Cooperative optical bistability in the dimer system Cs 3Y,Brg:10% Yb3*
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In single crystals of the dimer compound €sBry:10% YB** below 31 K, both visiblgVIS) and
near-infrared(NIR) luminescence intensities were found to exhibit hysteresis as a function of
incident NIR intensity and temperature. The optical bistability is intrinsic tgYGRre:10% Yb**

and not a result of an external feedback. Lowering the temperature to 11 K strongly enhances the
all-optical switching behavior. The switching on VIS cooperative upconversion and NIR
luminescence transitions occurs simultaneously and with opposite polarity reflecting the competition
of both emission processes. On/Off switching ratios of up to 4.8 and 1.7 were observed for VIS and
NIR luminescence intensities. Using NIR luminescence spectroscopy, differences in the internal
sample temperature of ump t7 K were found between the upper and lower branches of the
hystereses. A two-level density-matrix model is developed which includes ground- and excited-state
interactions and shows that the intrinsic bistability due to a local field different from the external
field is strongly amplified by the nonlinear cooperative upconversion process. Alternatively, a
rate-equation model is presented which takes the multilevel nature of the ions into account but is
more phenomenological in nature. Formally, the two models are shown to be equivalent, and they
qualitatively explain all major experimental observations. It is found both theoretically and
experimentally that increasing the coupling within®timers and/or decreasing energy migration
through the YB' lattice enhances switching and renders it easier to observe intrinsic optical
bistability. © 1996 American Institute of Physid$0021-960606)01004-1]

I. INTRODUCTION was further developed. It was shown that ground-state, near
dipole—dipole(NDD) interactions responsible for making the
The consequences of cooperative interactions betweecal or Lorentz field different from the incident field could
transition metal and rare-earth ions in insulating crystals ar@ause optical switching. To our knowledge there have been
manifold. For example, magnetic ordering phenomena ar@o experimental observations of optical bistability based on
usually attributed to exchange or magnetic dipole—dipole insuch interactions so far. Our experiments on th&"ydystem
teractions among the magnetic ions in their electronic grounduggested that interactions among excited states, which had
state. Interactions between electronically excited and groungo far not been considered theoretically, might be important.
state ions can lead to excitation energy transfer, energy mia new term taking explicit account of the cooperative inter-
gration and other excitonic phenomena. However, the pheaction between excited electronic states was therefore intro-
nomenon of intrinsic optical bistability, i.e., the presence ofduced in Ref. 1. The consequences of this term, together with
two stable transmission or emission intensity values for aelated dephasing interactions not considered in Ref. 1, are
given input intensity outside an optical cavity, has not beenjeveloped in detail in terms of a density matrix model in
reported so far for a transition metal or rare earth metal comSec. 11l A of the present paper. In parallel, a rate equation
pound. We have recently found that the compoundmodel for reproducing the excited state dynamics in
Cs;Y,Brg:10% YB** does exhibit such behavior, and for a Cs;Y,Bre:10% YB*' is developed in Sec. Il B. The two
certain range of the relevant parameters the luminescengfodels are shown to be equivalent, both are capable of re-
from this system was found to show hysterésisth the  producing the essential features of the observed bistability
possibility of optically switching between two states. In the and hysteresis behavior.
present paper we provide a detailed account of our experi- The chemical system used for this study belongs to a
mental findings, some of which were published in an ear|iellarge class of compounds with the general formulaMGXg
letter (Ref. ). In addition, we introduce new terms into the (M=Ho®*,... Li**,Y3" when X=CI~; M=Snt*,.. L,
theory of optical interactions in dense media and demony3* when X=Br~) containing the dimer units M3 . In
strate their importance by comparison with experiment.  these units two octahedra share a common face thus leading
Theoretically, intrinsic bistability in dense media wasto a very short M"™—M3" distance. In YBBr3 the
first treated by Bowden and SuAdn Refs. 3—6 the theory yp3+—_yp3* separation is only 3.83 A, with implications
both on the magnetic and optical properties. A large ground
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excitation energy in the near infrard®lIR) is easily ex- 3>
changed between the two ¥bions, thus leading to upcon- @ 1 %ml
version and subsequent green dimer luminesc@fites up- 12>
conversion process is one of the keys to understanding the o C )
1>
A
(

bistability phenomena reported here. Another key process in
Cs,Y,Bry:10% YB** is efficient energy migration among the A B
Yb®" sites after NIR excitation. This is the result of rela-
tively short YB'"—Yb*" distances in the range of 5.8 to 8.2
A between YB* ions in neighboring dimers in the lattice.
We believe the implications of our results are not limited Virtl
to rare earth and transition metal ions, or to the host crystal 12> Swe 1T
used in this work, or indeed even to solids. Our observations % o
and theory should be relevant to a variety of other physical N > 12>
situations such as quasiresonant collisional interactions in ‘ virtat ®
dense atomic vapots! or avalanche upconversion TR G 1>
systems? A useful objective of additional observations of
bistability in such systems would be improved understanding (©) (d)
of the time dependence of the phenomenon.

