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Thermally induced optical bistability in Cr-doped Colquiriite crystals
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~Received 28 November 2000; published 27 December 2001!

We have shown that a very strong nonlinearity in the temperature dependence of the luminescence quantum
yield in Cr-doped laser crystals of the Colquiriite family can lead to a temperature induced intrinsic optical
bistability in these materials. The bistability and the hysteresis loop in the dependence of Cr luminescence
intensity and transmission of the crystal on cw pumping power has been theoretically predicted and experi-
mentally observed. The experimental results are in a good qualitative and quantitative agreement with the
theoretical prediction.

DOI: 10.1103/PhysRevB.65.035112 PACS number~s!: 78.20.2e, 42.65.Pc, 42.70.2a, 42.70.Hj
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I. INTRODUCTION

A phenomenon of optical bistability, when certain para
eters of a nonlinear system have two stable states, was
reported by Gibbset al. in 1976.1 Phenomena of optical bi
stability in the systems without cavity form a special gro
of intrinsic bistability effects, first discussed in dense med
by Bowden and Sung.2 Potential applications of optical bi
stability include all-optical logic elements and switches
optical computing, telecommunication, etc.

An intrinsic optical bistability can be theoretically pre
dicted in various systems when a complexity of a nonlin
equation describing the system is high enough. The phys
mechanisms of nonlinearity that induce bistability may
very different. For example, the bistability in Refs. 3 and
was derived as a consequence of modification of the op
Bloch equations after introducing the local field correcti
terms. This type of bistability, enhanced by cooperative
conversion, has been experimentally observed in sev
Yb31 doped dielectric crystals.5–9 Intrinsic bistability can po-
tentially be observed in laser-related crystals and glas
with complex energy transfer schemes, energy upconvers
avalanche excitation, etc.

In this work, we theoretically predict and experimenta
demonstrate the effect of intrinsic optical bistability in lum
nescence and transmission of a system~Cr-doped LiSrGaF6
or LiSrAlF6 Colquiriite crystals! where one of its parameters
luminescence quantum yield, has a strongly nonlinear dep
dence on temperature.

Cr-doped Colquiriite crystals. Cr:LiSGaF
(Cr31:LiSrGaF6) and Cr:LiSAF (Cr31:LiSrAlF6) are known
as efficient active media for broad-band tunable and fem
second mode-locked lasers.10–13These crystals are membe
of the Colquiriite family along with LiCaF (LiCaAlF6),
LiSCaF (LiCaxSr12xAlF6), and LiChrom (LiSrCrF6). Cr-
doped crystals with the Colquiriite structure have been
ported to have a very strong dependence of the lifetime
the luminescence quantum yield on temperature.14 In these
materials, the rate of radiationless relaxation strongly
creases with temperature after certain critical point de
mined by the host material.

Cr:LiSGaF has two broad absorption bands centered
440 and 640 nm. They arise from the4A2→4T1a and the
4A2→4T2 transitions of Cr31. The emission spectra are du
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to the 4T2→4A2 transition. The emission peak occurs ne
0.83 mm. Because Cr:LiSGaF is an uniaxial crystal, the a
sorption and emission spectra differ when the incident li
is polarized parallel or perpendicular to the crystallograp
axis c of the crystal.10

In the crystals of the Cr:LiSGaF family, in addition to th
radiative decay~spontaneous emission!, there are two other
radiationless decay mechanisms: energy transfer upcon
sion and phonon induced nonradiative decay. The proces
energy transfer upconversion in Cr:LiSGaF and Cr:LiSA
involves the interaction of two excited Cr ions in their4T2
states.15 In this process one ion is promoted to the high
energy level 4T1 while the other is transferred to its4A2
ground state. The4T1 excitation is followed by the radiation
less relaxation back to the4T2 state. Upconversion is essen
tially important at high pumping densities, when the conce
tration of the excited Cr ions is high, and in heavily dop
crystals where the average distance between Cr ions is sm

According to Stadleret al.,14 the phonon induced nonra
diative decay in Cr-doped Colquiriite crystals is primari
possible because the level crossing of the4T2 excited state
with the 4A2 ground state lies relatively close to the min
mum of the 4T2 excited state~point A, Fig. 1!. In this ar-
rangement, the occupied4T2 vibrational excited states abov
the crossing point can be very efficiently depopulated
tunneling to very high lying vibrational levels of the ele
tronic ground state4A2 .14 At low temperatures, the nonrad
ative decay rate is negligibly small in comparison with t
radiative decay. However, when at high temperatures the
of nonradiative decay becomes higher than the rate of
radiative decay, one observes a strong luminescence que
ing and decrease in the emission lifetime.

