
estimated)

energies S,Scop

T1a

4T

2E
4W2

2a

2a

Tlb

2 Tl b

31
2

T2b

Tlc
2E

r,
Is,
~sb
I7
r,
rs.
~Sb
r,
Is
Is
Is
r,
rs
r,
rs.
r,

~Sb
r,

I 6, I s

r,
r„r,
I s, l 6

ls

0
355
936

1043
6624
6679
6773
6976

12436
13 832
17 450
18 046
18 124
18 333
19027
19043
19 181
19600
22 220
23 104
25 555
26 120
28 087

0
293
940

6595
6603
6675

(18 700)

(19750)
(21 350)

575

605
2535

2

464

8

575
880
332
635

TABLE IV. Observed (or estimated) and calculated energy
levels (with Dq=740 cm ', B =920 cm ', C =4140 cm ', and
g'=520 cm ') along with energy shifts of potential curves in

KMgF3. Co + (incm ').

tion of the Dq, B, C, and g parameters) and from the shift
of each of the associated potential curves (function of the
product Si)icoo).

The results for the four compounds are given in Tables
III—VI. The best agreements between the experimentally
observed (or estimated) and calculated energy levels are
found in the case of the cubic compounds MgO, KZnF3„
and KMgF3 because all the contributions to the Hamil-
tonian of the systems could have been included. The
agreement is not so good in the case of the orthorhombic
system MgF2 because it was assumed, for simplicity, that
the overall splitting of the levels caused by the tetragonal
distortion added to the spin-orbit coupling could be ap-
proximated by an effective (fictive) spin-orbit coupling of
constant g,ff. The number of sublevels is not complete
but the approximative position and the extent of each ex-
cited state is correct and will be precise enough to allow
us to predict in Sec. IV, the energies of the excited-state
absorption (ESA) transitions.

TABLE V. Observed (or etimated) and calculated energy lev-
els (with Dq=730 cm ', B =920 cm ', C=4140 cm ', and

ff 520 cm ) along with energy shifts of potential curves in
MgF2..Co + (in cm ').

Energy levels
Calculated

energies

Observed (or
estimated)
energies S,Scop

IV. EXCITED-STATE ABSORPTION

Because it can be very detrimental for laser action,
excited-state absorption in the pump as well as in the
emission domain of the TMI laser systems, is a very im-
portant phenomenon and must be studied very carefully.

Energy levels

Tla r,
I sa

~sb
I7

4T r,
rs.
~Sb
I7

2E Is
rs

Tla Is
r,

'T. Is
r,

Tlb Is,
r,

~Sb
r,

'T1b I 6, I s

A1 r,'T„r„r,
I6,Is

2E r,

Calculated
energies

0
346
914

1012
6915
6965
7062
7257

12 335
14 465
17 670
18 238
18 334
18 549
19 582
19 589
19 723
20 139
22 620
23 502
25 900
26 690
28 688

Observed (or
estimated)
energies

6914
6924
6982

(19200)

(19860)
(21 500)

630
2670

2

485

8
610
940

575
677

4 Tla

2E

2
T1a

2
2a

4Tl b

2 Tl b

31
2

T2b
2
T1c
E

I sa

~Sb
I7
r,
ls
Is
~6
Is
I7
Is,
I7

~sb
r,

I 6, I s

I6
l 7, I s

r, r,
Is

0
346

914
1012

6826

6876
6972
7168

12 427
14 276
17 669
18 241
18 330
18 544
19 501
19509
19 647
20 060
22 580
23 445
25 656
26 602
28 593

0
110
798

1091
1256
1398
6801
6810
6880
6893
6923

(19000)

(20 500)

(22000)

645

680
2850

0

519

10
653
369
614
723
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TABLE VI. Observed (or estimated) and calculated energy
levels (with Dq =880 cm ', 8 =780 cm ', C =3510 cm ', and
/=475 cm ') along with energy shifts of potential curves in
MgO:Co + (in cm ').

