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Thermally induced optical bistability in Cr-doped Colquiriite crystals
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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.
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[. INTRODUCTION to the *T,—*A, transition. The emission peak occurs near
0.83 um. Because Cr:LiSGaF is an uniaxial crystal, the ab-

A phenomenon of optical bistability, when certain param-sorption and emission spectra differ when the incident light
eters of a nonlinear system have two stable states, was firist polarized parallel or perpendicular to the crystallographic
reported by Gibbt al. in 1976 Phenomena of optical bi- axis ¢ of the crystaf’
stability in the systems without cavity form a special group In the crystals of the Cr:LiSGaF family, in addition to the
of intrinsic bistability effects, first discussed in dense mediaradiative decayspontaneous emissiprthere are two other
by Bowden and SunfjPotential applications of optical bi- radiationless decay mechanisms: energy transfer upconver-
stability include all-optical logic elements and switches forsion and phonon induced nonradiative decay. The process of
optical computing, telecommunication, etc. energy transfer upconversion in Cr:LiSGaF and Cr:LiSAF

An intrinsic optical bistability can be theoretically pre- involves the interaction of two excited Cr ions in théif,
dicted in various systems when a complexity of a nonlineastates®® In this process one ion is promoted to the higher
equation describing the system is high enough. The physicainergy level*T; while the other is transferred to it8A,
mechanisms of nonlinearity that induce bistability may beground state. ThéT, excitation is followed by the radiation-
very different. For example, the bistability in Refs. 3 and 4less relaxation back to th&T, state. Upconversion is essen-
was derived as a consequence of modification of the opticalally important at high pumping densities, when the concen-
Bloch equations after introducing the local field correctiontration of the excited Cr ions is high, and in heavily doped
terms. This type of bistability, enhanced by cooperative up<rystals where the average distance between Cr ions is small.
conversion, has been experimentally observed in several According to Stadleet al,'* the phonon induced nonra-
Yb3" doped dielectric crystafs.® Intrinsic bistability can po-  diative decay in Cr-doped Colquiriite crystals is primarily
tentially be observed in laser-related crystals and glassgsossible because the level crossing of fie excited state
with complex energy transfer schemes, energy upconversiomith the A, ground state lies relatively close to the mini-
avalanche excitation, etc. mum of the *T, excited statgpoint A, Fig. 1. In this ar-

In this work, we theoretically predict and experimentally rangement, the occupietl’, vibrational excited states above
demonstrate the effect of intrinsic optical bistability in lumi- the crossing point can be very efficiently depopulated by
nescence and transmission of a syst@ndoped LiSrGaf  tunneling to very high lying vibrational levels of the elec-
or LiSrAlFg Colquiriite crystalg where one of its parameters, tronic ground statéA,.'* At low temperatures, the nonradi-
luminescence quantum yield, has a strongly nonlinear deperative decay rate is negligibly small in comparison with the
dence on temperature. radiative decay. However, when at high temperatures the rate

Cr-doped Colquiriite crystals Cr:LiSGaF  of nonradiative decay becomes higher than the rate of the
(Cr*.LiSrGak;) and Cr:LiSAF (CF':LiSrAIFs) are known radiative decay, one observes a strong luminescence quench-
as efficient active media for broad-band tunable and femtoing and decrease in the emission lifetime.
second mode-locked laséfs!3 These crystals are members  In Cr-doped LiSGaF and LiSAF crystals the increase in
of the Colquiriite family along with LiCaF (LiCaAlf), temperature due to a laser pumping causes the increase of
LiSCaF (LiCgSr,_,AlFg), and LiChrom (LiSrCrk). Cr-  radiationless relaxation rate and the reduction of the lumines-
doped crystals with the Colquiriite structure have been recence quantum yield. This, in turn, initiates a stronger heat
ported to have a very strong dependence of the lifetime andxtraction, which causes the further growth of the tempera-
the luminescence quantum yield on temperalfiie these ture, that leads again to the increase of the heat extraction
materials, the rate of radiationless relaxation strongly inTate, etc. In general, the same sequence of processes can be
creases with temperature after certain critical point deterfound in almost all laser-related solid-state materials. How-
mined by the host material. ever, in Cr:LiSGaF and Cr:LiSAF crystals, very strong tem-