In Cr-doped LiSGaF and LiSAF crystals the increase
temperature due to a laser pumping causes the increas
radiationless relaxation rate and the reduction of the lumin
cence quantum yield. This, in turn, initiates a stronger h
extraction, which causes the further growth of the tempe
ture, that leads again to the increase of the heat extrac
rate, etc. In general, the same sequence of processes c
found in almost all laser-related solid-state materials. Ho
ever, in Cr:LiSGaF and Cr:LiSAF crystals, very strong te
perature dependence of the luminescence lifetime makes
effect especially prominent. The contributions from differe
relaxation channels to the heat extraction in Cr-doped C
©2001 The American Physical Society12-1
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quiriites were studied in detail in Ref. 16.

II. LIFETIME MEASUREMENTS IN Cr:LiSGaF AND
Cr:LiSAF

Experimentally, we have recorded the emission decay
netics in Cr~1.5%!:LiSGaF and Cr~1.5%!:LiSAF ~The
Cr:LiSGaF and Cr:LiSAF crystals used in this work we
kindly provided by Arlete Cassanho, who is currently wi
AC Materials, Inc.! at the temperatures varying between t
295 and 575 K. The crystals were excited with 532 n
Q-switched laser pulses (tpulse'10 ns). The power density o
the laser excitation was kept low, so the influence of upc
version in our experiment was negligibly small. The em
sion signal was detected atl'830 nm. The emission kinet
ics were nearly single exponential. The plots
experimentally determined decay times vs temperature
shown in Fig. 2. The experimental curves could be perfe
fitted with the formula

FIG. 1. Schematic diagram of the energy levels in Cr-dop
Colquiriite crystals. 1: absorption, 2: emission,DE: the energy gap
between the crossing level of the4T2 and 4A2 states~point A! and
the minimum of the4T2 excited state. Inset: Boltzmann populatio
of the 4T2 vibrational states.

FIG. 2. Luminescence decay time plotted vs temperature
Cr~1.5%!:LiSGaF ~circles! and Cr~1.5%!:LiSAF ~squares!. Solid
lines: best fit curves calculated according to formula~1!.
03511
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t215A1B exp~2DE/kT!, ~1!

whereA is the radiative decay rate assumed to be temp
ture independent,DE is the energy gap between the min
mum of the 4T2 excited state and the crossing point of t
4T2 excited state with the4A2 ground state~Fig. 1!, T is the
temperature,k is Boltzmann constant, andB is a preexponen-
tial factor.

From the experimental dependence of the emission l
time on temperature, we have determined in Cr:LiSG
A51.163104 s21, B5831012s21, and DE/kTroom524.3.
The corresponding parameters in Cr:LiSAF were fou
to be A51.473104 s21, B57.531012s21, and
DE/kTroom524.25. Here,Troom is the room temperature
equal to 296 K.

III. THEORETICAL MODELING

The theoretical modeling of optical bistability i
Cr:LiSGaF and Cr:LiSAF was based on the followin
assumptions.

~1! The excited volume in the sample is pumped u
formly, both in the direction of the light propagation and
the cross section of the laser beam.

~2! The heat sink has the constant temperatureT0 , un-
changed during the experiment.

~3! The rate of the heat transfer to the chiller,dQ/dt, is
proportional toDT5T2T0 , whereT is the temperature o
the pumped volume. The coefficient of proportionality b
tweendQ/dt andDT, dependent on the thermal conducti
ity coefficient and the geometry of the experiment~size of
the sample, size of the pumped area, distance from
pumped area to the heat sink, etc.! is x ~in W/deg!.

~4! The heat sinking conditions are the same for the en
pumped volume.

~5! The change of pumping power in the experiment
very slow. That is why we neglect in the heat balance
term proportional to the specific heat capacity of the ma
rial. In this approximation, the heat balance is determin
entirely by the heat deposition and the heat sinking.

