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We report an analysis of the excited-state dynamics, fluorescence, as well as excited-state absorp-
tion, in the Ni +-doped vibronic laser systems MgO:Ni + and MgF2. Ni +

~ Use is made of this
analysis to show the ability and the limitations of the single-configuration-coordinate model and the
Struck and Fonger theory to describe or predict the gross features of the ground-state and the
excited-state absorption and emission data.

I. INTRODUCTION

There is now a renewed and increased interest in the
search and the development of the vibronic solid-state
laser systems based on phonon-terminated optical transi-
tions of transition-metal ions in fluoride and oxide hosts
as stable and tunable light sources for spectroscopy as
well as high-power lasers. This interest is shown through
the number of papers which have been published on the
subject in the last few years and through the recently
created conference on tunable solid-state lasers. Howev-
er, though many systems have been discovered and
operated successfully as tunable lasers, we still note a lack
of realistic models and spectroscopic data allowing us to
predict or even fully understand the lasing properties.

For example, an underdeveloped area in the opti-
cal spectroscopy of the fluorescent transition-metal ions
is excited-state absorption (ESA). In the lasing wave-
length region, this absorption often competes with the
stimulated emission and decreases the laser output; in the
pump region, it causes losses of energy from the pump
light into heat or converts the pump light into undesired
fluorescence. Consequently, we must know as much
about ESA as we know about the radiative and nonradia-
tive processes or the mechanical and thermal properties
of the materials.

There have been several reports on the ESA of Cr + in
high-field systems, such as ruby, emerald, MgO:Cr +,
and alexandrite the ESA transitions are attributed
there to electronic transitions of the type E~higher
states. This has been completed very recently by An-
drews et al. with a study of the ESA of Cr + in low-field
systems, K2NaScF6, Gd3(Sc, Ga)zGa30, z (GSGG),
G13SczA130,2 (GSAG), in which the ESA electronic tran-
sitions are of the type T2g ~ higher states.

No study has appeared so far on the ESA of the V +,
Co +, or Ni + ions in fluorides or oxides, though ESA is
known to be particularly detrimental for laser action in
many of these systems.

This paper is devoted to an analysis of the excited-state
dynamics (fluorescence as well as excited-state absorp-
tion} in the Ni +-doped compounds MgFz and MgO, two
laser hosts having rather different structural properties.

It follows an analysis on the ESA of V + in MgFz and
KMgF3.

Our main purpose is to give fundamental information,
to assess, for example, up to what extent a single
configuration coordinate model is valid for predicting the
various features of the ground-state as well as excited-
state optical transitions.

The paper is divided as follows. Section II is devoted
to the description of the materials and experimental tech-
niques. The general spectroscopic data are gathered in
Sec. III. The excited-state excitation and absorption
spectra are described in Secs. IV and V. The data are
compared with the predictions of the single configuration
coordinate model and discussed in Sec. VI.

II. MATERIALS AND TECHNIQUES

The excited-state excitation and the fluorescence spec-
tra are obtained by exciting the samples with a powerful
Nd +-doped (Y3A1&0,2} (YAG) pumped dye laser from
Quantel (Datachrom model) which delivers excitation
pulses of 15 ns duration and 0.1 cm ' spectral width.
The dyes used for exciting in the visible domain are Rho-
damines from Exciton, R590, R610, R640 and mixtures
of them, R590+ R610, R610+ R640 for wavelengths be-
tween 545 and 625 nm and also other Exciton dyes called
DCM and LD700 and mixtures of them, DCM + LD700
for wavelengths between 620 and 745 nm. The infrared
excitations are produced with the help of a very eScient
hydrogen Raman cell which shifts the energy of the dye
laser beam going through it by —4155 cm ' (Stokes 1)
and —2X4155 cm ' (Stokes 2). The intensity fluctua-
tions at the output of the cell are —10%%uo for the Stokes 1

and -20% for the Stokes 2 shifted radiations. By this
way, excitation pulses of a few millijoules can be obtained
up to wavelengths of —1.95 pm.

Fluorescence has been analyzed with the aid of a 1-m
Jobin-Yvon HRS1 monochromator with a grating of
1200 grooves/mm and blazed at 500 nm for the visible or
a Bausch-Lomb model IR No. 1 monochromator with a
grating of 675 grooves/mm and blazed at 1 pm for the in-
frared. Fluorescence up to 1 pm is detected by fast
response photomultipliers (9789 EMI, 9808 EMI} and the

37 9186 1988 The American Physical Society



EXCITED™STATEABSORPTION OF Ni~+ IN MgFz AND MgQ

signals are fed either into an Ortec photon-counting sys-
tern which is connected to a calculator for the spectral
measurements or an IN90 Inter-Technique multichannel
analyzer for the lifetime data. In the range 1.0-1.7 pm,
fluorescence is detected by an ADC model 403 HS ger-
manium photodiode cooled to liquid-nitrogen (I.N) tem-
perature, with a time response of about 200 ns, and the
signals are fed into a PAR model 162l165 boxcar
averager interfaced with the calculator or a Hewlett-
Packard model 19860 A sampling oscilloscope.