Cr:LiSGaF has two broad absorption bands centered negrerature dependence of the luminescence lifetime makes the
440 and 640 nm. They arise from tH&\,—%T,;a and the effect especially prominent. The contributions from different
4A,—*T, transitions of C¥". The emission spectra are due relaxation channels to the heat extraction in Cr-doped Col-
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7 1=A+Bexp —AE/KT), (1)
4-|—2
whereA is the radiative decay rate assumed to be tempera-
ture independentAE is the energy gap between the mini-
mum of the *T, excited state and the crossing point of the
4T, excited state with théA, ground statéFig. 1), T is the
temperaturek is Boltzmann constant, ariglis a preexponen-
tial factor.
2 From the experimental dependence of the emission life-
time on temperature, we have determined in Cr:LiSGaF,
A=1.16x10*s !, B=8x10"%s!, and AE/KT,pom=24.3.
The corresponding parameters in Cr:LISAF were found
to be A=147x10'sl, B=75x10"s!, and
AE/KT,gom=24.25. Here, T,oom iS the room temperature
equal to 296 K.

FIG. 1. Schematic diagram of the energy levels in Cr-doped

Colquiriite crystals. 1: absorption, 2: emissi&E: the energy gap

AE

between the crossing level of tH&, and A, states(point A) and IIl. THEORETICAL MODELING
the minimum of the*T, excited state. Inset: Boltzmann population ) ) . ) - )
of the *T, vibrational states. The theoretical modeling of optical bistability in

Cr:.LiSGaF and Cr.LiISAF was based on the following
assumptions.

(1) The excited volume in the sample is pumped uni-
formly, both in the direction of the light propagation and in
[l. LIFETIME MEASUREMENTS IN Cr:LiSGaF AND the cross section of the laser beam.

Cr:LiSAF (2) The heat sink has the constant temperaflige un-

. . .changed during the experiment.
Experimentally, we have recorded the emission decay ki- (3) The rate of the heat transfer to the chilldQ/dt, is

netics in Cf1.5%:LiSGaF and C{1.5%:LiSAF (The . .
o " . . proportional toAT=T-T,, whereT is the temperature of
Cr:LiSGaF and Cr:LiSAF crystals used in this work were ;. pumped volume. The coefficient of proportionality be-

Kindly pro_wded by Arlete Cassanho, who IS currently with tweendQ/dt andAT, dependent on the thermal conductiv-
AC Materials, Inc) at the temperatures varying between the. <. . :
ity coefficient and the geometry of the experimésize of

295 ‘?‘”d 575 K. The crystals were excited with 532 Mihe sample, size of the pumped area, distance from the
Q-switched laser pulses,s¢~ 10 ns). The power density of pumped area to the heat sink, &ts. y (in W/deg.

f/gi;%snez neﬁﬂ:aélsnewgse&fsé;gﬁesc:it?; mélr;g]lc?rr?; ueplg?sr]' (4) The heat sinking conditions are the same for the entire
P gigibly i pumped volume.

sion signal was detected at=830 nm. The emission kinet- (5) The change of pumping power in the experiment is

ics were nearly single exponential. The plots Ofvery slow. That is why we neglect in the heat balance the

gﬁgsvrr']n?ﬁnpt?”yzdﬁ]eggnﬁirﬂeeﬁ glrprszsvcsoﬁg]ggrag;gcﬁrt%rm proportional to the specific heat capacity of the mate-
9. <. P P Yial. In this approximation, the heat balance is determined

fitted with the formula entirely by the heat deposition and the heat sinking.
(6) The luminescence decay mechanisms incl(ajehe

quiriites were studied in detail in Ref. 16.