~6! The luminescence decay mechanisms include~a! the
radiative decay ratenA, wheren is the concentration of ex
cited Cr ions,~b! the rate of upconversion given by ofan2,
where a is the upconversion constant, and~c! phonon-
induced nonradiative decay described asnB exp(2DE/kT).

~7! The quantum yield of absorbed excitation from t
level 4T1 to the luminescent level4T2 is assumed to be
equal to unity.

~8! The temperature dependence of the radiative de
constantA and the upconversion constanta is neglected in
comparison with the temperature dependence of the ex
nential termB exp(2DE/kT).

Under these assumptions, the following three steady s
equations describing the heat balance and the excited
concentration in the system can be used to create a m
predicting the bistable behavior of Cr:LiSGaF an
Cr:LiSAF:
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05
dQ

dt
5WaS 12h

ne

np
D2~T2T0!x, ~2a!

h5
A

A1an1B exp~2DE/kT!
, ~2b!

05
dn

dt
5

Wa

hnpls
2nA2an22nB exp~2DE/kT!, ~2c!

where Q is the heat energy,Wa is the absorbed pumpin
power, h is the quantum yield of luminescence,ne is the
average frequency of the spontaneous emission,np is the
frequency of the pumping light,h is Planck constant,l is the
length of the crystal in the direction of the pumping bea
ands is the cross section area of the pumped volume.

Equation~2a! describes the heat balance in the system
this equation, (12hne /np) is the portion of absorbed pump
ing energy that does not leave the system in form of lu
nescence but is deposited in the crystal in form of heat,
(T2T0)x is the rate of the heat sinking. The luminescen
quantum yield is defined by Eq.~2b! and the balance of the
excited state concentration is described by Eq.~2c!, where
Wa /hnpls represents the increase in the excited state c
centration due to the absorbed pumpingWa .

The system of stationary Eqs.~2a!, ~2b!, ~2c! has one
physically allowed solution forn as a function ofWa andT:

n5

AS y21
4aWa

hnpls D2y

2a
, ~3!

where y5A1B exp(2DE/kT) and one physically allowed
solution forWa as a function ofT:

Wa5
2b1A~b224ac!

2a
, ~4!

where

a5
a

A2hnpls
,

b5
2~T02T!xa

A2hnpls
2S ne

np
D 2

1
1

A S ne

np
D y,

and

c5
~T02T!2x2a

A2hnpls
1

~T02T!x

A S ne

np
D y.

In our modeling, we first calculated the absorbed pump
Wa as a function of the temperatureT, and the excited state
concentrationn as a function ofWa andT. Then, we plotted
n againstWa using the temperatureT as a parameter.

Several parameters in the system can be changed ex
mentally. The heat sink temperatureT0 can be varied by
changing the temperature of the cold finger in the cryos
The ratio ne /np5lp /le can be varied by changing th
pumping wavelengthlp . ~In Cr:LiSGaF, the central weighe
03511
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emission frequency corresponds to 11 990 cm21.! The heat
sinking factorx can be modified by changing the distan
between the pumped volume and the heat sink, the siz
the pumped spot, the geometry of the sample, the efficie
of the heat sink contacts, etc. The cross section area of
pumped volumes can be changed by focusing the beam. T
upconversion coefficienta can be varied by choosing crys
tals with different Cr concentrations.

The calculations were done at the parametersA, B, DE,
anda corresponding to those in Cr:LiSGaF. Since these
rameters and the temperature behavior of the luminesce
lifetime are close to those in Cr:LiSAF, the model pred
tions discussed below are valid for Cr:LiSAF as well.

In Fig. 3, the calculated excited state concentrationn is
plotted versus the absorbed pumping powerWa for several
different heat sink temperatures. One can see from this fig
that at room temperature only one value of steady-state c
centration corresponds to each pumping power~trace 1!.
However, at lower temperatures then(Wa) curves have a
region where three values ofn correspond to each pumpin
power ~traces 2, 3, and 4!. The multiple-state solutions cor
respond to an ‘‘inverseS-shape’’ part of the curve. The solu
tions between pointsA and C are inherently unstable. Two
other steady solutions, between pointsD andA and between
pointsB andC, are stable and physically allowed.