III. GEXERAI. SPECTROSCOPIC DATA

The absorption and emission spectra of MgFz. Ni +

and MgO:Ni + at low temperature are shown in Figs. 1

and 2. They are made of sharp lines superimposed on
broadbands, in the visible as well as in the infrared re-
gions, characteristic of zero-phonon electronic transi-
tions, phonon satellites, and vibronic sidebands in the
Ni + ions; it is precisely the broad vibronic sidcbands

9F2.N1

T =80 K

which allow pumping by available sources —some of
them are indicated on the left-hand side of the figures-
and tunable four-level operation. The various features
are labeled in both systems according to the notations on
the irreducible representations of the group of octahedral
symmetry and, as much as possible, according to the no-
tations associated to the perturbating effects such as local
Seld distortion (case MgF2) and spinwrbit coupling (case
of MgO).

The absorption spectra are characterized by three
spin-allowed and two spin-forbidden optical transitions.
The transitions to the singlet state 'E and 'Ti('D) be-
comes spin allowed through second-order spin-orbit cou-
pling. Because of the inversion site symmetry, no electric
dipole zero-phonon lines can be observed, but the associ-
ated phonon satellites and vibronic sidebands relative to
the T, ( F), 'Tz('D), and "T&( P) excited states are elec-
tric dipole in nature: they are forced electric dipole tran-
sitions induced by interactions with odd-parity phonon
modes of T,„symmetry. It is difficult to say much from
the spectral shape of the band relative to the 'E('D) ex-
cited state, since it is weak and overlaps too much with
the ~T, (~R band.

The electronic transition to the lowest triplet state
T2( F) is the only magnetic-dipole-allowed transition;

one observes indeed, very sharp magnetic dipole zero-
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FIG. 1. Low-temperature emission {right-hand side) and ab-
sorption spectra (left-hand side) and estimated positions of the
zero-phonon orbital components (center) of the energy levels in
MgF .Ni +

FIG. 2. I.ov-temperature emission (right-hand side) and ab-
sorption spectra {left-hand side) and estimated positions of the
zero-phonon spin-orbit components {center) of energy levels in
MgO:Ni +.
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phonon lines but also, vibronic sidebands with a major
magnetic dipole character.

The emission spectra also consist of sharp no-phonon
lines and phonon satellites and broad vibronic sidebands;
they correspond to three downward electronic transi-
tions, two of them, in the green and red spectral domains,
originating from the 'Tz('D) excited state, a third one,
which is essential for infrared laser action, coming from
the lowest excited state Tz( F).

In the case of MgO:Ni + the sideband structures are
made principally from double peaked phonon satellites of
the various spin-orbit components at -200 and 400
cm ' due to T&„excitations. " Evidence is also found
in the Tz( F) (Ref. 12) and 'T2('D) (Ref. 13) states, of
interacting phonons of E~ symmetry, leading to a non-
negligible Jahn-Teller (JT) effect with a 515 cm' JT ener-

gy in the case of 'T2('D ) state. Also, using the data pro-
vided by the temperature dependences of the band-
widths, a ground-state mean-phonon frequency of about
310 cm ' can be found. Considering the fluorescence
data, a computer program can be used to fit the tempera-
ture dependences of the ir and green (or red} emission
lifetimes to the expression of the theory of Struck and
Fonger (SF}:

1 1———+N U
7 7p

where Tp is the radiation lifetime, N„a constant of the
model and Up the summed Franck-Condon (FC) weight

defined in the SF theory. Uz depends on P„and A~, the
Q

number and the mean energy of the interacting phonon
needed to overcome the transition gap, and on S, the
Huang-Rhys factor. Treating the latter as parameters,
one obtains the following values.

For the infrared lifetime" S =3.38, P„=26, and
Ace=308 cm ' with N„=1/10' and ~p

——3.6 ms, the
1ow-temperature fluoresence lifetime.

For the green (or red) lifetime S=2.56, P„=19, and
Ace =255 cm ', with N„= 1 X 10' and ~p

——1.2 ms.
In the case of MgF2. Ni +, the local field distortion and

the spin-orbit coupling make the band structures more
difficult to analyze. Except for the infrared level Tz( F),
for which a number of magnetic dipole zero-phonon lines
associated with various spin-orbit components can be
clearly identified, ' the other levels are treated only by
considering the effect of the orthorhombic crystal field on
the orbital components which is far from being satisfacto-

ry, particularly in the case of the triplet states T, ( F)
and T, ( P).

If one uses the data provided by the temperature
dependences- of the absorption and of the emission band-
widths, ground stat'e, and first excited-state mean-phonon
frequencies of about 410 and 155 cm ' can be found in
good agreement with characteristic peaks in the phonon
density of states' of MgFz. Ni +. The fitting of the
Struck and Fonger model to the decay data give in turn,
the parameter values. '

For the infrared lifetime, S=3.24, P„=26, Ace=250
cm ', N„=1)(10',and ~p ——12 ms.

For the green (or red} lifetime, S=2.56, P„=19,
%co =250 cm ', N„= 1 X 10', and r0 =430 p,s.