&aee T=300 K

Energy levels
Calculated

energies

Observed (or
estimated)
energies S,%coo

T1a

2E
4T

4a2
Tla

2
2a

4 Tl b

2 Tl b

21
2

T2b
2

T2c
2 Tlc

r,
I sa

~Sb
I7
Is
r,
Is,
r,„
I7
r,
Is
r,
Is
I7
I sa

r,
~Sb
r,
r,
r,
I7
Is
r,
I"

s

0
313
815
903

8089
8198
8244
8338
8507

17 138
14 969
15 426
15 636
15 844
18 440
18 737
18 742
19000
19947
22 046
23 646
23 865
24 999
26 743

0
330
890
930

8049
8141
8168
8208

17 125

(18750)

(19500)
(20 600)

527
500

2210
0

430

8
506
286
780
476
560

The ESA cross section spectra of MgF2. Co + and
KZnF3..Co + were recorded both at cryogenic ( T= 80 K)
and at room temperature by using a standard pump-
probe experimental arrangement that we have already de-
scribed in another paper. Very briefly, in this experi-
ment, the transmission of a weak CW probe beam (that of
a tungsten halogen lamp dispersed by a monochromator)
is compared in the presence and in the absence of a pump
pulse (that of a pulsed laser). The resulting absorption
difference (AD) signal is a transient signal, the relaxation
dynamics of which is related to that of the absorbing
state. When the pulsed laser only excites a few percent of
the active ions and when ESA occurs in the metastable
emitting state, the AD signal decays with about the same
time constant as the Auorescence intensity. This allows us
to ascertain the nature of the absorbing excited state.

In the case of MgFz..Co + and KZnF3:co +, we used
the pulsed radiation of a frequency-doubled Nd:YAG
laser at 532 nm to excite the Co ions in their T» ex-
cited state. The AD signals were all characteristic of ab-
sorptions in the emitting state T2 after rapid multipho-
non relaxation (less than a few ns, the width of the pump
pulse). The spectra were registered from 350 to 1450 nm.

Between about 350 to 700 nrn, the AD spectra exactly
mimic the ground-state absorption (GSA) spectra which
indicate negligible ESA cross sections in this wavelength
domain.

2-

0 1-.

o b)'
rf)
v) 5--
dl
o 4.
U

2- ~

1-
p

T=80 K

800 i -- 1000 " 1200
Wave leng th (nrn)

1400

FIG. 10. GSA ( ———) and ESA ( ) cross section spec-
tra in KZnF3..Co + at (a) T=300 K and (b) 80 K between 700
and 1450 nm.

On the contrary, as shown in Figs. 10 and 11, beyond
700 nm, two broad ESA bands clearly appear around 800
and 1250—1300 nm and these bands have peak cross sec-
tions o.„, of the same order of magnitude (around

2 X 10 ' cm ) as those of the GSA bands labeled o, .
We note that strong ESA occurs in MgF2. Co + at

around 1320 nm, the usual pumping wavelength of this
laser crysta1, and that it is stronger than in KZnF3. Co +.
We also note that ESA is negligible in the emission
domain beyond 1400 nm in KZnF3 and beyond about
1450 nm in MgF2, which is a good point for laser opera-
tion in these materials.

The positions and the shapes of the ESA bands can be
confronted now with the predictions of the SCC model.
Use is made of that by the data reported in Tables II and
V and the SF theory, by considering the relative positions
in the SCC diagrams of the potential curves associated
with each excited level of higher energy to that of the
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FIG. 11. o. polarized (Elc) GSA (———) and ESA ( )

cross section spectra in MgF2..Co + at (a) T =300 K and (b) 80
K between 700 and 1450 nm.
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TABLE VII. Approximative ESA transition energies (zero-
phonon positions) and energy shifts of potential curves relative
to state T2 in KZnF&. Co'+.

Optical transitions Energies

5800
7250

10 850
11 450
11 525
11 750
12 100

S „,fico()

0
695
513

485

13 150
14 750 450

emitting level T2, and the potential curve associated
with this new reference level is now determined by the
parameters S;„, and AcoQ. Tables VII and VIII give these
new values along with the assignments and the energies
(calculated from the lowest SO component of state T2 in
each compound) of the corresponding ESA transitions.

Because of the spin selection rule only the spin-allowed
ESA transitions from state "T2 to states A2 and T»
should be observed with a reasonable intensity. Accord-
ing to the results given in Tables VII and VIII the zero-
phonon positions of these vibronic transitions should be
located around 7300 cm ' (-=1370 nm) and 12 500 cm
(—=800 nm); these positions agree well with the experi-
mental data.

We could be tempted to assign the observed ESA
bands at around 800 nm and 1250—1300 nrn to the spin-
allowed transitions T2~"T» and T2~ A2 solely. This
seems to be correct in the case of the low-energy band
since the corresponding electron-phonon coupling factor
S;„, is large and the SCC model would predict a broad
band. The width of this band is also well explained using
the strong-field approach since it is associated with a
transition between states having different electron
configurations, t 2eg for T2 and t ze~ for 32, thus
different equilibrium configurations. The case of the
high-energy band (states T2 and T» with the same elec-
tron configuration t2e is more questionable since the
model and the strong-field approach predict a weak-
coupling factor, thus a narrow line when a broad band is
observed.

