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Bistable emission of a black-body radiator
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Bistable black-body emission is reported from resonantly excitét], ¥b3*: Y ,05 nanopowders. A
simple model based on thermo-optic nonlinear response in the strongly scattering random medium
explains the observed behavior. 2004 American Institute of PhysidPDOl: 10.1063/1.1825048

Bistability is common in nonlinear dynamical systems, most 14 mW in a 1 mm thick sample, even when multiple
but there have been no reports of intrinsic instabilities inscattering is taken into account. Hence, from the outset,

black-body emission of optically excited medidntrinsi- strong thermal interactions are not anticipated at the surface
cally bistable photo-luminescence has been reported howsf such weakly absorbing samples with high albedo.
ever in Yb-doped heavy metal halide crysfélat cryogenic In view of this, the difference between the emission

temperatures and also in room temperature experiments spectra of an Ef,Yb3*:Y,0; powder sample irradiated at
rare-earth-doped laser gldssnd transition metal laser two different laser power€Fig. 2) is quite remarkable. At an
hosts? Since thermal conduction and reflectivity play key input power of 250 mW, visible emission originates princi-
roles in the internal heat balance thought to influence lumipally from the®H,,,, multiplet, whereas at 50 mW it origi-
nescent instabilities, we investigated laser crystals prepareghtes almost entirely frorfiS,,,. Yet both emission spectra
as nanopowders to see if their altered transport propertiegsult from the same basic process of upconve@dmvolv-
might lead to more pronounced instabilities at high temperaing infrared absorption by two Y4 ions followed by energy
tures. YB*:Y,0; is an example of a laser material currently transfer to théF-,, level of the secondary dopant ion*rin
under development for compact, high-poveeramiclasers, Er**, Yb®*:CsCdBg, thermally activated upconversion can
where multiple scattering and attendant luminescent instaeesult in abrupt switching of luminescent spectradere, in
bilities could restrict designs or impair performance. TheEr*, Yb3*:Y,0; nanopowder, we find that a remarkably
rapid spectral quenching of visible luminescence and thgudden, thermally induced spectral change of different origin
abrupt appearance of high-temperature black-body radiatiois observed. First, théF7,2 population is rapidly transferred
in Er**,Yb%*:Y,05 nanopowders reported in this letter indi- to the 483/120 state in the ¥O; host through resonant cross
cate that fundamental scaling limits may indeed exist inrelaxation.” Hence, emission normally originating from the
cerami€ and random lasersThese phenomena also enhance’s, , state at room temperature produces thermally activated
laser processing of ceramics and reflective metals. %H,,,, emission at higher temperatures. This occurs above
Rare-earth-doped powders were prepared for these ex162 K, when thermal energies exceed 8g,~H,,,, in-
periments by flame spray pyrolysis, and consisted of unagtermanifold energy splitting of 807 crh(see Fig. 3 insgt
gregated single-crystal particles with average diameters iand the’H, ,,, state becomes significantly populated. Sample
the range of 10—200 ni.Transmission experiments with emission changes color. Second, with further increases of
free-standing samples pressed lightly into wedges of 1 mninput power(additional laser heatingvisible luminescence
maximum thickness were used to determine thé"ébsorp-  from the sample virtually disappears—it is strongly
tion coefficient in the presence of multiple scattering. Disksquenched over a wide interval of pump power. Finally, at the
with measured filling fractions of 15-20% were mounted at
the entrance of an integrating sphere and transmission of a
laser beam was measured versus sample thickness as shown
in Fig. 1, where the’F,,(0)—?F,(2') infrared absorption
resonance of Yb is evident. A direct comparison of attenua-
tion on and off resonance, together with the data in the inset
of Fig. 1, showed that the absorption length of the sample at
A=905.6 nm wa¥¢ ,=0.505 mm/This value was more than
an order of magnitude less than the absorption length of an
equal concentration of Yb ions in crystalline,®3;. For an
impurity density ofNY?=4.1x 10?° cm™ and a cross section
of 0=0.35x 1072% cn?,® the calculated absorption length is
¢/,=7.0 mm at zero porosityWith low absorption and high
reflectivity (R>96%) an incident power of 400 mW tuned

to the Yb resonance leads to a total absorbed power of &iG. 1. Absorption spectrum of ¥b,Er*:Y,0Os, in the region of the
%F,,—F5, transition, showing increased attenuation on the Yb resonance.
The solid curve is a Gaussian best fit. Inset: Logarithm of transmission vs
3Electronic mail: scr@eecs.umich.edu thickness measured through a lightly pressed free-standing powder layer.
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FIG. 2. Luminescence spectra of*ErYb®*:Y,0; nanopowder at two inci-

dent intensities: Low powe(50 mW, solig and high power(250 mW,  FiG. 4. Black-body emission intensity vs pump powére? spot diameter
dashegl Excitation wavelength wake,=905.6 nm. =75 um). In the main plot, the loweguppe) branch of the hysteresis loop
corresponds to increasirigecreasingpower. Left inset: White-light emis-