In the case of MgO:Ni + as well as MgF2. Ni +, the fits
of the Struck and Fonger model to the infrared decay
data give products P„%~=6500 and 8008 cm ' which
agree fairly well with the respective zero-phonon energies
that one finds experimentally.

The parameter values obtained with the green (or red)
fluorescence decay data are more questionable. In
MgFz. Ni +, the lifetime ro corresponds well to the low-

temperature measured lifetime of the emitting level, but
this lifetime value is short with respect to the expected
lifetime calculated from the absorption data; also, as al-
ready asserted, it must include a non-negligible nonradia-
tive component even at the lowest temperatures. On the
other hand, the product P„%co gives 4750 cm ', a value
which is fairly close to the energy gap between the zero-
phonon levels of the states 'T2('D) and 'E('D} at
-20 530 and 15 500 cm ', thus indicating the most likely
nonradiative decay channel for the green (or red) fluores-
cence. In MgO:Ni +, the 'E('D) state stands below the
T, ( F) state and a different decay channel could be in-

voked: it manifests itself in the parameter value obtained
for ~p

——1.2 ms since it agrees better with the value calcu-
lated from the absorption data; on the other hand, the
product PAcu gives 4335 cm ', a value which is now very
different from the energy gap of -8100 cm ' between
the states 'T2('D) and 'E('D) or the energy gap of
-6100 cm ' which is estimated between the state
'T2( 'D ) and the higher-energy spin-orbit (SO) com-
ponent of the state T, ( F). One might wonder instead if
the main nonradiative deexcitation process of the state
'T2('D) could take place via the upper state T, ( P),
which then could apply in the case of MgF2. Ni + as well
as in MgO:Ni +.

TABLE I. Laser data on the Ni +-doped MgF2 and MgO vibronic systems.

Laser system

MgO:Ni +

(Refs. 20,21)

MgF2. Ni~+

(Refs. 19,20)

Lifetime
at 80K

(ms)

3.6

13

Emission
cross section

(cm2)

1.6x 10-"

5 X10-"

%'avelength
of YAG:Nd +

pump
source
(pm)

1.06

1.32

Slope quant.
eSciency

(%)

57

37

TEMO0
max output

power
(W)

10

Tuning
range
(pm)

1.316-1.409

1.61 -1.74
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TABLE II. Observed and estimated positions of the ortho-
rhombic components of the zero-phonon electronic energy lev-
els in MgF2. Ni2+ and associated Huang-Rhys factor S.

Excited levels
(orthorhombic
components)

3B

Tl( F) Bl
3B

3B

1E(la) lg

1B

I T ( la )1B

1B

TI( P) BI
B2

B3

Zero-phonon
energy
(cm ')

6 506

6 541

6636
6 672

6797
6920

(after Ref. 14)

11 200+100
11 800+100
12 600+100

—15 500

20 535

22 700+100
24 000+100
24 500%100

S
parameter

1.38

-3.45

-0

1.73

The diferent energy level spacing in MgF2. Ni and
MgO:Ni + also lead to the following observations. In
MgFz. Ni +, we have observed coincidences between the
energy of the 'Ti('D)~ Tz( F) red emission transition,
the energy of excitation of the vibronic sideband associat-
ed with the A2( F)~ T, ( F) transition and the
excited-state absorption energy T, ( F )~ T, ( P ). The
former coincidence gives rise to a cross relaxation type
energy transfer process which strongly affects the green
(or red) fluorescence dynamics. '7 The coincidence be-
tween the last two energies gives rise to very detrimental
losses for infrared laser action when the system is
pumped for example with the continuous-wave (cw) radi-
ation at 7525 A of a krypton laser. '

In MgO:Ni + there are no such coincidences. As a
consequence, the emitting level Ti( D) is not subject to
any energy transfer process [the decay mode of the asso-
ciated green (or red} fluorescence remains exponential]
and no excited-state absorption of type T, ( F )~ T, ( P) should occur if one pumps for example with
the 6471 A radiation of a cw Krypton laser, which does
not mean that no excited-state absorption will occur at
this energy (see the following section}.

We have reported in Table I the most important data
concerning the infrared laser emission of each laser ma-
terial. In both cases the estimated emission cross section
is of the same order of magnitude. The systems differ in
their optimum pump wavelength, their laser internal
quantum efliciency {the ratio of the number of stimulated

photons to the number of absorbed pump photons), the
maximum output power which has been already ob-
tained, and their range of wavelength tunability. '

These data are given for T=77 K, the temperature at
which the two lasers have been working. However, cw
operation of MgO:Ni + has been demonstrated up to
—30'C and the authors thought that pulsed operation
would be straightforward at room temperature; it is due
to the weakness of the nonradiative transitions from the
T2( F} infrared emitting level to the ground state in this

range of temperature, which manifests itself in the slow
variation of the associated Auorescence lifetime. As an
introductory remark for the following section, we can al-
ready note that the laser internal quantum efliciency is
less than unity and, as it has been already noted a number
of times in the past, this reduction must be related to the
existence of excited-state absorption in the wavelength
domain of the pump radiation as well as in the domain of
laser emission.