Two reasons can be given to elucidate this point; a
strong Jahn-Teller (JT) effect in the "T2 and/or the T»
excited states as was used in the case of the V + and Cr +

ions, or a tunneling effect in the vibronic states of
the adjacent levels T», T„,and T2, .

For example Sturge and Guggenheim have intro-
duced a JT energy EJ~=500 cm ' and a phonon fre-
quency Aco3=300 cm ' to account for the reduced SO
splitting of about 70 cm ' of state T2 in KMgF3 Co
(dynamic JT or Ham effect ). The same kind of reduc-
tion is found in KznF3:Co + since we observe a splitting
of about 80 cm ' when theory predicts, for /=535 cm
a splitting of about 350 cm

TABLE VIII. Approximative ESA transition energies (zero-
phonon positions) and energy shifts of potential curves relative
to state T, in MgF2. Co +.

Optical transitions

T2 E,(l 8)
A2(I g)

Ti, (I 8)
(I 6)

Tq, (I 8)
(r, )

T]b(I 8, )

(r, )

(I 8b)

(I,)

Tlg(I 6 I 8)

Energies

5625
7400

10 870
11 450
11 530
11 750
12 200

13 700
15 200

S,'„t%coo

0
780
603

810

where hE stands for the separation of the two states in
the absence of the JT effect. In addition, the widths at
half maximum and at high temperature of these bands
would be given by

(161n2)1/2(~ kT)1/2 1076 cm 1

b2=(641n2)' (EJrkT)' =2153 cm

These widths would correctly describe the experimen-
tal data. However, we do not observe shifts as high as
500 and 2000 cm since the positions of the ESA transi-
tions, as predicted in the absence of the JT effect, are
quite satisfactory.

It seems dificult to invoke the JT effect solely to ac-
count for the wide ESA band around 800 nm. On the
contrary, if a strong tunneling effect occurs between the
vibronic states of levels T», T„, and T2„ the spin
selection rule is relaxed and the transitions to the doublet
states borrow some intensity from the transition to the
quartet state. This phenomenon has been invoked, for
example, in gadolinium-scandium-gallium garnet
GSGG'. Cr + between the states E and T2 to account for
the thermal behaviors of the fluorescence intensities and
lifetimes in this material.

Within this hypothesis the positions and the shapes of
the observed ESA bands can be described very accurate-
ly. This is illustrated in Fig. 12 in the case of MgF2. Co +

by using the parameters of Table VIII for state T2, in
the case of the band at around 800 nm and those for state

A2 for the band at around 1300 nm, that is S; tAcoQ 748
and 780 cm ', with ficoQ=326 cm ', respectively. The
fits are good for zero-phonon transition energies of about
11 700 and 7200 cm ', which agree well with the approx-
imate values reported in Table VIII. In the case of the
band at around 800 nm (12500 cm ') the maximum of
the T2~ T2, ESA phonon sideband almost coincides

Following this argument, two types of' T2~ T» ESA
transitions would occur and for EJ~=-500 cm ' they
would be shifted to the high energies according to the ex-
pressions,

E
&

=DE+EJ& =AE+ 500 cm

E2 =AE+4EJq =DE+2000 cm



3642 H. MANAA, Y. GUYOT, AND R. MONCORGE 48
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with the position of the T2 T~g ESA peak; this can
also be seen in Fig. 9.

V. LASER OPERATION

Room-temperature laser operation was only reported
in the past' in the case of MgF2. Co +. We report now
on room-temperature laser operation of both MgF2. Co +

and KZnF3:Co + under pulsed laser excitation at 1.32
pm.

The arrangement of equipment for these laser-pumped
laser experiments is shown in Fig. 13. The laser crystals
were placed on a water-cooled copper 6nger and were po-
sitioned at Brewster's incidence at a center of a nearly
confocal resonator formed by two 25 cm radius mirrors
separated by a distance of about 26 cm. For such a sym-
metric laser resonator, the TEMoo fundamental mode ra-
dius co, is about 280 pm. The beam waist value is calcu-
lated using the equation

FIG. 12. Fitting of the cr polarized ESA band shape in
MgF2. Co + (0) at (a) T =300 K and (b) 80 K line-shape func-
tions 8'~ associated with the spin-allowed transitions T2~ A~
(for the band around 8000 cm ') and T2~ T» (for the band
around 12500 cm ') (O) but also using the line-shape function
(for the band around 12 500 cm ') associated with the
T2~ T„ transition (+).

ro, = [L (2R —l. ) ]'
277

where R is the radius of the mirrors, I. their separation,
and A, the laser wavelength.

