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Absorption saturation mechanism for YAG:Cr 41 crystals
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Dependencies of optical transmittance and luminescence of YAG:Cr41 crystals upon intensity of excitation
at 1064 nm are investigated, when absorption of tetrahedrally coordinated Cr41 ions (Cr41 centers! is saturated.
The spectroscopic model of Cr41 center in YAG crystals is proposed. Absorption saturation of YAG:Cr41

crystals at 1064 nm have to be described by two absorption cross sectionss0p5(3.9– 5.0)310218 cm2 and
s0s5(1.5– 1.9)310219 cm2, arising from theD2d local symmetry of Cr41 centers. The cross sections slightly
vary within the pointed range in dependency of level of the Cr dopant and a type of the Me21 dopant (Mg21

or Ca21). The absorption band centered at 1000 nm is basically due to3B1(3A2)→3A2(3T1) transition. Energy
positions of 3A2(3T1) and 3E(3T2) states are very close to each other, and the absorption band due to
3B1(3A2)→3E(3T2) transition is masked by the absorption due to3B1(3A2)→3A2(3T1) transition. The pro-
posed model allows us to explain the dependence of the extent of luminescence polarization on the intensity of
light exciting the YAG:Cr41 crystal. Absorption from the metastable excited state3B2(3T2) is negligible; its
absorption cross section is less than 2310220 cm2. Linear losses from other centers are found in the crystals
with a high level of the chromium dopant and with the calcium dopant.
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I. INTRODUCTION

YAG:Cr41 is an important crystal material for solid-sta
lasers. It is used forQ switching of Nd lasers at the 1000-nm
region and for tunable laser operation in the 1350–1600
region.1–5 Since this material was obtained and appropriat
described1, plenty of successful investigations have be
made in the field of its spectroscopy,6–16 but some principal
questions remain obscured yet. Those are the energy le
scheme and the nature of residual absorption in regi
when the basic absorption is saturated.

Primarily the energy-level scheme was presented for
cubic symmetry approximation.9–17 Later it was shown tha
the tetragonal distortion is of principal importance for corre
description of optical transitions in YAG:Cr41 crystal, be-
cause of strong polarization dependencies of the emis
and absorption saturation.4,6,14 In Refs. 4, 6, 14 a more de
tailed energy level scheme was proposed in the assump
of D2d point-group symmetry, which corresponded better
the real symmetry of Cr41 ions environment in the YAG
crystal. This energy-level scheme was obtained for the
proximation of strong crystal field in the crystal-field theor
In this approximation the 800–1200-nm absorption ba
which is important for laser applications, belongs
3B1(3A2)→3E(3T2) transition, and the 570–700-nm absor
tion band belongs to3B1(3A2)→3A2 ,3E(3T1) transitions.

In the latest study18 additional spectroscopic data hav
been obtained, in which the authors have pointed out that
energy level scheme has to be corrected within the s
symmetry assumption, proposed earlier in Refs. 4, 6, and
The authors of Ref. 18 have supposed that the strong 8
1200-nm absorption band had to be attributed to3B1(3A2)
→3A2(3T1) transition~see Fig. 1!. This conclusion disagree
with the early assignment of the energy position of t
3A2(3T1) state. The authors suggested that the3T1(3F) state
is much higher split than that assumed previously, and
energy position of3A2(3T1) state is so low that it is very
PRB 610163-1829/2000/61~2!/988~8!/$15.00
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close to the position of the3E(3T2) state. Furthermore, a
even in cubic symmetry approximation the3A2→3T1 elec-
tric dipole transition is allowed, and the3B1(3A2)
→3E(3T2) electric dipole transition is only allowed fo
lower symmetry (D2d in our case!, they consider that the
absorption from the3B1(3A2)→3A2(3T1) transition is con-
siderably stronger than that from the3B1(3A2)→3E(3T2)
transition. So the latter absorption band is masked by
much stronger absorption band due to the3B1(3A2)
→3A2(3T1) transition. This conclusion is mainly derive
from the polarization dependencies observed in piezosp
troscopic experiments. Nevertheless, we consider that
discourse adduced in Ref. 18 is based on the nonevide
assumption that the signs of elastic compliance coefficie