100 ’%\g\l radiative decay rateaA, wheren is the concentration of ex-
‘ cited Cr ions,(b) the rate of upconversion given by eh?,
2 10 L. where « is the upconversion constant, arid) phonon-
é N“\q induced nonradiative decay describedndsexp(—AE/KT).
sy \s@ (7) The quantum vyield of absorbed excitation from the
g S level 4T, to the luminescent levefT, is assumed to be
3 J&% equal to unity.
5 01 Ebb} (8) The temperature dependence of the radiative decay
o constantA and the upconversion constadgtis neglected in
0.01 comparison with the temperature dependence of the expo-

0 50 100 150 200 250 300 nential termB exp(—AE/KT).
Under these assumptions, the following three steady state
equations describing the heat balance and the excited state
FIG. 2. Luminescence decay time plotted vs temperature irconcentration in the system can be used to create a model
Cr(1.5%:LiSGaF (circles and Cf1.5%:LiSAF (squares Solid  predicting the bistable behavior of Cr:LiSGaF and
lines: best fit curves calculated according to form{ia Cr:LiSAF:

Temperature (°C)

035112-2



THERMALLY INDUCED OPTICAL BISTABILITY IN . .. PHYSICAL REVIEW B 65035112

dQ Ve 1x10"®
0=—==W,| 1- 7| ~(T-To)x, (2a
dt Vp 17
8x10
= A (2b) & 6x10"
T~ A¥ an+Bexp — AE/KT)’ €
T 4x10"
I Wa o an?—nB AE/KT), (2
= . T - - - - 17
dt ~ hls NA—an—nBexp ), (20) 2x10
where Q is the heat energwV, is the absorbed pumping 0+
power, » is the quantum yield of luminescence, is the
average frequency of the spontaneous emissignis the Absorbed pumping power (W)

frequency of the pumping light is Planck constant,is the

length of the crystal in the direction of the pumping beam, FIG. 3. Calculated excited state concentratiovs absorbed

ands is the cross section area of the pumped volume. power W, at different temperaturesT,. 1: T,=300K, 2:
Equation(2a) describes the heat balance in the system. Iffo=270K, 3: T(=250K, 4: T(=200K; a=1x10 "cm’s,

this equation, (* nve/vp) is the portion of absorbed pump- Ap=488nm, y=6X 10 °*Wi/deg,|=0.1cm,s=3.3x 10 *cn?.

ing energy that does not leave the system in form of lumi-

nescence but is deposited in the crystal in form of heat, an@Mission frequency corresponds to 11990 tinThe heat

(T—Tg)x is the rate of the heat sinking. The luminescenceSinking factory can be modified by changing the distance

quantum yield is defined by E@2b) and the balance of the between the pumped volume and the heat sink, the size of

excited state concentration is described by &), where the pumped spot, the geometry of the sample, the efficiency

W,/hv,ls represents the increase in the excited state corRf the heat sink contacts, etc. The cross section area of the

centration due to the absorbed pumpinyg. pumped volumes can be changed by focusing the beam. The
The system of stationary Eqé2a), (2b), (2¢) has one Upconversion coefficien& can be varied by choosing crys-

physically allowed solution fon as a function ofV, andT;  tals with different Cr concentrations.
The calculations were done at the parametgrs, AE,

) 4aW, and « corresponding to those in Cr:LiSGaF. Since these pa-
y°+ hodls -y rameters and the temperature behavior of the luminescence
n= P } 3 lifetime are close to those in Cr:LiSAF, the model predic-
2a tions discussed below are valid for Cr:LiSAF as well.
solution forW, as a function ofT: plotted versus the absorbed pumping powéy for several
different heat sink temperatures. One can see from this figure
—b+V(b?>—4ac) that at room temperature only one value of steady-state con-
a= 2a ) 4 centration corresponds to each pumping powuteace 1.
However, at lower temperatures tim€W,) curves have a
where region where three values afcorrespond to each pumping
power (traces 2, 3, and)4 The multiple-state solutions cor-
a— @ respond to an “invers&shape” part of the curve. The solu-
N Azhypls’ tions between pointé&. and C are inherently unstable. Two
other steady solutions, between poiBtand A and between
2(To—TMxe [ve\? 1(ve pointsB andC, are stable and physically allowed.
b= “A’hols (V—) ;\(7))’, When the pumping power is very slowly increased, start-
P p p