The entrance mirror, labeled M1, is a dichroic mirror
which had a high broad-band refiectivity (more than
99.5%) at the laser wavelength between about 1.9 and 2.1

pm and a high transmission (about 80%) at 1.32 pm.
The output mirror labeled M2 is a mirror which
transmits either 0.3%%uo or 2.5% around 2 pm. Wave-
length tuning was accomplished with a single quartz-
crystal birefrin gent plate, 300 pm thick, placed at
Brewster's angle.

Laser pumping was provided by a home-built Aash-

pumped Nd: YAG laser made of a 10 cm long and 7 mm
diameter laser rod (from Crismatec in France) placed at
the center of a 41 cm long Hat-Aat resonator which con-
sisted of two plane mirrors, one being highly reAective
and the other having a transmission of about 20% at 1.32
pm. The laser delivered 60 ps wide (at half maximum)
laser pulses up to about 250 mJ. This unpolarized pump
beam was focused onto the Co-doped laser crystals
through the input mirror M1 with the aid of a lens of 15
cm focal length, which gave a pump beam waist co of
about 350 pm. This pump spot size was kept larger than
the waist of the cavity to avoid damage to the crystals.
Added to the fact that the pump beam was nonpolarized,
these experimental conditions were far from being opti-
mized and very modest laser performance was expected.

Figure 14 shows the slope e%ciency curves obtained in
the case of MgF2. Co + without a birefringent tuning
filter in the cavity. About 70% of the incident pump
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FIG. 13. Nd: YAG laser pumped cobalt laser: experimental
arrangement.
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FIG. 14. Room-temperature laser slope efficiency curves in
MgF2. Co for the two output coupler transmissions (1)2+

T=2.5% and (2) T=0.3%%uo and profile and evolution of the
laser pulse with the incident pump energy (70% is absorbed by
the crystal).
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power was absorbed in the crystal and the free running
laser wavelength was found at 2040 nm. More than 20
mJ were produced with a differential slope efficiency of
about 25/o with the 2.5% output coupler. Threshold-
absorbed pump energies of about 15 and 27 mJ were ob-
tained with the 0.3% and 2.5%%uo output couplers, respec-
tively. The figure also exhibits the profile of the laser
pulse and its evolution with the pumping power; as al-
ready reported by Moulton, ' the laser pulse presents
characteristic relaxation oscillations (spikes), the time de-
lay, and the number and intensity of the peaks which
vary with the excitation pump power (variations which
can be described by appropriate rate equations involving
the optical losses through the photon lifetime in the cavi-
ty).

Figure 15 shows the laser tuning curve obtained with
MgF2. Co +, with the transmission curve of the output
cavity mirror M2 which constitutes, with the birefringent
filter (because of the order hops), the principal elements
responsible for its wavelength limitation, from 1960 to
2180 nm.

In the case of KZnF3. Co + the laser performance was
not so good. Figure 16 displays its laser slope efficiency
curve with the profile and the evolution of the laser pulse
with the pump power. The crystal absorbed about 50%
of the incident power and the free-running laser wave-
length was 2024 nm. The birefringent tuning plate intro-
duced too much loss into the cavity to allow for wave-
length tuning and threshold-absorbed pump energies of
about 30 mJ were found with both output couplers.
More than 3 mJ of output energy was measured with a
differential slope efficiency above a threshold of about
8%%uo. The crystal was not pumped harder because we
were too close to its damage threshold (lower than that of
MgFz. Co + in spite of a better crystal quality).

These results can be used now to estimate the efFective
laser emission cross section in each material and to com-
pare these values with those found from the spectro-
dynamical data.