FIG. 1. Energy-levels scheme of the tetrahedrally coordina
Cr41 ion in YAG crystal (D2d point group of symmetry!, and its
correlation with a rough model of a cubic symmetry approximat
(Td point group!. Allowed electronic transitions with absorption ar
shown by solid lines:~p! the electrical vector of light is parallel to
the S4 local symmetry axis,~s! it is perpendicular to theS4 axis.
Emission transitions are forbidden between pure electronic st
and come from vibration assistance.
988 ©2000 The American Physical Society
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for a tetrahedron occupied by a Cr41 ion are the same as fo
the whole YAG crystal. Furthermore, the sharp lines c
tered at 1077 and 1114 nm were investigated only, so eve
we assume that these lines belong to the3B1(3A2)
→3A2(3T1) transition, the rest of the wide intensive ban
absorption around 1000 nm may belong to the3B1(3A2)
→3E(3T2) transition. Therefore additional spectroscop
data on this absorption band are needed.

The authors of Ref. 18 also reference their earlier work19

devoted to investigation of absorption saturation under po
ized light at 1064 nm. But no serious attempts were mad
this work to assign the saturable absorption band to on
another transition. Thus we consider that it is important
test YAG:Cr41 crystals in such experiments carefully, b
cause absorption saturation plays a principal role for
laser material.

Heretofore we have observed a dependence of pola
tion extent of luminescence upon intensity of 1064-n
pumping.20 To explain this dependence we suppose that
different electronic-vibronic transitions are responsible
absorption saturation in the Cr41 center. This fact does no
contradict to the energy-level scheme presented in Ref.
and it indicates that the simple model with one absorpt
transition in the Cr41 center cannot describe absorption sa
ration in YAG:Cr41 crystal adequately.

To study the question about the energy-level scheme
the absorption saturation mechanism in YAG:Cr41 crystal,
we have undertaken careful investigations of YAG:Cr41 ab-
sorption saturation under plane-polarized pumping light
1064 nm for cw and for pulsed regimes. Under these con
tions we have studied both polarized luminescence in
1350–1700-nm region and transmittance for linear polari
light at 1064 nm.

II. THEORETICAL APPROACH

Consider propagation of plane-polarized light in a crys
with absorption by identical optical centers, but with diffe
ent orientations relative to crystallographic axes, and this
cumstance is a reason for differences in absorption proba
ties of the centers. We assume that wavelength width of
light is rather less than the wavelength width of the abso
tion band, and the centers have the quasi-four-level ene
scheme, additionally including absorption from a metasta
excited state~ESA!. Such situation is common for impurit
ions of transitiond elements. Absorption saturation is due
accumulation of the centers at the metastable level, and
sequently to depletion of ground state.

We assume that relaxation after ESA goes back to
metastable excited state with relaxation time is rather sho
comparison with the lifetimet1 of the metastable excite
state. ESA is not saturated, so the density in the higher
cited state is negligible in comparison with densities in
ground state and in the metastable excited state. Thus
following rate equation describes light propagation and e
lution of the ground-state densitiesN0i .

1
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, ~2!

N0i1N1i5Ni , i 51,2 . . .m, ~3!

whereI (z,t) is the intensity of the light;m is the number of
types of center orientations;Ni(z,t) is the total concentration
of centers withi-type orientation,N0i(z,t) andN1i(z,t) are
concentrations of the centers in ground and metastable
cited states, correspondingly,s0i and s1i are absorption
cross sections ofi-type oriented centers for transitions fro
ground state and metastable excited state, correspond
(s0i and s1i generally depend also upon the direction
electrical vector of the light!, a r is coefficient of linear
losses, andhn is the energy of a light quantum.

Further we consider the two degenerate cases corresp
ing to real experiments, which we have accomplished w
YAG:Cr41 crystals. One case corresponds to a short puls
the exciting light and other case corresponds to the cw
citing light.

When interaction time of the light pulse with the cryst
Dt is rather less than the metastable lifetimet1 , it is conve-
nient to put in a fluence of the pulseU(z):

U~z!5E
2Dt

0

I ~z,t !dt. ~4!