IV. EXCITED-STATE KXCITATIGN (KSK) SPECTRA

A. MIF2.Ni2+

We have shown in a previous paper' that a bright
green anti-Stokes fluoresence can be observed in
MgF2..Ni + when the crystal is excited by the 7525 A ra-
diation of a krypton-pump laser, i.e., in the T, ( F}ab-
sorption band. This anti-Stokes emission has been attri-
buted to the green emission located around 5000 A asso-
ciated with the 'Tz('D)~ Az( F) characteristic transi-
tion of the Ni + ion in this material and we have assumed
that excited-state absorption from state ~T, ( F) to state
T, ( P} followed by phonon relaxation between states
T, ( P) and 'T2('D) should be responsible for that. It is

the first time we have to assume an excited-state absorp-
tion from a state located above the lowest metastable ex-
cited state.

We have proved that by pumping the crystal at low
temperature in the whole wavelength domain of the

A2( F)~ T&( F) absorption band and by monitoring
the resulting green anti-Stokes fluorescence. We have
used as many as five different dyes. The excited-state ex-
citation spectra are reported on Figs. 3-5; they have been
corrected from the dye laser intensities but they have not
from the A 2( F )~ T& ( F} absorption band shape be-
cause it is not necessary for the assignments.

Indeed, just by looking at the positions of the energy
levels of the Ni + ion in MgF2, as reported in Fig. 1, en-
ergetic considerations alone make the following assign-
ments possible: (1) the 715—890 nm spectral region to a
T, ( F}~T, ( P) excited-state absorption in agreement

with the assumption made before (see Figs. 3 and 4); (2)
the 640—715 nm spectral region to a Tz( )F~' T('2)D
ESA (see Fig. 4); (3) the 620 —630 nm spectra region to
the beginmng of the T2( F)~ T, ( P) ESA (see Fig.
5). These spectra allow us to make a number of obser-
vations.

the weak intensity of the 3+2(3F)
~[ Ti( F), 'E('D)] absorption band between 620 and
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MgF2.-Ni + at T=80 K (the portion of the ESE spectrum
recorded at T= 12 K between 705 and 715 nm is shown on a
different scale: it is reduced at least by a factor 10).

630 nm, it may be that the Tz( F)~ T&( P) ESA transi-
tion is more intense than the other two. Also, both the
T, ( F}~T, ( P} and the Tz( F)~'Tz('D) excited-

state excitation spectra are made of broadbands as well as
sharp structures which indicate that the potential curves
corresponding to each state are non-negligibly displaced
between each other.

This information is not accessible through the ground-
state absorption (GSA) spectra. However, it could be ex-
pected in the case of the Tz( F)—+'Tz('D) transition
since the red emission which corresponds to the reverse
process 'Tz('D }~Tz( F ) also consists of a broadband.

The sharp structures must be related to some
magnetic-dipole-allowed zero-phonon transitions or pho-
non satellites and complementary information can be de-
rived concerning the positions of the various electronic
levels and the energies of the active phonon modes. It is

I

620
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APR-" E("D)
I I

640 650

h. (nm)

I
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FIG. 5. 'T, ('F )~'T, ('P) and 'T, ('F )~' T2( 'D ) ESE
( ) and 'A&('F)~'E('D) GSA spectra ( ———) of
MgF2. Ni + at low temperature (T=80 K).

clear, for example, that the sharp lines located at about
707.8 nm (14127 cm ') and 710.5 nm (14074 cm ')
separated by -53 cm ' must be attributed to magnetic-
dipole-allowed transitions from the lowest spin-orbit
component of the Tz( B3) state to the two lowest ortho-
rhombic components of the '

Tz ( 'D) singlet state,
Tz(B, )~'Tz('B3), 'Tz('A ).

The broadbands at about 694 nm (14409 cm ') and
703 nm (14224 cm ') are attributed to phonon assisted
sidebands. Their separations with the 710.5 nm zero-
phonon line correlate well with peaks of the MgF2 pho-
non density of states at 33 and 150 cm ' and phonons of
these energies have to be coupled in the 'Tz('D) state.

The line structure around 850 nm is even more in-
teresting since we do not know the exact position of the
zero-phonon levels of the T

&
( F ) and T& ( P) states par-

ticipating in this excited-state transition. The shape, the
spacing, and the thermal behavior of the various lines al-
low us to attribute (i) the lines at 867.5 nm (11 527 cm ')
and 861 nm (11614 cm ') separated by -87 cm ' to
magnetic-dipole-allowed transitions from the lowest
spin-orbit component of the T, ( F, B,

~
state to the two

lowest spin-orbit components of the TI ( P, Bz ), (ii) the
double peaked broadbands at -855 and 848 nm with a
cornrnon splitting of -42 cm ', to two phonon side-
bands of the previous lines associated with two charac-
teristic phonon intervals of —155 and 200 cm ', and (iii)
the line appearing at 80 K around 874.9 nm (11429
cm ') to a hot zero-phonon transition from the second
spin-orbit component of state T, ( F, B, ) to the lowest
one of state T, ( P, Bz), or to a hot phonon satellite of
the line at 867.5 or the one at 861 nm with characteristic
phonon energies of 98 or 185 cm ', respectively.