When the pumping power is very slowly increased, sta
ing from weak pumping powers, the excited state concen
tion ~and luminescence intensity! will increase following the
upper branch of the curve until it reaches pointA, where the
slopedn/dWa is equal to2`. At this point the excited state
concentration will abruptly switch to the solution corr
sponding to the lower branch of the curve~point B! and
follow it as the pumping power is increased further. T
switch is indicated in Fig. 3 by the vertical dashed lin
When the pumping is slowly reduced from its maximu
value ~above pointB!, the excited state concentration wi
follow the lower branch until it reaches pointC, where the
slopedn/dWa is equal to1`. At this point,n will switch to
the solution on the upper branch~point D! and then follow
the upper branch at the further decrease of the pump
power. Thus, the hysteretic behavior and intrinsic bistabi

FIG. 3. Calculated excited state concentrationn vs absorbed
power Wa at different temperaturesT0 . 1: T05300 K, 2:
T05270 K, 3: T05250 K, 4: T05200 K; a51310218 cm3/s,
lp5488 nm,x5631023 W/deg, l 50.1 cm,s53.331023 cm2.
2-3
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are predicted in Cr steady state luminescence in Cr:LiSG
and Cr:LiSAF crystals.

As follows from Fig. 3, the size of the hysteresis loop~in
both Wa and n dimensions! as well as the critical powe
required for the switch to occur increases with the decre
of the heat sink temperatureT0 .

The series of the corresponding temperature traces is
ted vs absorbed pumping power in Fig. 4. Similarly to t
n(Wa) curves, no bistability in theT(Wa) plots is observed
until the heat sink temperature is lowered down to appro
mately 270 K. At lower heat sink temperatures both bista
ity and hysteresis emerge in the power dependence of
temperature of the pumped spot. Again, the size of the h
teresis loop and the critical switching temperature incre
with the decrease ofT0 . The comparison of Fig. 3 and
shows that the hysteresis and the abrupt switch between
stable states occur simultaneously in then(Wa) andT(Wa)
curves.

Figure 5 shows the effect of the ratiole /lp on the shape
of the curve. While there is almost no bistability predicted
lp5488 nm at T05270 K, the hysteretic effect is ver

FIG. 4. Calculated internal temperatureT vs absorbed power a
different heat sink temperaturesT0 . 1: T05300 K, 2: T05270 K,
3: T05250 K, 4: T05200 K; a51310218 cm3/s, lp5488 nm,
x5631023 W/deg, l 50.1 cm,s53.331023 cm2.

FIG. 5. Calculated excited state concentrationn vs absorbed
power Wa at different pumping wavelength. 1:lp5488 nm, 2:
lp5514 nm, 3: lp5600 nm, 4: lp5647 nm, 5: lp5700 nm;
a51310218 cm3/s, x5631023 W/deg, T05270 K, l 50.1 cm,
s53.331023 cm2.
03511
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strong atlp5700 nm. As follows from the figure, the close
the pumping wavelength to the emission wavelength,
stronger the bistability effect is. Thus, at the wavelength o
red diode laser (lp'650 nm), the hysteresis loop can b
observed even at room temperature.

Figure 6 shows the plots ofn vs Wa calculated for differ-
ent values of the upconversion parametera. As follows from
this figure, upconversion lowers the value of cw excited st
concentration of Cr ions and suppresses the hysteresis
bistability. Consequently, the reduction of the diameter of
pumped spot, which increases the effect of upconversio
the crystals with reasonably high Cr concentration, s
presses the effect of hysteresis and bistability as w
~According to Ref. 17, in Cr:LiSGaF,a51310216cm3/s
corresponds to the Cr concentrationnCr51.5%,
a52310216cm3/s corresponds to nCr53%,
a59310216cm3/s corresponds to nCr510%,
a510215cm3/s corresponds to nCr520%, and
a52310215cm3/s corresponds tonCr5100%.!

The shape of then(Wa) curve remains unchanged wit
the variation of the heat sinking factorx. However, bothn
andWa values scale proportionally tox21. So, the change o
x affects the effective size of the curve, Fig. 7.

As follows from Fig. 8, in Cr:LiSGaF crystal, the absorp
tion coefficient in the blue-green spectral regionkabs in-
creases with the increase of temperature. Atl5488 nm and
the light polarizationEic, we extrapolated the experiment
dependencekabs(T) with the formulakabs5c•nCr•(0.003T
20.272),wherenCr was Cr concerntration in at.% andc
was the polarization factor~c51 at E'c and c52/3 at
E i c!.