. . . . . - :.sion spectrum, corrected for instrumental response.NEedl um, photo-
hlgheSt available Inputintensities, broadband emissio ultiplier sensitivity drops to zero; background is from overlapping spectral

arises.(Fig. 3, extreme right orders. The dashed curve is a Planck distributionTi£1910 K). Right

In the low-power regime of Fig. 3 below 100 mW, lu- inset: Uncorrected white-light emission spectrum showing large resonant
minescent intensity rises quadratically as expected for a twoeabsorption features due to ground-state Er ions.
photon proces%l.Above this value, however, it undergoes an

abrupt reversal. Luminescence is strongly quenched. As thg j=1,2,3. Only energy transfer involving the long-lived
incident intensity is increased further, between 150 mW angxcited statg2) of Yb was considered and two-photon en-

400 .mW, all transitions Steadilgiecrease in intenSit)Data ergy transfer upconversibjnwas assumed to popu|ate lumi-
in Fig. 3 were taken ahe,=522.4 nm under steady-state nescent Er level3).
temperature conditions, using an intensity-stabilized Ti:Sap-
phire laser and scanning times of 0.5 h or more. The behav1 “RTV = k(DT =TIy + (1 =R(T I'Vin T
ior of fluorescence versus incident power was virtually iden-( (M) = «(ML o+ ( (M Vo QM
tical on all Yb and Er transitions. 4

A model combining heat transfer and population rate +oAT*=Tg] = ) (T), (1)
equations predicts the essential features of this complex
emission behavior. Equatiaid) relates the sample tempera- NY? = — BI;NY® + Y2 (T)NIP + »¥PNYP, (2
ture to the input intensity; (corrected for reflectivityr at the
input), by balancing energy input with losses from thermalyb _ _vyby,vb _ Ybp(Er Ybr(Er _ _Yb Yb
conduction, impurity emission, and black-body radiation. 2 ~ YaaNg” = TaiNz N7 = TN Ny = 72 (DN, (3)
The first term on the right is the thermal conduction loss rate,,

proportional to the difference between sample temperature N3° = BI;NY® — y3PNXP, (4)
and referencd, (295 K) through the thermal conductivity

and a geometric factox/._ The second term _dgscribes reso- Nfrz _ leN\z(bNEr + YEEN? + ,})gjr-NEr’ (5)
nance fluorescence with a quantum efficiency @fT)

=1/ [ vo1+ ¥a(T) ], Wherey,, is the radiative rate angl,, is e ErE Vbr i Vbr E e

the nonradiative decay rate from level 2 to level 1. The thirdNz = Y32Ng'+ F2aNp Ny = ToaN; Ny~ YaNg (6)
term is the radiant loss from black-body emission, wheig _

the Stefan—Boltzmann constant aAds the irradiated area. Ngf: FzzNngEr— ynggf_ (7)

The last term accounts for black-body emission that is reab- . ) L .

sorbed by Er impuritiegsee right inset Fig. ¥ Equation(1) In Eqs:(l)—(7)_, B is the usual Emstemn §t|r.nulate.d ab_sorptlon

was augmented by rate equations for the populaﬂdﬁ%T) coefflc[ent.l,, is the _bIack—body specific intensity given by

and NJ_Er(T) of Yb and Er energy levelsandj, respectively Fflgncks law, and, is the Er ground state absorption coef-
ficient at frequency.