B. MgO Ni~+

As in MgF2. Ni +, strong laser excitation in the
T, ( F) excited state in MgO:Ni + also leads to an
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FIG. 6. T2( F)~'T2('D) ESE spectrum of MgG."Ni + at
low temperature.

excited-state absorption process resulting in the observa-
tion of green and red anti-Stokes fluorescences, these two
emissions being characteristic of the two downward
optical transitions 'Tz('D )~ A z( F) and 'Tz('D )

~3Tz( F) in this material.
As above, use is made of these fiuorescences to measure

the corresponding excited-state excitation spectra at low
temperature. However, we have operated differently
since we have realized a true two-beam experiment. One
laser beam at 1.06 pm is focused onto the crystal to pump
the Tz( F) excited state and another beam, a dye laser
beam, is focused colinearly with the former to probe the
'Tz('D) and T, ( P} excited states. The resulting
excited-state excitation spectra, corrected for the dye
laser intensities, are reported in Figs. 6 and 7. These
spectra extend into the same domain as the

A z( F )—+ T
&

( F ) GSA band. However, the excited-
state excitation spectra do not need to be corrected fur-
ther from the intensity of this band since we have used
low enough dye laser probe intensities to get no detect-
able fluorescence signal without pumping with the 1.06
pm radiation.

These spectra can be divided into two parts. One re-
gion from 700 to 780 nm is attributed to a
Tz( F)~' T(z' D) ESA transition and the other from

560 to 640 nm to a Tz( F)~ T, ( P) ESA transition.
The line at 763 nm (13106 cm ') is likely due to a

zero-phonon transition starting from the lowest spin-
orbit component E of state 'Tz( F), i.e., Tz( F;
E)~'T (z'D). The one observed at 80 K (and not at 12
K) at 773.5 nm (12928 cm '), i.e., at 178 cm ' of the
former, an energy equal to the energy splitting of the
lowest spin-orbit components E and T& of state Tz( F),
is attributed to a hot zero-phonon transition Tz( F;

T)~' T(z' D). The bands located at about 753.4 nm
(13273 cm '), 740.5 nm (13504 crn ') and 726.8 nm
(13719 cm ') are attributed to a phonon-sideband pro-
gression with energy spacings of 167, 398, and 653 cm
In the case of the Tz( F)~ T&( P) ESE spectral band,
the assignments are not so straightforward. Considering
the calculated positions and spin-orbit splittings of the
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FIG. 7. 'T2('F)~3T&('P) ESE spectrum of MgO:Ni + at
low temperature.

energy levels which give the best flt to the ground-state
absorption and emission data, we are led to the following
assignments (see inset of Fig. 7). (i) The lines observed at
80 K (and not at 12 K) at around 630.9 (15 850 cm ') and
636.9 nm (15701 cm ') are attributed to hot zero-
phonon transitions between the T, spin-orbit component
of state Tz( F) to the two lowest SO components E and

Tz of state T, ( P), i.e., Tz( F;T,}~T&( P,E),
T, ( P, Tz). (ii) The line peaking around 623.7 nm

(16033 cm '} is attributed to the zero-phonon transition
Tz( F;E) ~ T, ( P;Tz). (iii) The lines at 606.6 nm

(16485 cm '}and 613.7 nm (16295 cm '}to a superposi-
tion of phonon sidebands and zero-phonon transitions to
the highest SO components T, and A

&
of state zT, ( P ).

The energy position of the lowest SO component E of
state T, ( P)—the above study indicates -23 890 cm
(4186 A)—was further checked in a two-photon excita-
tion experiment. The crystal was pumped with our
pulsed dye laser between 800 and 900 nm, i.e., in a wave-
length domain ~here no ground-state absorption occurs
(see Fig. 2), and green anti-Stokes fluorescence was
detected when we scanned the laser between 820 and 840
nm. The fluorescence intensity increased quadratically
with the excitation pump power. This resulted in the
two-photon excitation spectrum shown in Fig. 8. It con-
sists of a very sharp line at around 837 nm (11947 cm ')
which corresponds precisely to the two-photon transition
Az~ T~( P,E), at -2X11947=23895cm ', we were

looking for. The structure peaking around 829 nm
(12062 cm ') is attributed in turn to a two-photon pho-
non sideband (2 X 12062=24 124 cm ') of the latter with
a characteristic phonon energy sparing of -225 cm



9192 R. MONCORGE AND T. BENYAL IOU 37

C
3

0

C
0

~ ~
0

~ ~
O
X

840y2 830j2
A (nm)

M 0:NI

I

820/2

of a weak probe beam when it passes through a pumped
and unpumped crystal. The pump light is provided by
the pulsed YAG:Nd + or the YAG:Nd + pumped dye
laser and the probe by a high power 1 kW halogen lamp
source. The transmitted light is analyzed and detected by
the monochromators and detectors mentioned in Sec. II.
The lenses and pinholes are adjusted to overlap the pump
and probe beam in the crystal and to avoid stray light
(see Ref. 4).