Since the absorption coefficient and the absorbed pu
ing power Wa depend on the temperatureT and T has a
hysteretic behavior as a function ofWa , the absorbed powe
Wa and the transmitted powerWt should demonstrate th
hysteretic behavior and bistability when plotted versus in
dent pumping powerWi , Fig. 9. Thus, we predicted that th
intrinsic optical bistability in Cr:LiSGaF could be observe
not only in the luminescence but also in the transmitted li
intensity.

FIG. 6. Calculated excited state concentrationn vs absorbed
powerWa at differenta. 1: a510214 cm3/s, 2:a510215 cm3/s, 3:
a510216 cm3/s, 4: a510217 cm3/s, T05250 K, lp5700 nm,
x5631023 W/deg, l 50.1 cm,s57.831025 cm2.
2-4
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Consequently, the dependence of the cw excited state
centrationn on the incident powerWi ~Fig. 10! looks differ-
ently from the dependence ofn on the absorbed powerWa .
The size of the hysteresis loop is larger whenn is plotted as
a function of Wi rather than a function ofWa . Curiously
enough, the closed loop can be predicted in the depend
n(Wi) at low temperatures~Fig. 10, trace 5!. However, the
part of the curve between pointsA andB ~corresponding to
the part of the curve between pointsA and C in Fig. 3! is
inherently unstable. So, this amazing multistable beha
cannot be observed experimentally.

IV. EXPERIMENTAL SETUP

Experimentally, the cw Ar laser beam (l5488 nm) was
focused to the crystal mounted on the cold finger of the

FIG. 7. Calculated excited state concentrationn vs absorbed
power Wa at different x. 1: x5831024 W/deg, 2:
x5231023 W/deg, 3: x5431023 W/deg, 4:
x5631023 W/deg; a510218 cm3/s, T05200 K, lp5488 nm,
l 50.1 cm,s57.831025 cm2.

FIG. 8. Experimental absorption spectra of Cr~3%!:LiSGaF at
Eic at different temperatures: 1: room temperature, 2: 385 K
465 K, 4: 543 K.
03511
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closed-cycle cryostat. The polarization of the lightE was
parallel to the crystallographic axisc. The temperature in the
cryostat was varied between 250 and 300 K using the t
perature controller. The emitted light was focused onto
entrance slit of the monochromator and then detected w
the visible-infrared photomultiplier tube~PMT!. The chopper
was placed before the monochromator to modulate the
emission light. The detected modulated emission signal
amplified and averaged in the lock-in amplifier. The power
the Ar laser was slowly scanned from low to high and th
back from high to low using theDIMENSION programmable
controller. A typical scan took two to three hours. The dia
eter of the pumped spot, measured with the knife-edge te
nique, was equal to 0.65 mm. The emission intensity and
laser power were synchronously recorded by the compu
In the measurements of the transmitted power vs incid
power, a power meter was placed behind the crystal.
power range in the scan depended on the sample and o
temperature of the cold finger, which was maintained with
accuracy61 degree.

In the bistability experiment, we used two Cr:LiSGa

:

FIG. 9. Calculated absorbed and transmitted power vs incid
power. a510218 cm3/s, lp5488 nm, x5631023 W/deg,
l 50.1 cm,s53.331023 cm2, T05250 K, nCr58.5%,E i c.

FIG. 10. Calculated excited state concentration vs incid
pumping power at different temperaturesT0 . 1: T05300 K, 2:
T05270 K, 3: T05250 K, 4: T05230 K, 5: T05200 K;
a510218 cm3/s, lp5488 nm, x5631023 W/deg, l 50.1 cm,
s53.331023 cm2, nCr58.5%,E i c.
2-5
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samples with Cr concentration equal to 1.5 and 20 %. T
thickness of the samples was 1.05 and 0.75 mm, respecti

V. EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 11, the emission intensity in nominally 1.5%-C
doped LiSGaF is plotted versus the scanned incident pu
ing power. At room temperature, no hysteresis behavior
been found, while atT5270 K, the effect of intrinsic optica
bistability has been observed. In the Cr~20%!:LiSGaF crystal
no hysteresis was observed at 300 and at 270 K, but it
present at 250 K. The fact that the bistability effect w
observed atT5270 K in the Cr~1.5%!:LiSGaF, but not in the
Cr~20%!:LiSGaF, is in line with our prediction that an effi
cient upconversion@~which is stronger in Cr~20%!:LiSGaF
than in Cr~1.5%!:LiSGaF!# suppresses hysteretic behavi
and bistability.