ing from weak pumping powers, the excited state concentra-
and tion (and luminescence intensjtwill increase following the
upper branch of the curve until it reaches poMtwhere the
(To~ DX’ N (To—Tx [ ve slopedn/dW, is equal to—». At this point the excited state
B Azhvpls A concentration will abruptly switch to the solution corre-
sponding to the lower branch of the cur¢goint B) and
In our modeling, we first calculated the absorbed pumpindollow it as the pumping power is increased further. The
W, as a function of the temperatufie and the excited state switch is indicated in Fig. 3 by the vertical dashed line.
concentratiom as a function oV, andT. Then, we plotted When the pumping is slowly reduced from its maximum
n againstW, using the temperatur€ as a parameter. value (above pointB), the excited state concentration will
Several parameters in the system can be changed expefdllow the lower branch until it reaches poi®, where the
mentally. The heat sink temperatuligy can be varied by slopedn/dW, is equal to+. At this point,n will switch to
changing the temperature of the cold finger in the cryostatthe solution on the upper bran¢hoint D) and then follow
The ratio ve/vp=\,/\ can be varied by changing the the upper branch at the further decrease of the pumping
pumping wavelength, . (In Cr:LiSGaF, the central weighed power. Thus, the hysteretic behavior and intrinsic bistability

Vp
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Absorbed pumping power (W) 0 05 1 15
Absorbed pumping power (W)
FIG. 4. Calculated internal temperatufers absorbed power at
different heat sink temperaturdg. 1: T,=300K, 2: T;=270K, FIG. 6. Calculated excited state concentratioivs absorbed
3: Tp=250K, 4: T(=200K; a=1x10Bcm?¥s, \,=488nm,  powerW, at differenta. 1. a= 10 ¥emdls, 2:a=10"Bcmils, 3:
x=6x10"%W/deg,|=0.1cm,s=3.3x10"3 cn?. a=10""%cm’s, 4: a=10""cmis, Tp=250K, \,=700nm,

x=6x%x10"3W/deg,|=0.1cm,s=7.8x10"°cn?.

are predicted in Cr steady state luminescence in Cr:LiSGaF .
and %r:LiSAF crystals. y strong at\ ,=700 nm. As follows from the figure, the closer

- ; ; . the pumping wavelength to the emission wavelength, the
As follows from Fig. 3, the size of the hysteresis lo@p . " .
both W, and n dimensions as well as the critical power stronger the bistability effect is. Thus, at the wavelength of a

required for the switch to occur increases with the decreasrgebiedr'\?edde el\zj:re]r;gprzc()sriotgnrql)o,ertgtirgysteresm loop can be
of the hea’_t sink temperatur,. . . Figure 6 shows the plots af vs W, calculated for differ-
The series of the corresponding temperature traces is ploé-n

ted bsorbed . in Fig. 4. Similarly to th t values of the upconversion parameteAs follows from
€d vs absorbed pumping power in Fig. 4. simiiarly 10 they ;. figure, upconversion lowers the value of cw excited state
n(W,) curves, no bistability in thd(W,) plots is observed

.concentration of Cr ions and suppresses the hysteresis and

until the heat sink temperature is lowered down to appm).("bistability. Consequently, the reduction of the diameter of the
mately 270 K. At lower heat sink temperatures both bistabil- umped spot, which increases the effect of upconversion in

ity and hysteresis emerge in the power dependence of ﬂ{%\e crystals with reasonably high Cr concentration, sup-

temperature of the pum_ped Spot. Agam, the size of .the hy presses the effect of hysteresis and bistability as well.
teresis loop and the critical switching temperature increas According to Ref. 17, in CriLiSGaFe=1x 10" ®cmi/s

with the decrease of ;. The comparison of Fig. 3 and 4 . _ 1o
shows that the hysteresis and the abrupt switch between thoo_rresporldlé fo the Cr concentratiome, _1'5/0’
table stat il v in thav dT(W a=2x10%cm’s corresponds to  neg=3%,
iua:veess ates occur simultaneously in tH@V,) and T(W,) a=9x10 %cm¥s corresponds to  ne=10%,