Here we assume that the interaction is over att50. In this
case~2! can be easily integrated, if one assume that spo
neous relaxation of metastable state is slow in compari
with the excitation time (t@Dt):

N0i~z,0!5Niexp@2U~z!s0i /hn#, ~5!

N1i~z,t !5@Ni2Ni0~z,0!#exp~2t/t1!, t.0. ~6!

A meaning ofN0i is the lowest population density of th
ground state during the entire cycle of the excitation a
relaxation.

We obtain from Eqs.~2!–~5!

dU5(
i 51

m

Ni H hnS 12
s1i

s0i
D FexpS 2

Us0i

hn D21G2s1iUJ dz

2a rUdz. ~7!

Now we can calculate transmittance of low intens
probe beamT(Uon,t), which does not disturb the populatio
densities of the ground and excited states:

T~Uon!5T0•exp$2j•exp~2t/t1!%, ~8!

whereT0 is the transmittance of an unexcited crystal:

T05expS 2(
i

m

s0iNi2a rdD , ~9!

j(Uon) is the parameter characterizing an extent of abso
tion saturation of the crystal:

j~Uon!5E
0

d

(
i 51

m

@~s0i* 2s1i* !~Ni2N0i !#dz, ~10!
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TABLE I. Specifications of the samples and results of the investigations. The errors are calculated when standard errors
experimental point were assumed to be the same and equal to the root mean square of deviations between theoretical and e
points.

Initial samples data Results of the experiment with transmittance
Results of the experiment

with luminescence

Crystal
No.

@Cr#
1019

cm23

@Mg#
1019

cm23

@Ca#
1019

cm23

Tht

grad K
T0

%
s0p

10218 cm2
s1p

10220 cm2
s0s

10220 cm2
s1s

10220 cm2
k t

ms
As /Ap s0s

10220 cm2

B85-1 0.9 1.4 1550 63.5 3.9360.17 ,2 16.160.3 ,1 .150 4.260.1
B85-5 0.9 1.4 1800 64.4 4.4460.11 ,1.5 15.160.3 ,2.3 .200 4.360.1 0.1560.01 1863

K1 19 2.4 1550 43.7 4.5260.22 15.260.4 55620 3.9360.02
B2-13 0.4 3.5 1550 38.5 5.0460.14 19.060.2 1160.7 4.1860.02
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where s0i* and s1i* are absorption cross sections of acti
centers for interaction with the probe beam. If polarization
the probe light coincides with polarization of the pump ligh
s0i* 5s0i ands1i* 5s1i .

Consider pumping by continuous-wave light and the p
larization extent of luminescence. We assume that the i
gral luminescence from the whole excited region of t
sample is detected, thus we must account for the spatial
tribution of the pump beam intensityI (z,r ,w). Let us as-
sume a Gaussian pump beam:

I ~z,r !5
2P~z!

pv2~z!
expS 2

2r 2

v2~z! D , ~11!

whereP is the power of the beam,v is the waist radius.
So as in the steady-state regime]N0i /]t50, we obtain

from Eqs.~2! and ~3!

N1i~z,r !5
I ~z,r !Ni~z,r !s0it1 /hn

11I ~z,r !s0it1 /hn
. ~12!

Substituting Eqs.~3!, ~11!, and ~12! into Eq. ~1! and taking
integral over the cross section of the beam we will obtain
equation for powerP(z):

dP52(
i 51

m

NiFpv2~z!hn

2t1
S 12

s1i

s0i
D lnS 11

2t1s0i P~z!

pv2~z!hn
D

1P~z!s1i Gdz2a r P~z!dz. ~13!

Integrating both parts of Eq.~12! over the cross section o
the beam we obtain the linear density ofi-type excited cen-
ters:

M1i~z!5E
0

`E
0

2p

N1i~z,r !rdrdw

5
pv2~z!Ni

2
lnS 11

2t1s0i P~z!

pv2~z!hn
D . ~14!

Now we can calculate the dependence of the exten
luminescence polarizationp upon power of the beam falling
on the samplePon5P(0):
f
,

-
e-
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e
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p~Pon!5
Lparal

Lperp
5

(
i 51

m

Ai ,paralE
0

d

M1i~z!dz

(
i 51

m

Ai ,perpE
0

d

M1i~z!dz

, ~15!

whereLparalandLperpare intensities of luminescence comp
nents polarized parallel and perpendicular to polarization
the pumping light correspondingly;Ai ,paral and Ai ,perp are
probabilities of spontaneous emission fori-type center with
polarization parallel and perpendicular to polarization of t
pumping light, correspondingly.