The hysteretic effect has been observed not only in
dependencen(Wi), but also in the dependence of the tran
mitted power versus incident pumping powerWt(Wi), Fig.
12. When we tried to fit the experiment scan curves with
calculated ones, a fairly good agreement was obtained a

FIG. 11. Experimental emission intensity plotted vs pump
power in Cr~1.5%!:LiSGaF ~diamonds! and corresponding calcu
lated curves ~solid line! at x51.7531023 W/deg,
a510218 cm3/s, lp5488 nm, l 50.105 cm,s53.331023 cm2,
nCr52.1%,E i c. 1: 300 K, 2: 270 K.

FIG. 12. Experimental transmitted power vs incident power
Cr~20%!:LiSGaF.
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valuex equal to1.7531023 W/deg ~x was the only fitting
parameter in the system!. All other parameters in the calcu
lation were set to be equal to the experimental ones.~Ab-
sorption in nominally 1.5%-Cr-doped LiSGaF atl5488 nm
corresponded tonCr52.1 at.%.! The estimations showed tha
the valuex51.7531023 W/deg can be considered reaso
able given the geometry of the experiment. The sam
mounted in the sample holder on the cold finger of the c
ostat is shown schematically in Fig. 13. We assumed that
thermal contact between the sample and the sample ho
was perfect~a special silicon heat sink compound, No. 3
from Dow Corning, was used! and that the temperature i
cross section 1 was equal to the temperature of the sam
holderT0 ~Fig. 13!. In the calculation of the factorx, we also
assumed that heat was deposited inside the sample not a
the actual trace of the laser beam, but in a very thin pl
layer ABCD in the cross section 2, Fig. 13~b!. The width of
the layer was equal to the diameter of the pumped s
AB5d. The position~height! of the cross section 2 corre
sponded to of the center of the pumped spot in Fig. 13~a!.
~Taking into account a large number of assumptions alre
taken in the model, the two new simplifying assumptio
made seemed to be not inappropriate.! Under these assump
tions, the minimum value ofx,

xmin5KSABCD/l5Kxd/l, ~5!

corresponds to the case when heat propagates only in
‘‘column’’ ABCDEFGH. HereK is the thermal conductivity
coefficient,SABCD is the cross section area of the heat prop
gation path, and the dimensionsl, x, andd are shown in Fig.
13. Similarly, the maximum value ofx can be obtained unde
the assumption that heat propagates through the whole c
section of the sampleKLMN,

xmax5KSKLMN / l 5Kxy/l. ~6!

~The areaSKLMN and the dimensiony are shown in Fig. 13.!

FIG. 13. ~a! Schematic diagram of the sample holder with e
perimental sample.~b! Schematic diagram of the sample and se
eral cross section planes and light propagation paths taken into
count in the model.
2-6
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The values of the thermal conductivity coefficient
Cr:LiSrGaF6 are equal to 3.63102 W/~cm•deg! for pro-
pagation along the crystallographic axisc and
3.43102 W/~cm•deg! for propagation perpendicular to th
crystallographic axisc ~the data are adopted from the catal
of VLOC, the company manufacturing Cr:LiSrGaF6
crystals!. In our calculations, we used the avera
value, K53.53102 W/~cm•deg!. Other experimenta
parameters were equal tox51.05 mm, y52.55 mm,
l 51.5 mm, andd50.65 mm. Substituting these numbe
into Eqs. ~5!, ~6!, one gets xmax56.2531023 W/deg
and xmin51.631023 W/deg. Thus, the value
x51.7531023 W/deg, obtained from the best fit of calcula
tion and experiment, agrees with the one obtained from
heat transfer considerations above. Taking into accoun
large number of simplifying assumptions taken in the cal
lations ~in Sec. III!, this is a fairly good quantitative agree
ment between the theory and the experiment, confirming
validity of our model.

Thus, we have demonstrated a good qualitative and qu
titative agreement between the theory and the experim
This validates our model and implies that the model can
used for accurate quantitative predictions of various ot
particularities of the bistability effects and hysteresis
Cr:LiSGaF and Cr:LiSAF laser-related crystals.