. —_10-15 =209
Figure 5 shows the effect of the ratiq/\, on the shape a_;(:( 109?;3/‘;3/ correspom(jjs ¢ to_ 1%%“0/ 20%, and
of the curve. While there is almost no bistability predicted at® - cnT/s corresponds tac,=100%) .
: The shape of then(W,) curve remains unchanged with

Ap=488nm atTo=270K, the hysteretic effect is Very o\ ration of the heat sinking factar However, bothn
andW, values scale proportionally tp~ . So, the change of

1x10'8 x affects the effective size of the curve, Fig. 7.
5 As follows from Fig. 8, in Cr:LiSGaF crystal, the absorp-
8x10"7 tion coefficient in the blue-green spectral regifig,s in-
N “4) creases with the increase of temperaturexAt488 nm and
“c 6x10" /, the light polarizatiorE||c, we extrapolated the experimental
i;/ . oz 5 3 / dependencé,,{ T) with the formulak,,=c-nc,-(0.003T
4x10 T —0.272),whereng, was Cr concerntration in at.% ard
A was the polarization factofc=1 at ELc and c=2/3 at
2x10"7 A Elc).
0 ' Since the absorption coefficient and the absorbed pump-
0 0'5 1 ing power W, depend on the temperatuie and T has a

hysteretic behavior as a function \bf, , the absorbed power
W, and the transmitted poweéd, should demonstrate the

FIG. 5. Calculated excited state concentratioivs absorbed —hysteretic behavior and bistability when plotted versus inci-
power W, at different pumping wavelength. ,=488nm, 2: dent pumping powew;, Fig. 9. Thus, we predicted that the
\p=514nm, 3:\,=600nm, 4:\,=647nm, 5:\,=700nm; intrinsic optical bistability in Cr:LiSGaF could be observed
a=1x10 ¥cmdls, y=6x10"3Wi/deg, T,=270K, 1=0.1cm, not only in the luminescence but also in the transmitted light
$=3.3x 10 3cnm?. intensity.

Absorbed pumping power (W)
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4x10" 2
4 8 ?
3x10" g 197 |
a _ Transmitted i :‘
& A g2 1.2 v
§ 240" | 238 B
c 5 8 08 - /
8
1x10"° 5 § 044 //Absorbed
g —
0 1 \l T T T 0 _M”MTJ,} T T T T
0 0.5 1 1.5 0 0.5 1 1.5 2 2.5 3
Absorbed pumping power (W) Incident power (W)
FIG. 7. Calculated excited state concentratioivs absorbed FIG. 9. Calculated absorbed and transmitted power vs incident
power W, at different y. 1: x=8x10 *W/deg, 2: power. a=10 ®cm¥s, \,=488nm, x=6x10"°W/deg,
X=2%10"3W/deg, 3: x=4x10"2Wi/deg, 4: 1=0.1cm,s=3.3x10 3cn?, Ty=250K, n,=8.5%,Ellc.

x=6x10"3W/deg; a=10 '8cm¥s, Ty=200K, \,=488nm,
I=0.1cm,s=7.8x10 % cn?.

closed-cycle cryostat. The polarization of the lightwas
parallel to the crystallographic axés The temperature in the
] cryostat was varied between 250 and 300 K using the tem-
Consequently, the dependence of the cw excited state CORgrature controller. The emitted light was focused onto the
centrationn on the incident powew; (Fig. 10 looks differ-  entrance slit of the monochromator and then detected with
ently from the dependence afon the absorbed powd¥,.  the visible-infrared photomultiplier tud@MT). The chopper
The size of the hysteresis loop is larger wheis plotted as  was placed before the monochromator to modulate the cw
a function of W; rather than a function ofV,. Curiously  emission light. The detected modulated emission signal was
enough, the closed loop can be predicted in the dependenggnplified and averaged in the lock-in amplifier. The power of
n(W;) at low temperatures~ig. 10, trace b However, the the Ar laser was slowly scanned from low to high and then
part of the curve between poinfsandB (corresponding to  hack from high to low using theIMENSION programmable
the part of the curve between poimMsand C in Fig. 3) is  controller. A typical scan took two to three hours. The diam-
inherently unstable. So, this amazing multistable behaviogter of the pumped spot, measured with the knife-edge tech-

cannot be observed experimentally. nique, was equal to 0.65 mm. The emission intensity and Ar
laser power were synchronously recorded by the computer.
IV. EXPERIMENTAL SETUP In the measurements of the transmitted power vs incident