III. THE SAMPLES INVESTIGATED

Specifications of investigated crystals are summarized
Table I. We have tried to investigate all important kinds
YAG:Cr41 differed by types and levels of doping and tem
perature of heat treatment.

A magnesium or calcium dopant is usually used to ca
chromium to change valence from 3 to 4. As we investiga
the YAG:Cr, Mg, so as the YAG:Cr, Ca crystals. Neverth
less, as far as we know, differences in spectroscopic pro
ties of these crystals were not reported up to now. We h
tried to find such differences.

It was found that there are some additional centers in
crystals with high chromium dopant level.13 It has been sup-
posed that these additional centers could be complex cen
consisting of two ions such as Cr41, Cr31, or Me21. Thus it
is also interesting to investigate crystals with low as well
with high chromium dopant level~compare samples N85 an
N1!.

Samples were prepared as it was described in Ref. 21.
crystals were grown by Chochralsky technique along@100#
crystallographic axis. YAG:Cr41 plates with nearly 3-mm
thickness were cut from a bowl so that the@100# crystallo-
graphic axis was perpendicular to a base plane of the p
The plates were heat treated in air. As temperature of
heat treatment could affect the process of the complex ce
generation we have investigated samples cut out from
bowl, but heat treated at different temperatureTht ~samples
N85-1, N85-5!.

IV. SCHEMES OF THE EXPERIMENTS
AND MEASUREMENTS PROCEDURES

Pump-probe technique is applied to investigate dep
dence of transmittance of the crystals upon energy fluen
The experimental setup is shown in Fig. 2. Pump and pr
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beams intersect in the volume of a sample. The fluence
tribution of the pumping beam in cross section at the sam
location is tested by a video camera. It has a quasiflat
with cross deviations less than 5% within the confines
probe beam cross sweeping caused by divergence bet
the pump and the probe beams.

Orientation of the sample has been adjusted so that c
tallographic axis@010# or @001# is parallel to the vertically
oriented electrical vector of the pump light. This alignme
has been done due to polarization properties of YAG:C41

luminescence reported in Refs. 4, 6, 13, and 14. Ge phot
ode 15 with interference filter 18 and film polarizer 16
placed in front of the sample to detect luminescence of
last. The polarizer 16 transmits horizontally polarized rad
tion of luminescence, that is, polarized perpendicular to
larization of pump light. Minimum of luminescence intensi
is achieved by tuning the holder 3 with the sample arou
the probe beam optical axis. Such orientation correspond
maximum of polarization extent of luminescence and con
quently to the required orientation of the sample. Inde
Cr41 centers differ by orientations in the three equ
groups,13 and we would obtain the maximum polarizatio
extent of the luminescence, if mainly one of the groups w
be excited. So as the centers are oriented along the m
crystallographic axes of YAG, the maximum polarization e
tent of luminescence is reached when the electrical vecto
pump light is parallel to one of the main crystallograph
axes, that is@010# or @001#, if a sample is tuned around th
@100# axis.

The plane of polarization of the probe beam is inclin
nearly by 45 grad relative to vertical. The Glan prism 9
used to separate vertical and horizontal polarizations of
probe beam passed through the sample. Thus the samp
tested by both polarization components of the probe be
one has parallel polarization relative to polarization of pu
beam and another has perpendicular polarization. The s
rated polarization components of the probe beam are
tected by different Ge photodiodes 10 and 11.