(a) b)

FIG. 1. Cooperative dynamics involving two 3-level atoms, giving rise to

(a) cross relaxation, an¢b) pair upconversion. The cooperative dynamics
II. EXPERIMENT depicted in(a) and(b) can be described by the 2-level theoretical modells

and (d), respectively, in which the thir¢intermediatg states are treated as

Single crystals of CsyzBrg;lo% th’+ were grown us- virtual states. Wiggly arrows indicate photons, curved arrows indigete-
ing the Bridgman technigu&Optical quality samples of ran- radiative cooperative relaxation processes.
domly oriented crystals were prepared following the proce-
dures described in Ref. 13. Sample temperatures in the range

of 11 to 31 K were achieved using a liquid-helium cryostat  First, the two-level density matrix model is extended to
(Oxford Instruments MD# incorporate previously omitted excited state contributions,
Near-infrared (NIR) and visible (VIS) luminescence and intrinsic bistability dependent on a combination of
measurements were performed using an argon-ion lasgfround and excited state couplings of the atoms is predicted.
(Spectra Physics 204pumped Ti:sapphire las¢Bchwartz  Quasiresonant excited state interactions are thereby shown to
Electroopticg in standing-wave configuration. The laser out- amplify the intrinsic nonlinear response of dense systems
put was unpolarized and typically 300 mW, TMA laser  caused by NDD interactions. Second, an alternative rate
linewidth of about 2 GHz was achieved using an intracavityequation treatment is introduced and compared with the den-
etalon. The Ti:sapphire laser intensity was controlled using @;ny matrix approach. The rate equation model is more phe-
stepper-motor driven variable neutral-density filBalzers  nomenological in nature and has more arbitrary parameters.
and measured using a photodidé® 5082-442Q The laser  Nevertheless, it improves agreement with observed intensity
beam was focused on the crysti=150 mm), and coaxially  and temperature dependences of cooperative emission. It per-
NIR sample luminescence was collectée-65 mm). It was  mits the multilevel nature of the real atoms to be taken into
dispersed by a 0.85 m double monochromdfpex 1402  account without considering system coherences by introduc-
using 500 nm blazed 1200 grooves/mm gratings and detecteflg a temperature field variable to replace the optical polar-

by a liquid-nitrogen cooled germanium detect@pplied jzation responsible for coupling dynamic variables in the
Detector Corporation 403land a lock-in amplifietStanford  density matrix approach.

Research SR510In combination with two filterdKG3 and
Balzers Dichrolight C54VIS sample luminescence was de-
tected by an S5 side-window photomultipliEMI 9781A) The excited-state energy exchange interactions of inter-
and a pico—ampere metéfeithley 417. Laser power, VIS  est in this work are of two general types, as depicted in Figs.
and NIR sample luminescence were simultaneously recordet{a) and Xb). In Fig. 1(a) for example, an ator prepared
by means of a computer-controlled 3-channel measuremenin the upper state can relax nonradiatively to a lower level
through a quasiresonant electromagnetic or spin interaction
with a ground state atod which undergoes a simultaneous,
energy-conserving dipole transition upward. Such a process
Earlier theoretical researtif predicted that ground is generally referred to as cross relaxation. Excitation energy
state, near dipole—dipoleNDD) interactions in dense sys- is partitioned between the excited atom and a ground state
tems not only cause the local field to differ from the incidentpartner at a rate which is bilinear in their respective densities,
field as pointed out by Lorentz but can also cause all- and thereforaonlinearwith respect to occupation probabili-
optical switching. Here, we explore the important role whichties. The reverse process, sketched in Fidp) And called
can be played by dipolar interactions amangited stateq cooperative upconversion, can also occur and is the process
enhancing such nonlinear dynamics. responsible for the experimental results reported here.