The spectra are recorded by scanning the monochro-
mator in the wavelength region of interest and by record-
ing and analyzing the transient signal at each selected
wavelength.

If I~ and I„stand for the transmitted probe light inten-
sity when the crystal is pumped and unpumped, respec-
tively, one can write at a particular wavelength

I„=I eoxp( ooNL—) and I =Ioexp( cr,N—,L ooNDL—),

where Io is the incident light intensity, o 0 and o, are the
absorption cross sections in the ground and excited states
labeled (0) and (1), No and N, their population densities
in the presence of the pump beam knowing that
Np+N& =N is the total active ion density. L is the light
path length in the sample. I can be expressed as

FIG. 8. Two-photon excitation spectrum of MgO:Ni + at
low temperature in the region of the 'A2('F)~ T&('P) transi-
tion.

No trace of T, ( F)~ T, ( P) or T, ( F)~'T (2'D)
ESA transition is observed and even expected in the spec-
tral domain where these transitions could occur, i.e., in
the range between 830 and 1250 nm (8000—12000 cm ').
We conclude that no ESA process occurs in the T, ( F)
excited state of Ni + in MgO. This is to be correlated
with the respective positions of the T, ( F) and 'E('D)
levels in this material. Indeed, in MgO:Ni +, level
'E('D) is at lower energy than level T&( F} so that the
T&( F}~'E('D) phonon relaxation must be more prob-

able than any excited-state process. Excited-state absorp-
tion could occur instead in the 'E('D) excited state but
we could not check it because of limitations due to the in-
creasing excited-state excitation signal T2( F)~3T, (3P)
when the system is pumped in level T, ( F) and the
probe beam is scanned in the expected wavelength
domain for the 'E('D) —+'T ('D2) transition, i.e., around
A. =1.25 pm which is precisely the wavelength domain
for the ground-state excitation of level Tz( F).

V. EXCITED-STATE-ABSORPTION CROSS SECTIONS

The excited-state-absorption spectra and cross sections
that we are going to describe in this section give us a
quantitative view of the importance of ESA mechanisms
in these laser materials. The method used to get our ESA
spectra is very similar to the one used by Andrews et al. ,
for example, in the case of the Cr +-doped systems
GSGG, GSAG, and K2NaScF6. It consists in the mea-
surement of the change in the transmission (absorption)

where i, is the rate of deexcitation of state (1). When
ESA occurs in the metastable state T2( F}of Ni + for
example, r& is the lifetime associated with the infrared

fluorescence.

As a consequence the observed signal I I„(I I„ is- —
always much smaller than I„) is a transient signal which
decays approximately with the same time constant as the
one characterizing the deexcitation of the absorbing ex-
cited state. Dividing I„by I~ one obtains the change in
absorption coemcient ha

I„
ha =ln

Ip
L=(o') —oo)N, .

The time evolution of ha tells us which state is actually
absorbing and its zero time value, the value which is re-
tained for the spectra, is directly proportional to the ini-
tial excited-state population density N

&
(0).

Both ap and 1V, must be known to extract cr, . o.
p

equals kpN where kp is the ground-state coef5cient and N
the active ion concentration. N& is estimated 6rst from
the excitation pump intensity and the pumped volume,
then it is checked by comparison with the value obtained
from the spectra at the wavelength where o.&-0, i.e.,
ha= croN, . Fig—ures 9 and 10 show both the excited-
state difference spectra (b,a versus wavelength and/or en-
ergy ), the GSA spectra, and the resulting ESA of Ni +-
doped MgF2 and MgO at room temperature.

Iz ——I„exp—(o
&

—o'0)N&L .

Since the excited-state population density N
&

results from
a pulsed pump excitation, it transforms like

t
N, =N, (0)exp ——,

TJ
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FIG. 9. A2('F)~'T&( P} GSA cross section cro, measured
excited-state difFerence spectrum h,a, and ESA cross section o

&

in MgF2. Ni2+ at room temperature.

The MgFz. Ni + single crystal was of high optical qual-
ity of 1.66-cm long sample doped with 1.7 at. % Ni +

iona (%=5.3X 10 Ni + iona/cm3). The MgO:Ni + sin-
gle crystal was a 1.2-cm long sample doped with 0.6 at. %
Ni + ions (N =3.2X10 Ni + iona/cm ). The
Mgpz. Ni + sample was pumped in the T, ( F) excited
state at 7100 A. The pulsed dye laser beam, with more
than 20 mJ per pulse, was focused onto the crystal in or-
der to produce an excited-state population density
N& -(3.5+0.8}X10' ions/cm . This gives an excitation
ratio N, /N -0.66%, which is relatively low. The
MgO:Ni + crystal was pumped directly in the 'Tz('F}
metastable state of Ni + with the 1.06 pm radiation of
the pulsed YAG:Nd + laser. More than 30 mJ were fo-
cused onto the crystal to create an estimated excited-state
population density N, -(2.8+0.6}X10' ions/cm,
which corresponds to an excitation ratio N, /N
-O. 87%.