The absolute small signal transmittance of the samplesT0

FIG. 2. Experimental setup for investigation of transmittan
The sample is excited by pulses of 1.064-mm linear polarized light
of Q-switched Nd:YAG laser 1. Pulse duration is equal to 30
repetition rate is equal to 10 Hz. Fluence of the pump light
controlled by polarization attenuator, consisting of the rotat
quartz birefringentl/2 plate 6 and Glan prisms 4 and 5. Lens
focused the pump beam on the sample with 1.5-mm sport s
Polarization of the pump light is perpendicular to the plane of
setup. The samples are mounted in holder 3. Transmittance o
sample is measured with a 1.064-mm cw diode pumped Nd:YAG
laser 2. Lens 8 focused the single transverse mode probe bea
this laser in the spot with nearly 0.1-mm diameter. Axis of t
probe beam is perpendicular to the polished planes of the sam
and so it is parallel to the@100# crystallographic axis.
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is measured by a spectrophotometer. It is necessary to ob
the transmittance kinetics curvesT(Uon,t) by normalizing of
the kinetic curves of the probe beam intensity. The result
typical kinetics are shown in Fig. 3.

We fit an experimental kinetics of transmittanceT(Uon,t)
by the theoretical expression~8! at the interval of time from
1.5 to 100ms, where time resolution does not distort th
kinetics curve.

As a result of this fitting procedure we have obtained
parametersj, t1 and have restored the transmittan
T(Uon,0) for the moment, when the excited-state populat
N1i is maximal. Further we will refer to the obtained depe
dencesT(Uon,0) as experimental ones~Fig. 4!. It was found
that the decay timet1 did not depend on the fluenceUon.
The values of decay timet1 are presented in Table I. Th
decay timet1 is significantly lower for the sampleK1 with
high chromium dopant than for other samples, and its va
well agrees with the results obtained for luminescen
decay.13

The experiment setup for investigation of polarizati
properties of the luminescence is shown in Fig. 5. The
pendence of the extent of luminescence polarization upon
power of 1.064-mm light falling on the sample is investi
gated in the regime of absorption saturation. The lumin
cence component with the same polarization as pump
light Lparal and one with perpendicular polarizationLperp are
separately detected. The extent of luminescence polariza
is calculated by the formula

p5Lparal/Lperp. ~16!

The power of pumping light is controlled by the quar
acoustic-optic deflector 2. The laser beam is deflected in
first-order pass through hole 3. Signals from photodiodes
simultaneously recorded in different channels of a dig
oscilloscope. To avoid heating of the sample, measurem
are conducted for pulsed pumping with the pulse duration
about 25 ms and repetition rate of about 20 Hz. Position
the sample is adjusted by its replacement along the op
axis of the pumping beam to reach maximum effect of
absorption saturation, which is controlled by a minimum

.
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e.
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FIG. 3. The typical kinetics curve of transmittance.
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the luminescence intensity. The sample was rotated in ho
6 around the optical axis as in experiments with transm
tance to adjust orientation of its crystallographic axes re
tive to the electrical vector of the pumping light, so that
@100#-type axis is parallel to the pumping light electrical ve
tor. The results of the experiment are presented in Fig. 6

FIG. 4. The dependences of transmittance on the fluence fo
probe beam polarized parallel~1! and perpendicular~2! to the pump
light polarization. Points: experiment. The solid line is the theo
curve fitted to the experimental data. The dashed line is the s
theory curve, but without account of pumping light contributio
(B50).

FIG. 5. The experiment setup for investigation of polarizati
properties of luminescence. Plane polarized beam from cw TE00

Nd:YAG laser 1 was focused by 10-cm lens 5 in the volume of
sample placed in the holder 6. Waist diameter of the laser beam
30 mm. Polished faces of the crystal were perpendicular to the b
axis. Wide band luminescence of the sample was detected by
photodiode 11. Film polarizer 7 was used to separate polariza
components of the luminescence. An interference filter 10 with c
off wavelength 1.35mm was used to block pump light.
er
t-
-

V. INTERPRETATIONS OF EXPERIMENTAL
RESULTS AND DISCUSSION

It has been established that theD2d symmetry point group
well describes the polarization properties of the Cr41 center
emission and absorption.6,13,14,19It is considered that all Cr41

centers are identical and differ by orientations only. We b
lieve that our experimental data affirm the earlier point
view on the type of local symmetry of the Cr41 center, but
the energy positions of the3A(3T1) state have to be cor
rected compared to those assumed in Refs. 6, 13, and 1