The effective laser emission cross section (LECS) cr,fr
appears in the equation which relates the threshold-
absorbed pump energy E,'h' to the laser parameters'

Mg F~..Co

34

E

& 2--
C

(1)

~1--

CL

0

KZ n F3-Co2+

il S

)
~ ~ tL

F

~oo
absor bed pump pu)se energy (mJ~

FIG. 16. Room-temperature laser slope efficiency curves in
KZnF, :Co + for the two output coupler transmissions (1)
T=2.5% and (2) T=0.3% and profile and evolution of the
laser pulse with the incident pump energy (50%%uo is absorbed in
the crystal).

hm. cn(co +
4o s'A pE rf [ 1 —exp( rp I rp—

)
(7)

where ~~ and A,~ are the pump laser pulse width and
wavelength, respectively, ~F is the fluorescence lifetime at
the operating temperature, and c the pumping efficiency.
L, the round-trip losses in the cavity other than that due
to the transmission T of the output mirror, can be deter-
mined by using Eq. (7), knowing the laser thresholds E,
and E2 obtained for different output coupler transmis-
sions T, and T2, according to the equation

E2T) —E) T2L=
E, —E

This method can be used when the laser thresholds are
known with good precision', this is the reason why only
the case of MgF2. Co + will be considered in the following
treatment.

In the case of ESA at the laser wavelength, the effective
LECS o,s is related to the ESA cross section o„, (as
found experimentally) by

)
E

Ql

C
bJ
+ 2--
V)

CL

zI

C0„.10 N

E
C

h5
I— cr, (A)= N(A, )

S~c~zn f N(A, )dA.
(10)

jef em esa &

where o, is the stimulated emission cross section which
can be calculated from the emission spectrum N(A, ),
given in photons per unit wavelength interval and per
second, with the equation

0
1960 2000 2043 2080 2120 2160 2200

Wove I eng lb tnt)
FICz. 15. Laser tuning curve recorded in MgF2. Co + (0) with

the T-=2.5% output coupler and transmissions of this mirror
( ———)

where ~z stands for the radiative lifetime and is related
to the Auorescence lifetime by the fluorescence quantum
efficiency g=~p /~g.

Since no excited-state absorption was found at the laser
wavelength (see previous section), it is expected that
Oem=~em.
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The parameter values used to make the calculations in
the case of MgF2. Co were the following: co, —=280 pm,
co -=359 pm, A, =1.32 pm, ~z —-—60 ps; ~& —=6 ms;
~~=—30 ps; n =1.38, E& —=S mJ for T, =0.003, and
E2 —=27 mJ for T2=0.025.

It was found L =2.5—6%%uo and, at A, =A,~„„=2.04 pm,
cr,fr= (—2 1+. 0.4) X 10 ' cm for cr, = ,'—(2—a,

+o, )=2.4X IO ' cm, which is in good agreement
and confirms that o„,—=0 in this emission domain.

Our effective LECS o,~ also perfectly agrees with the
value obtained in the past by Moulton. ' At that time
this author also compared this value with o., and found
a great discrepancy that he tentatively explained by a low
quantum efficiency. This hypothesis is now confirmed.
Indeed Moulton estimated o., by assuming ~z =—1.7 ms,
the fluorescence lifetime he measured at low temperature.
It is clear that the true radiative lifetime is much longer
(the absorption data discussed in Sec. III gave rz =—6 ms)
and that his o., value was overestimated.

VI. CONCLUSION

The spectroscopy and the fluorescence dynamics in the
Co +-doped crystals KZnF3, KMgF3, MgF2, and MgO
have been studied in detail and the results compared with
the predictions of the single-configuration-coordinate
(SCC) model. The position and the shape of the main
bands of the ground-state absorption (GSA) and emission
spectra agree well with these predictions. It leads to the
determination of all the energy levels of the Co + ion,
and examination of the infrared fluorescence lifetime with
temperature reveals the importance of the nonradiative
relaxation processes and the extremely low fluorescence
quantum efficiency in these materials.

The excited-state absorption (ESA) spectra of the
Co +-doped KZnF3 and MgF2 single crystals have been
recorded at low and at high temperatures. Two bands
are found in the near-infrared domain with cross sections
of the same order of magnitude as those of the GSA
bands. ESA occurs in the pumping domain of these laser
crystals around 1.32 pm, but it is negligible in the region
of stimulated emission. The position and the shape of
these bands are also compared with the predictions of the
SCC model and the agreement seems satisfactory, assum-
ing the possibility of ESA transitions towards vibronical-
ly coupled (tunneling effect) spin doublet and quartet
states.

Room-temperature laser operation has been obtained,
under the same conditions, in KZnF3..Co + as well as in
MgF2. Co + -MgF2-. Co shows better thermomechanical
properties and better laser performance and the results
are used to ascertain the value of the radiative lifetime in
this material and to confirm the absence of ESA in the
stimulated emission domain.
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