In the case of MgFz. Ni~+ Fig. 9 shows that only the
ESA transition Tz( F)~ T&( P) gives rise to a measur-
able cross section cr, . In agreement with the ESE spec-
trum this occurs at wavelengths shorter than -640 nm
(v&15500 cm '}. In the region of the spin-forbidden
ESA transition Tz(zF)~'Tz('D) and of the spin-
allowed one T, ( F)~ T, ( P), that is at wavelengths be-
tween -640 and 900 nm (11000 cm '

& v & 15 500
cm ), no o, signal can be extracted; in this region,
which is also the region of the Az —+3T, ( F) GSA tran-
sition with the cross section noted cro, only optical pump
induced bleaching (ha&0) occurs and the excited-state
difference spectrum mimics the GSA optical band
(isa = —a()N, ).

Because of the spin selection rule, the nonobservation
of the Tz( F)~'Tz('D) ESA transition is perfectly un-
derstandable. A quantitative estimate of the maximum
cross section o,„(Tz~'Tz) can be made starting from
the branching ratio of the green ('Tz~ Az) and red
('Tz~ Tz) emissions observed in this material. The
green emission is about 7 times more intense than the red
one and they have about the same width at half max-
imum. Assuming a,„(Tz ~ 'Tz ) =o,„('Tz~ Tz )

one gets, knowing the respective GSA cross sections,o,„( Tz~'Tz)=10 cm at T=80K.
Since it does not vary much with temperature —it in-

creases by about a factor 4 between LN and room tem-
peratures (ESE data) —the cross section of this spin-
forbidden ESA transition remains much smaller than the
spin-allowed one.

Another explanation has to be invoked in the case of
the T, ( F)~ T, ( P) ESA. Indeed the transient signal
corresponding to this type of absorption must be very
short lived„ it should decay approximately with the same
time constant which characterizes the deexcitation pro-
cess of the T&( F) absorbing state. It is likely of a few
picoseconds at room temperature, maybe a few
nanoseconds at LN temperature. Consequently, the tran-
sient signal produced by the T, ( F )~ T, ( P ) ESA
transition, if any signal of this type exists at room tern-
perature, cannot be detected merely because of experi-
mental limitations.
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VI. CONCLUDING REMARKS

Study of the ground-state absorption and emission
spectral features, analysis of their thermal characteristics
(Sec. III), and comparison with the excited-state-
absorption data (Sec. IV) have allowed us to get much in-
formation about the positions of the various electronic
energy levels —and their associated excited-state phonon
energies. These positions are gathered in Tables II and
III. Subsequently, we can determine, in the octahedral
field approximation, the crystal-field and Racah parame-
ters Dq, B, and C which give, by diagonalizing the well-
known Tanabe-Sugano (TS) matrices (including spin-orbit
coupling in the case of MgO:Ni +), the best overall agree-

TABLE III. Observed and estimated positions of the spin-
orbit components of the zero-phonon electronic energy levels in

MgO:Ni + and associated Huang-Rhys parameter.

Excited levels
(spin-orbit
components)

'T, ('F)E
Tf

T2

A2

1E(1D)

T]( F) A]

TI

T2

'T ('&)

TI( P)E
T2

Ti

Zero-pho non

energy (cm ')

8 002

8 180

8 422

8 842

—13000

13000+100
13 500+ 100

14 300+100
14 750+100

21 100

23 895

24040
24 200+ 100

24 400+100

S
parameter

1.42

1.45

1.42

1.42

0.27

-3.22

-3.13

-3.13
—1.54

1.81

3.48

3.22

-3.22

-3.13

The results are very much similar in the case of
MgO:Ni + (Fig. 10). Only the o, cross section associated
with the spin-allowed T2( F)~ T, ( P) ESA transition
can be extracted. In agreement with the ESE data, this
occurs at wavelengths A, (650 nm. In the region between
650 and 750 nm (13000 cm '&v&15400 cm ') optical
pump induced bleaching takes place (ha = —o ~&) and
the excited-state difference spectrum ha mimics the GSA
optical band o o.

Finally, we shall make the two following remarks: (i)
the absorption cross sections in these Ni~+-doped com-
pounds are much weaker, about a factor 10, than in the
Cr +-doped systems such as GSGG, GSAG, or
K2NaScF6, which implies more sensitivity in the pump-
probe experiments, and (ii) the cross sections of the spin-
allowed ESA and GSA transitions in the same spectral
range have about the same order of magnitude which
well correlates with the Cr + results. This seems to be a
general result and is further verified in the case of V +

doped compounds.

ment with these estimated zero-phonon energies. It is
found Dq =665 cm ', B =1000 cm ', and C/B =4.08
in the case of MgF2..Ni +, and Dq =831 cm ', B =850
cm ', C/B=4. 15, and A. =325 cm ' in the case of
MgO:Ni +. As expected, the Ni + ions experience a
stronger crystal field in the oxide than in the fluoride
crystal.