In the case ofD2d symmetry, the electronic dipole trans
tions between any two electronic states must be subdivi
by polarization into two types. The first type is for th
electric-field vector of light being parallel theS4 local axis of
symmetry, and the second type is for an electrical vec
being perpendicular to this axis. We denote the absorp
cross section for the first type of transitions bys0p ands1p

from the ground state and from the first excited state co
spondingly, and for the second type transitions bys0s and
s1s . There are three types of center orientations in the cr
tal lattice of YAG, that is, along three main crystallograph
axes, so the centers are subdivided in three equal subse
orientation attribute~see Fig. 7!. Thus to apply Eq.~1!–~15!
we must assumem53. In our experiments the electric vecto
of the pump light is parallel to a main crystallographic ax
hence it is parallel to theS4 axes of a1

3 part of all centers
( i 51) and perpendicular to theS4 axes of the2

3 remainder of
all centers (i 52,3). Application of Eq.~10! to the scheme of
our experiment gives for the probe beam components po
ized parallel and perpendicular to polarization of the pu
light, correspondingly,

jpar~Uon!5E
0

d

@~s0p2s1p!~N2N0z!12~s0s2s1s!

3~N2N0xy!#dz, ~17!

he

e

e
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FIG. 6. Dependence of polarization extent of luminescence
the power of the beam falling on the crystal. Points: experime
Solid line: the theory curve fitted to the experimental one.
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jperp~Uon!5E
0

d

@~s0s2s1s!~N2N0z!

1~s0p2s1p1s0s2s1s!~N2N0xy!#dz.

~18!

Numerical solution of Eqs.~5!, ~7!–~9!, ~17!, and~18! results
in theoretical dependencies of transmittance of the pr
beam upon the pump fluenceT(Uon). These dependencie
are used in fitting experimental data.

To characterize relative quantity of linear losses in
YAG:Cr41 crystal we introduce the ultimate contrastku :

ku52
ln~T0!

a r
, ~19!

wherea r are linear losses belonging to other types of c
ters.

If the polarization of the probe beam is parallel to t
polarization of the exciting light, the absorption in th
samples B85-1 and B85-5 tends to zero for the energy
ence exceeding 1 J/cm2, while the absorption of othe
samples goes to nonzero values in these conditions~Fig. 4!.
Therefore we assume that this residual unsaturable abs
tion is not due to transitions in the Cr41 center, but belongs
to other centers.

We fit the theoretical dependence to the experimental d
for samples B85-1 and B85-5 by varying parameterss0p ,
s0s , anda r , while s1p ands1s are set to zero. The result
of least-square fittings are introduced in Table I. The me
value of unsaturable lossesa r is found to be zero accurat
within an experimental error. The low limit for the ultimat
contrastku is evaluated by formula~19!, when the error for

FIG. 7. The structure scheme of the Cr41 center and three ori-
entation types of the Cr41 centers in the YAG crystal.p, s are the
local symmetry axis and the local symmetry plane of the Cr41 cen-
ter; p is parallel to theS4 local symmetry axis,s is perpendicular to
the S4 local symmetry axis.
e

e

-

-
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n

the linear lossesa r is taken as the upper limit ofa r . The
upper limits for the cross sectionss1p ands1s are obtained
in the fitting procedures when they are varied with fix
s0p , s0s , anda r , determined in the previous fitting.

Fitting to experimental data for transmittance of samp
K1 and B2-13 is also made with the assumption thats1p and
s1s equals to zero. As one can see from Table I, the fit gi
slightly different values for the cross sectionss0p and s0s

for different samples. We suggest that these differences a
from variations of crystal-field strength, which are due
dopants of Cr and Me21.

Thus we obtain that the absorption cross section of a c
ter for electrical vector parallel to theS4 axiss0p is about 30
times higher than absorption cross section for perpendic
directionss0s . This result is the same as predicted by t
group theory for the3B1(3A2)→3A2(3T1) transition.13,14 So
we obtain a clear demonstration that absorption at 1064
wavelength mainly belongs to transition from the grou
state to the3A2(3T1) excited state and corroborate the co
clusion obtained in Ref. 18. The found value of the abso
tion cross section for polarization perpendicular to the lo
axis S4 s0s is consistent with transition 3B1(3A2)
→3E(3T2), allowed by tetragonal distortion alongS4 axis,
and the 3B1(3A2)→3A2(3T1) transition could also contrib-
ute to the absorption for this polarization. The obtained cr
section of base saturable transitions0p agrees quite well
with those obtained in Ref. 21 (5310218cm2), Ref. 19
(5.7310218cm2), and Ref. 3 (3.0310218cm2) for a simple
model, when only one transition assumed participates in
sorption saturation.