In Fig. 3, the theoretical curve is given b)ﬁeory:lEr

ZHMIZ” B> +1,(T). It contains contributions from Er impuritied "
. =N5'y5'hw, where ¥5'=5+95) and black-body radiation
®,, )R> e — P> [1,(T)]. Yb®* has no visible emission and therefore does not

; contribute to the signal. The temperature-dependent decay
L Fa @l deyi> rate y3°(T) = yal+y'P(T) was measured with time-resolved

photoluminescence over an extended temperature range,
from 300 to 1200 K Thermal conductivity values over

Emission Intensity (arb. units)

S %, the same range were obtained from Ref. 13. Rate constants
¢ 100 200 300 400 I'y, the energy transfer rates on coupled transitions for Yb
Laser Power (mW) and Er ions initially in statek andl, respectively, were taken

_ _ _ _ to be constants. Explicit temperature dependences of these
FIG. 3. Luminescence intensity measured\at522.4 nm vs input power, quantities have not been reported. Reabsorption of black-

together with the predicted emission intendiy,,, (dashed curve A qua- P ; i
dratic increase in upconversion intensity is evident below 100 mW, foI-bOdy radiation by Erwas approxmated by”l "(T))' consid

lowed by spectral quenching in the region between 150—350 mW, and corfing only groqn_d-state absorption of Er levi@s& [3) with
tinuum generation above 375 mw. a,, used as a fitting parameter.
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Steady-state populatiom§(T) (i=1,2,3 were found by  stability, we cannot rule out its influence altogether.
setting Nin:N_Er:o and using closure(N§"+N5"+N5' This work shows that luminescence quenching can lead
=NE";NYP+NJP+NYP=NP). The result for the highest Er & thermal runaway process and black-body radiation that
level s Ngr(T)=2F23F12(B|)2Nfr(NZb)2/ﬁ{ﬁ{(vﬁf(ﬂ)z exhlblts_ bls_tablhty over a small range of input power.
:C|2/(,y\2(b(-|—))2, where ¢ is a constant in the undepleted Quenching is the result of thermally activated nonradiative

pump aplproximation. The temperature dependence of Er g&lecay, whereas the bistable black-body emission is ascribed

cay constants was ignored in fitting the data of Fig. 3. Thid® nonlinear reabsorption. As yet, no bistability of the rare-
assumption is not strictly justified at low incident intensitiesath luminescence itself has been found in powdered
(low temperatureswhere the measured emission is almostEr", Yb*": Y05 over the intensity range where impurity lu-
entire|y due to Er. However, at intermediate to h|gh inputminescence quenChing is first initiated. However at hlgher
powers(medium to high temperaturgstrong luminescence input powers, intense black-body radiation is generated that
quenching renders the Er contribution to the measured emigxhibits hysteresis as sample temperatures approach the
sion negligible. Its temperature dependence is thereforgnelting point of yttria. The evidence we have suggests that
much less important than that of the donor ion Yb over mosthe optical instability is intrinsic, resulting from the thermal
of the experimental range. With only three fitting parametersshift (A~ 1/T) of the black-body emission spectrum,
X, @, C, the model accounts surprisingly well for the spectralwhich increases the absorption as temperature rises. This dif-
quenching of upconversion luminescence in the left half offers from the shift of the absorption spectrum reported in
Fig. 3. It also predicts the dramatic rise in black-body emis-previous studies of bistable luminesceride. this picture,
sion in the right half of the figure, and bistability of this hysteresis takes place below the melting transition as the
radiation, as detailed below. The spectral variations in Fig. Zesult of nonlinear reabsorption of black-body emission by
are accounted for separately by thermal activatiofRf,  ground-state Er ions. Reflectivity and thermal conductivity
impurities to the’H,,, level, which has forty times the os- fluctuations below the melting transition may also contribute.
cillator strength of thé 2 level* and will not be discussed The dramatic heating effects we have observed can facilitate
further here. low-power laser processing of high-temperature ceramics de-
‘Assuming constant values far, and R, the specific  gpite the high albedo of powder precurstisdachining of
emission intensity is predicted to rise abruptly above inpubyignly reflective metals can also be performed at one-tenth of
powers of 350 mW(dotted curve in Fig. B This corresponds  {he normal power levels using a thin nanopowder overlayer

well with the sudden appearance of bright white light in, initiate Nd:YAG laser drilling of aluminum platé¥.
experiments. The intensity rise is symptomatic of a runaway

heating process that generates intense visible black-body 1he authors thank L. Marchal, B. Furman, T. Hinklin,

emission. The experimental white-light spectrdeit inset, and R.M. Laine for samples, and the Air Force Office of

Fig. 4) was recorded with achromatic optics and correctedScientific Research for Grant F49620-O3-1—O389.‘One of t.he

for instrumental response with a standard lamp. The dashedfithors(S.L.O) thanks the Fundagéo de Amparo a Pesquisa

line reveals excellent agreement with a Planck spectrum &0 Estado de Sao Paulo for financial support.
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