Then the TS matrices can be solved for small variations
5 (Dq) of the crystal-field parameter and the results used
to determine the Huang-Rhys parameter S associated
with each excited state ' —this parameter determines the
relative positions of the excited-state and ground-state
potential curves in the single configuration coordinate di-
agrams (see Tables II and III).

Finally, we can use these data first to determine the %co

phonon energies which lead, with the help of the line-
shape functions Wz (S, A'co, T) defined in the theory of
Struck and Fonger, to the best overall fit to the absorp-
tion and emission spectra and we find Ace=250 cm in
)he case of MgF2. Ni + and Boo=310 cm ' in the case of
MgO:Ni +. These values correlate well, for example,
with the infrared fluorescence decay data reported in Sec.
III. They allow us to reproduce the shapes and the
widths of the bands almost perfectly. The most impor-
tant deviations only occur in the case of the spin-
forbidden transitions involving state 'T2('D); in that
case, the calculated bandwidths are narrower than the
observed ones. This discrepancy has to be attributed to
coupling of state 'T2('D) to a phonon mode of different
symmetry (see Sec. III).

In the same way, the single configuration coordinate
diagrams can be used to calculate the S parameter associ-
ated with each of the excited-state absorption transitions
and, by taking the same phonon frequencies as above,
they can be used to calculate the corresponding W line-
shape functions. Comparison of these results with the
available experimental data —low-temperature ESE and
room-temperature ESA as well as infrared emission
spectra —is made in Fig. 11 in the case of MgO:Ni + and
Fig. 12 in the case of MgF2..Ni +. These figures allow us
to conclude as follows.

(1) The most important failure of the single
configuration coordinate model occurs in the case of the
spin-forbidden ESA transition T2( F)~'T ('D2): a very
sharp line is predicted where a band is observed. Never-
theless, this failure should not critically influence the
predictions regarding laser performance —pumping
efficiency, emission cross section, gain curve —since this
ESA process has a very low cross section (see Sec. V).

(2) The model gives a much better agreement in the
case of the spin-allowed ESA transitions which end on
state T, ( P). In the case of MgO:Ni + (Fig. 11) the
width and the position of the low-temperature
Tz( F)~ T&( P) ESE band are almost perfectly repro-

duced. Only the shoulder which appears on the high-
energy side (-17000 cm ') of the corresponding ESA
band observed at room temperature is hard to interpret.
In the case of MgF2. Ni + the predictions appear less sa-
tisfactory; however, we remember that the calculations
have been made on the basis of the only orbital com-
ponents so that the agreement would be certainly better
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FIG. 11, Positions and band shapes of the ESA spectra obtained by using the CC model and the SF theory {———) compared
with the available experimental data ( ) such as infrared emission, ESE, and ESA in MgO:Ni~+.

by including spin-orbit coupling.
(3) Because of the weak intensity of the probe beam

and the poor sensitivity of the detectors at wavelengths
longer than 1.6 pm, but also because of the experimental
limitation arising from the spontaneous emission of the
samples which overwhelms the halogen probe beam io

the Auorescence region, no ESA signal could have been
detected in the infrared domain. Thus, Figs. 11 and 12
only show a comparison between the wavelength domains
spanned by the infrared emission, the one of interest for
lasing action, and by the T2( F)~ T, ( F) excited state
absorption, as it is predicted with the con6guration
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FIG. 12. Positions and band shapes of the ESA spectra obtained by using the CC model and the SF theory {———) compared
with the available experimental data { ) such as infrared emission, ESE, and ESA in MgF&.Ni +.
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curves (CC) model. Though very approximate, this com-
parison allows us to make two interesting observations:
(i) it looks clear that the lasing properties in MgO:Ni +

will be less influenced by excited-state absorption than
they will in MgFz. Ni + and (ii) though infrared emission
seems to be entirely overlapped by excited-state absorp-
tion in the case of MgF2..Ni +, the ESA transitions to the
two higher-lying orbital components of state T, ( F) at
about 5300 and 6100 cm ' are sufficiently well separated
to permit a useful gain cross section in the fluorescence
region. This correlates well with the laser data which in-
dicate a maximum wavelength tunability ranging from
about 5500 cm ' (- l. 8 pm) to 6200 cm
(-1.6 }um). ' ' Such a result, in turn, supposes excited-
state absorptions [of type Tz( F}~T, ( F}]and stimu-
lated emissions having cross sections of the same order of
magnitude, which we already noted in a previous article
in the case of the V +- and Cr +-doped low-field sys-
tems.

(4) Figures 11 and 12 also allow us to verify unambigu-
ously that the most suitable pump wavelengths, for a

good pump efficiency and a low laser threshold in each
system, are at 1.06 pm in the case of MgO:Ni + and at
1.32 pm in the case of MgFz. Ni + of a CW or pulsed
YAG:Nd + laser. Pumping MgF&.Ni + with a Krypton
laser at 7525 A, as we have done in the past, ' should be
avoided because of T, ( F )~ T~ ( P) excited-state ab-
sorption. On the other hand, pumping MgO:Ni + at low
temperature with a Krypton laser at 6471 A should lead
to interesting lasing performance.
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