Similar experiments were done in Ref. 22, but we co
sider that in those experiments the excitation density was
high enough to make clear assignment of the 800–1200
absorption band and the authors did not make any spec
tions about this.

The dependence of luminescence polarization on
power of pumping light observed in our experiment~Fig. 6!
confirms the consideration that the absorption is due to
transitions with different cross sections and polarizatio
Such dependence could not exist, if the absorption is du
only one type transition. Indeed, if the absorption would
due to 3B1(3A2)→3A2(3T1) transition, the centers of only
one type@with the S4 axes parallel to electrical vector o
pumping light (i 51, Fig. 7!# would be excited, and the ex
tent of luminescence polarization would depend only on
trinsic properties of the center. When we assume the abs
tion to be due to3B1(3A2)→3E(3T2) transition, the centers
of two types@with S4 axes perpendicular to electrical vect
of pumping light (i 52,3)] would be excited with the sam
probability, and the extent of luminescence polarizati
would depend again only on intrinsic properties of the ce
ter. The situation differs for the model, presented to desc
absorption saturation in our work. In this case the center
one type (i 51) are predominatingly excited when the pum
ing light intensity is low, and the centers of other typesi
52,3) will be excited additionally as pumping light intensi
rises. Thus anisotropy in the excited center subset is hig
for the low intensity pumping light, and it falls down whe
the intensity of the pumping light increases. As a result,
crease of the extent of the luminescence polarization mus
observed.
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Equations~13!–~15! are used to calculate theoretical d
pendence of the extent of the luminescence polarization u
the power of continuous-wave exciting lightp(Pon). Equa-
tion ~15! has to be adapted for the YAG:Cr41 crystal. Ana-
logic to the description of polarization properties of abso
tion of a separate center, the luminescence of each cente
be characterized by two components of emission proba
ties only; one is for electrical vector of emission parallel
the S4 local symmetry axisAp and other is for electrica
vector of emission perpendicular to this axisAs . Thus we
obtain

p~Pon!5

2~Ap /As!E
0

d

M1xydz1E
0

d

Mzdz1BPon

~Ap /As!F E
0

d

~M1xy1M1z!dzG1E
0

d

M1xydz

.

~20!

Only the ratioAp /As could be obtained by analyzing th
dependence of the extent of luminescence polarizatiop
upon the power of pumping light. The additional termBPon
is introduced in Eq.~20! to allow the parasitic signal from
pumping light to partially pass through filter 10~Fig. 5!.

Equations~13!, ~14!, and~20! are applied to fit the theo
retical dependence of the extent of luminescence polariza
to the experimental one shown in Fig. 6. Varied parame
are the absorption cross sections0s , the ratio of emission
probabilitiesAp /As , and theB coefficient. The absorption
cross sections0p and relaxation timet1 are fixed and ac-
cepted to be equal to those obtained in the experiments
transmittance~see Table I!. As follows from its results,
excited-state absorption is negligible, so absorption cr
sections for transitions from the excited state are assu
equal to zero. The initial transmittanceT0 is defined by a
spectrophotometer. Fitting procedure results are summar
in Table I. The found value for the absorption cross sect
s0s agrees well with those independently obtained in
experiments with transmittance. The found ratio of emiss
probabilities As /Ap50.15 shows that the emission wit
electrical vector parallel to local axisS4 is more probable.
The ratio of absorption probabilities for different polariz
tions (s0s /s0p50.034) is rather less thanAs /Ap ~see
Table I!. It is not a surprise, because the3B1(3A2)
→3A2(3T1) electronic transition working in absorption is a
lowed for the electrical vector parallel to theS4 axis, and is
forbidden for other directions. So only electron-vibronic i
teraction and mixing of electronic states can lower diff
ences between probabilities for different polarizations. T
pure electronic transition3B2(3T2)→3B1(3A2) working in
emission is forbidden for any state of polarization, that
there are no polarization preferences. We believe that
partly allowed by electron-vibronic interaction.