In principle, the same bistability effects can be expec
in any luminescent material with strong dependence of
luminescence quantum yield on temperature. The ques
whether the temperature dependent nonlinearity in a gi
material is strong enough to produce bistability does
have an universal answer since the bistability also depe
on many other experimental parameters, such as heat
temperature, pumping wavelength, etc.

In the following analysis, for some given set of the syste
parameters,T05250 K, a51310218cm3/s, lp5488 nm,
x5631023 W/deg, l 50.1 cm, s53.331023 cm2, we have
calculated the series of tracesn(Wa) @Fig. 14~a!# correspond-
ing to the family of curvest(T) depicted in Fig. 14~b!.
Curve 3 in Fig. 14~b! is calculated according to Eq.~1! with
the parametersA, B, and DE corresponding to those in
Cr:LiSGaF. All other trial curvest(T) in the same figure are
calculated at the same value ofA but different values ofB
and DE. The five curves in Fig. 14~b! are characterized by
the same value oft at small temperatures, they bend appro
mately at the same temperature point~'50 °C! but have dif-
ferent temperature-dependent nonlinearities. As follows fr
Fig. 14~a!, the bistability can be seen in traces 1–4 a
~the hysteresis loop in trace 4 is marginally small! and
not in trace 5. Thus, at the given set of experimental par
eters, the bistability in the system can be observed
DE>4056 cm21.

In Fig. 14~b!, along with calculated trial traces, we plotte
several experimental curvest(T) corresponding to differen
representative laser materials~adopted from Ref. 18!. As fol-
lows from this figure, Ti-sapphire and Co21:MgF2 laser crys-
tals have temperature dependent nonlinearities stronger
that in trace 4. Thus, an intrinsic optical bistability can
expected in these two materials. In ruby and Nd:ZBAN t
temperature dependent nonlinearity is smaller than tha
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trace 4. Thus, at the given set of experimental paramet
the bistability in these two materials is unlikely. To conclud
the hysteretic and bistability phenomena similar to tho
found in Cr:LiSGaF crystals can be predicted in many so
state laser materials although not in all of them.

VI. SUMMARY AND CONCLUSIONS

An intrinsic optical bistability based on a thermal nonli
earity has been theoretically predicted in Cr31:LiSrGaF6 and
Cr31:LiSrAlF6 laser-related crystals. A model demonstrati
a hysteresis in the dependence of steady state luminesc
intensity and transmission versus pumping intensity has b
developed.

FIG. 14. ~a! Excited state concentrationn calculated as a func-
tion of incident pumping powerWa at different values ofB and
DE. 1: B5131018, DE57696 cm21, 2: B5131016,
DE56656 cm21, 3: B5831012, DE55054 cm21 ~LiSGaF!, 4:
B5131011, DE54056 cm21, 5: B513109, DE53120 cm21. ~b!
Luminescence lifetimes plotted versus temperature. Solid lines:
oretical curves calculated using Eq.~1! with different values ofB
andDE. @The values ofB andDE used to calculate curves 1–5 i
~b! correspond to the values used to calculate the curves 1–5 in~a!.#
1: B5131018, DE57696 cm21, 2: B5131016,
DE56656 cm21, 3: B5831012, DE55054 cm21, ~LiSGaF!, 4:
B5131011, DE54056 cm21, 5: B513109, DE53120 cm21.
Open diamonds: optically thick ruby sample, filled diamonds: op
cally thin ruby sample, squares: Co21:MgF2, triangles: Nd:ZBAN,
circles: Al2O3:Ti31 ~Ref. 18!.
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It has been found that the size of the hysteresis loop
creases with the decrease of the heat sink temperature~ther-
mal bath! T0 , that the energy transfer upconversion su
presses the hysteresis, and that the hysteretic loop bec
larger when the pumping frequencynp is getting closer to the
emission frequencyne . The heat sink ratex influences the
size of the emission vs. pumping curve, but not its char
teristic shape.

The temperature dependence of the Cr31 luminescence
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lifetime in Cr:LiSGaF and Cr:LiSAF laser-related crysta
has been experimentally studied. The expression descri
the luminescence relaxation rate at different temperatures
been found.

An intrinsic optical bistability in the luminescence and th
transmitted power has been experimentally observed
Cr:LiSGaF.

A good qualitative and quantitative agreement betwe
the theory and the experiment has been demonstrated.
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