) power, a power meter was placed behind the crystal. The
Experimentally, the cw Ar laser beam £488nm) was  power range in the scan depended on the sample and on the
focused to the crystal mounted on the cold finger of the Hgemperature of the cold finger, which was maintained with an
accuracy+1 degree.

In the bistability experiment, we used two Cr:LiSGaF
18
0 1x10
P 8x10" 1
3 7 6x10" 1
= £
8 £
o 4 17 4
5 < 4x10
=
z 2x10"7 1
<
0 -
0 - 0 1 2 3 4 5
, Incident power (W)
500 1000
Wavelength (nm) FIG. 10. Calculated excited state concentration vs incident

pumping power at different temperaturdg. 1: T;=300K, 2:

FIG. 8. Experimental absorption spectra of(86):LiSGaF at Ty=270K, 3: T,=250K, 4. T,=230K, 5: T,=200K;

Ellic at different temperatures: 1: room temperature, 2: 385 K, 3ia=10 "®cm®s, \,=488nm, x=6x10 3Wi/deg, 1=0.1cm,
465 K, 4: 543 K. $=3.3x 10 3cn?, ne,=8.5%,El c.
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a b
9x 10" Cr:LiSrAlF, crystal
2 ¥
2 AN Pumped
3 - " spot
@ 6 X 1016 ,]\ \[/ d1 \\"““' T ::"- —AE-E_“ -
= I Cross
-% 4 | section 2 I
2 16 |
£ 3x10
w
- 1
CD CD TU : ............. S ™
. W cross
. . : . d section 1
0 0.5 1 1.5 2 25

Incident power (W)
) o ) . Sample holder on the cold finger
FIG. 11. Experimental emission intensity plotted vs pumping
power in Cf1.5%):LiSGaF (diamonds and corresponding calcu- FIG. 13. (a) Schematic diagram of the sample holder with ex-
lated curves (solid ling at x=1.75x10 °W/deg, perimental sample(b) Schematic diagram of the sample and sev-
a=10""® cmP/s, \,=488 nm,1=0.105 cm,s=3.3x10 3 cn?,  eral cross section planes and light propagation paths taken into ac-
nCr=2.1%,EH c. 1: 300 K, 2: 270 K. count in the model.

samples with Cr concentration equal to 1.5 and 20%. The

. " value y equal to1.75x 10 3W/deg (y was the only fitting
thickness of the samples was 1.05 and 0.75 mm, reSpeCt'VeIHarameter in the systemAll other parameters in the calcu-

lation were set to be equal to the experimental oiiab-
V. EXPERIMENTAL RESULTS AND DISCUSSION sorption in nominally 1.5%-Cr-doped LiSGaF 488 nm
In Fig. 11, the emission intensity in nominally 1.5%-Cr- corresponded tac,=2.1 at.%) The estimations showed that

doped LiSGaF is plotted versus the scanned incident pumghe valuex=1.75x10"°W/deg can be considered reason-
ing power. At room temperature, no hysteresis behavior hadble given the geometry of the experiment. The sample
been found, while af = 270K, the effect of intrinsic optical mounted in the sample holder on the cold finger of the cry-
bistability has been observed. In the(#0%):LiSGaF crystal ~ ostatis shown schematically in Fig. 13. We assumed that the
no hysteresis was observed at 300 and at 270 K, but it wa§ermal contact between the sample and the sample holder
present at 250 K. The fact that the bistability effect waswas perfecta special silicon heat sink compound, No. 340
observed aT = 270K in the Ct1.5%:LiSGaF, but notin the from Dow Corning, was usgdand that the temperature in
Cr(20%):LiSGaF, is in line with our prediction that an effi- Cross section 1 was equal to the temperature of the sample
cient upconversiori(which is stronger in GR0%):LiSGaF  holderT, (Fig. 13. In the calculation of the factoy, we also
than in Cf1.5%):LiSGaP] suppresses hysteretic behavior assumed that heat was deposited inside the sample not along
and bistability. the actual trace of the laser beam, but in a very thin plain