The conclusion that the absorption at 1064 nm predo
nantly belongs to the3B1(3A2)→3A2(3T1) transition can be
expanded on the whole wide absorption band near 1000
In the 800–1150-nm region a shape of the polarized exc
tion spectrum of polarized luminescence did not depend
the relative polarizations of the exciting light and the d
tected luminescence, i.e., the extent of luminescence po
ization did not depend on the excitation wavelength.6 Thus
the whole 800–1150-nm absorption band belongs to tra
on
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tions with the same symmetry properties. Symmetry prop
ties of the 3B1(3A2)→3A2(3T1) and 3B1(3A2)→3E(3T2)
transition are basically different~see Fig. 1!, so the
3B1(3A2)→3E(3T2) transition contributes a negligible pa
in absorption band around 1000 nm.

Energy positions of electronic states of the Cr41 ion in the
crystal field with D2d symmetry were calculated for th
model of pure ion interaction,6,13 that is, ligands O22 were
assumed as point charges. Results of these calculations
pointed out that the3A2(3T1) state lay at 14 000 cm21. This
does not agree with the results of the present study, wh
shows that wide absorption centered at the 1000 nm~10 000
cm21! band is due to the3B1(3A2)23A2(3T1) transition,
and consequently the3A2(3T1) state lies near 9000 cm21.
Energy-level calculations of the Cr41 ion are reported in Ref.
23 for the more precise model of charge exchange, w
covalence of ligand and Cr41 ion interaction is taken into
account. In accordance with the results of this work,
3A2(3T1) state lies at 9384.3 cm21. This is in good agree-
ment with our present results. Thus covalence plays a p
cipal role for the Cr41 center.

The obtained differential Eqs.~7! and ~13! describe light
propagation in crystals with saturable absorption for puls
and cw regimes correspondingly, when a low symmetry
active centers is accounted for. Application of Eq.~7! to a
YAG:Cr41 crystal plate with thicknessl gives for plane po-
larized pulsed light, propagating along the@100# crystallo-
graphic axis and polarized along the@010# axis:

dU5
ln~T0!

l F hn

sp12ss
~e2Usp /hn12e2Uss /hn23!2

U

ku
Gdz

~21!

and it polarized along the@011# crystallographic axis:

dU5
ln~T0!

l F hn

sp12ss
~2e2Usp/2hn1e2Uss/hn23!2

U

ku
Gdz.

~22!

All notations in Eqs.~21! and ~22! correspond to Table I.

VI. CONCLUSIONS

The spectroscopic model of Cr41 center in YAG crystal is
proposed. It allows us to comprehensively describe abs
tion saturation in this crystal including polarization effects

Absorption saturation of the YAG:Cr41 crystal at the
1064-nm wavelength must be described by two absorp
cross sections s0p5(3.9– 5.0)310218cm2 and s0s

5(1.5– 1.9)310219cm2, arising fromD2d local symmetry
of the tetrahedrally coordinated Cr41 ion. These cross sec
tions correspond to different directions of light polarizatio
relative to a local symmetry axisS4 of the Cr41 center. The
absorption band centered at 1000 nm is basically due to
3B1(3A2)→3A2(3T1) transition. Energy positions o
3A2(3T1) and 3E(3T2) states are very close to each othe
and the absorption band due to the3B1(3A2)→3E(3T2) tran-
sition is masked by absorption due to the3B1(3A2)
→3A2(3T1) transition. Covalence must be taken into accou
when the energy-level scheme of the tetrahedrally coo
nated Cr41 ion in the YAG crystal is calculated. The pro
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posed model allows us to explain the dependence of the
tent of the luminescence polarization on the light intens
exciting the YAG:Cr41 crystal.

The absorption cross sections for3B1(3A2)→3A2(3T1)
and 3B1(3A2)→3E(3T2) transitions are sensitive to dopa
concentrations. We suggest that the fluence of locally
.
a-

.
nt
.

v

a-

in

.

n

x-
y

-

compensated Me21 ions and oxygen vacancies are respo
sible for these variations.

Absorption from metastable excited state3B2(3T2) in the
Cr41 center is negligible. Linear losses due to absorption
other centers in crystals with high chromium concentrat
and the calcium dopant are found.
on-
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