The hysteretic effect has been observed not only in thédyer ABCDin the cross section 2, Fig. (8. The width of
dependence(W;), but also in the dependence of the trans-the layer was equal to the diameter of the pumped spot,
mitted power versus incident pumping povi(W;), Fig. AB=d. The position(heigh} of the cross section 2_c0rre-
12. When we tried to fit the experiment scan curves with thesPonded to of the center of the pumped spot in Figail3

calculated ones, a fairly good agreement was obtained at tHdaking into account a large number of assumptions already
taken in the model, the two new simplifying assumptions

0.19 made seemed to be not inappropriaténder these assump-

tions, the minimum value of,
S0 Xmin=KSagcoll=Kxdll, )
=
§ 0.15 4 corresponds to the case when heat propagates only in the
= “column” ABCDEFGH HereK is the thermal conductivity
g coefficient,Sygcp is the cross section area of the heat propa-
= 0.13 1 gation path, and the dimensioh, andd are shown in Fig.
13. Similarly, the maximum value gf can be obtained under
the assumption that heat propagates through the whole cross
011 ' ' ' ' section of the sampl&LMN,
0.6 0.7 0.8 0.9 1
Laser power (W)
Xmax= KScmn/1=Kxy/l. (6)
FIG. 12. Experimental transmitted power vs incident power in
Cr(20%):LiSGaF. (The areaS¢ »n and the dimensiog are shown in Fig. 13.
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The values of the thermal conductivity coefficient in 6x10"7
CrLiSrGak, are equal to 3.810°W/(cm-deg for pro-

pagation along the crystallographic axisc and 5x 10" 1 \

3.4x 10° W/(cm-deg for propagation perpendicular to the i }
crystallographic axig (the data are adopted from the catalog _ 4x107 4 ;

of VLOC, the company manufacturing Cr:LiSrGaF ‘g 3% 10" / I

crystals. In our calculations, we used the average <2 / \

value, K=3.5x10°W/(cm-deg. Other experimental ° 5, 10" | / 5
parameters were equal tx=1.05mm, y=2.55mm, / &

|=1.5mm, andd=0.65mm. Substituting these numbers  1x 10" 4 L \3

into Egs. (5), (6), one gets xma=6.25<10 3 Wi/deg 2 ~—

and  xmn=1.6x10 3W/deg.  Thus, the value 0 : —— e
x=1.75x 10 3 W/deg, obtained from the best fit of calcula- 0 0.5 1 1.5
tion and experiment, agrees with the one obtained from thet (a) Absorbed pumping power (W)

heat transfer considerations above. Taking into account .
large number of simplifying assumptions taken in the calcu- 100000
lations (in Sec. lll), this is a fairly good quantitative agree-

ment between the theory and the experiment, confirming thi 19000 "’ "‘ OO0 Q coed
validity of our model. o .

Thus, we have demonstrated a good qualitative and quar & 1000 A Tg Og, <
titative agreement between the theory and the experimen ;A A

100

This validates our model and implies that the model can be § @ ©
used for accurate quantitative predictions of various othelS !

particularities of the bistability effects and hysteresis in o \\%‘,2\@ °

Cr:LiSGaF and Cr:LiSAF laser-related crystals. 1

fe-time (m:

In principle, the same bistability effects can be expectec }\ AN\ 3 ? e
in any luminescent material with strong dependence of the 0.1 ;
luminescence quantum yield on temperature. The questio 0 100 200 300 400 500 600 700
{b) Temperature (K)

whether the temperature dependent nonlinearity in a given
material is strong enough to produce bistability does not FiG. 14. (a) Excited state concentratiancalculated as a func-
have an universal answer since the bistability also dependfn of incident pumping powew, at different values oB and

on many other experimental parameters, such as heat sid€. 1: B=1x10% AE=7696cm?’ 2: B=1x10¢,
temperature, pumping wavelength, etc. AE=6656cm?, 3: B=8x102 AE=5054cm?® (LiSGaP, 4:

In the following analysis, for some given set of the systemB=1x 10", AE=4056 cm?, 5:B=1x10°, AE=3120cm .. (b)
parameters,To=250K, a=1X10" Bemds, Ap=488nm, Luminescence lifetimes plotted versus temperature. Solid lines: the-
x=6x103WI/deg,|=0.1cm,s=3.3x10 3cn?, we have oretical curves calculated using EG) with different values of8
calculated the series of trace€W,) [Fig. 14a)] correspond- andAE. [The values oB andAE used to calculate curves 1-5 in
ing to the family of curvesr(T) depicted in Fig. 1¢p).  (b) correspond to the values used to calculate the curves 1¢ehjn
Curve 3 in Fig. 14b) is calculated according to E€L) with 1 B:1><_11018, AE=7696 cm, 2 B=1x10",
the parameters, B, and AE corresponding to those in AE=6656cm”, 3: B:8><71101 , AE=5054cm”, (LiSGah, 4
Cr:LiSGaF. All other trial curves(T) in the same figure are B=1%10", AE=4056cm’, 5 B=1x10°, AE=3120cm™
calculated at the same value Afbut different values oB Open d_|amonds: optically thick ruby sample_, filled diamonds: opti-
and AE. The five curves in Fig. 1) are characterized by C?”y thin ruby .s‘ﬁmple’ squares: LoMgF, triangles: Nd:ZBAN,

. circles: ALO;:Ti*" (Ref. 18.
the same value of at small temperatures, they bend approxi-

mately at the same temperature pdists0 °C) but have dif- , )
ferent temperature-dependent nonlinearities. As follows fron{f@c€ 4. Thus, at the given set of experimental parameters,
the bistability in these two materials is unlikely. To conclude,

Fig. 14(a), the bistability can be seen in traces 1-4 and 4 . - -
(the hysteresis loop in trace 4 is marginally stahd the hysteretic and bistability phenomena similar to those

not in trace 5. Thus, at the given set of experimental paramf©Und in Cr:LiSGaF crystals can be predicted in many solid-
eters, the bistability in the system can be observed attat€ laser materials although notin all of them.
AE=4056cm .

In Fig. 14(b), along with calculated trial traces, we plotted V1. SUMMARY AND CONCLUSIONS
several experimental curvegT) corresponding to different
representative laser materigédopted from Ref. 18As fol- An intrinsic optical bistability based on a thermal nonlin-

lows from this figure, Ti-sapphire and €aMgF, laser crys-  earity has been theoretically predicted i CLiSrGak; and

tals have temperature dependent nonlinearities stronger th&@r>":LiSrAlF4 laser-related crystals. A model demonstrating
that in trace 4. Thus, an intrinsic optical bistability can bea hysteresis in the dependence of steady state luminescence
expected in these two materials. In ruby and Nd:ZBAN theintensity and transmission versus pumping intensity has been
temperature dependent nonlinearity is smaller than that ideveloped.
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It has been found that the size of the hysteresis loop inlifetime in Cr:LiSGaF and Cr:LiSAF laser-related crystals
creases with the decrease of the heat sink temperéhee  has been experimentally studied. The expression describing
mal bath Ty, that the energy transfer upconversion sup-the luminescence relaxation rate at different temperatures has
presses the hysteresis, and that the hysteretic loop becomigsen found.
larger when the pumping frequeney is getting closer to the An intrinsic optical bistability in the luminescence and the
emission frequency,. The heat sink ratg influences the transmitted power has been experimentally observed in
size of the emission vs. pumping curve, but not its characCr:LiSGaF.
teristic shape. A good qualitative and quantitative agreement between

The temperature dependence of theé’'Cluminescence the theory and the experiment has been demonstrated.
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