A. Density matrix approach

Ill. THEORY
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The dynamics of interegfFig. 1(b)] can be treated with 7 B
a two-level pair model of cooperative proces$Ery. 1(d)] L=+
derived from the Schdinger equation. It incorporates
ground state dipolar interactions through local field correc-The fields in Eq.(8) are the microscopic electric field, ,
tions in the optical polarization, following previous wotk>  the macroscopic electric field, and the polarizatio®; s is
However, in addition it includes excited state interactions. Ofa factor(equal to 0 in cubic soligsdetermined by a lattice
the three states shown in Figgaland ib), we note that sunt® and € is the permittivity of vacuum. In the rotating-
one participates merely as an intermediate state. Consgmave approximation, the dynamical equations become
quently, it can be neglected in a closed system, as illustrated N .
in the two-level models of Figs.(¢) and Xd), provided that 03= = ya(03—03") —iQ (0~ 03y), 9
corresponding relaxation terms are incorporated into the
equations of motion.

Consider first a two-level atom which interacts with where the on-resonance Rabi frequencyis u/#. The
light. Its lower and upper levels will be designated|byand  superscript zero denotes equilibrium values which obtain in
|2), respectively. Its Hamiltonian the absence of optical fields. The local field correction term
is e=nu?/3% €y, and has units of frequency since the density
matrix elements are dimensionlessis the number density
contains the isolated atom P&&o: Ho,o2)(2| —H g 1)(1] and u is the dipole transition moment. The detuning of light
and the optical interactiohl, = — uE, (|2)(2|+|1)(1]), where ~ from the resonance frequency @} is A= wy—w.

H;; is the energy eigenvalue of stdtg, andu andE, denote To this point, only spontaneous decay, dephasing and
the dipole matrix element and the local field, respectivelyground state NDD interactions have been included in the
The Schrdinger equation of motion for the density matrix formalism. Excited state interactions of the type depicted in

1
—+s

3¢ P. (8

0= —i(A+eo3)op— 31003~ Ty0m, (10

ﬁ:ﬁo"_':h (1)

including relaxation terms is Figs. 1@ and 1b) can be accounted for with additional re-
. . laxation terms however. From basic scattering concepts, it is
ifp=[H,p]+relaxation terms. (2)  apparent that in the perturbative limit in which ground and

. excited state occupation probabilities may be considered in-

The overdot indicates a derivative with respect to time. Ini- . .
. : . dependent, the cross-section per atom for a bifeoppera-
tially we assume the relaxation terms include only spontane-

ous decay and dephasing. The individual elements of tht|ve) event with other impurity atoms is proportional to the

) : : 8ensity of the “other” species with which it can interact.
density matrix for a closed systefp;;+p,,=1) yield Making the (usua) assumption that rapid energy migration

) —iuEL renders all atoms in the interactive excited state equivalent,
PLIT T (p12— p21) + Y2p22, (3)  then the relevant density of the second species is clearly its

macroscopic density. Without migration, because nearest

n=n neighbor interactions dominate cross relaxation and coopera-

P22~ "3 (P12~ P21) = Y2p22, @ tive upconversion, the local excitation density would deplete

rapidly. Hence for low excited state density and weak cou-
) ) inE, pling, the total probability of cooperative processes is pro-
p1= ~iwopart —5— (P11~ P22 ~aap2n, (5 portional to the product of the densities of the two species,

justifying the form of phenomenological terms with which
p1=(pa))*. (6)  we now augment Eq¢9) and(10).

o ) ) ) ) From Fig. 1d), cooperative upconversion can be seen to
Similar equations were considered previously in the con,qdiate decay of stal@) populationp,, at a rate of 2p2,.

text of dense systems by Dowling and Bowdérwho ' |n this case the bilinear density dependence results in a
duced them to the form of optical Bloch equatidngollow- square law dependence on the occupation of $eateince
ing these authors we make use of a change of variables §9,ih atoms are of the same species. Herés the conven-
introduce the generalized inversio=pz;—py; and the PO~ isna| pair upconversion rate constant and has units of fre-
larization 0,,=p,;, where the tilde identifies the slowly o,ency just like the local field correctian The factor of 2
varying  part  of the  off-diagonal  element ., nts the two excited atoms which decay for each coopera-
p21=p21 €Xp[~i(wt—k2)]. The optical field has been taken e ynconversion event. To write this in terms of the inver-
to be sion a3, we use the definition,=p,,—p; together with clo-
E =L[# e i(etmkd 1 ¥ gilut—ka, (7)  Sure to obtainp2?=(03+1)/2. A;suming there is nggligible
thermal occupation of the excited staté=—1), this then
The dephasing rate constantTig;=3y,+T,.2" Ty is the  yields the relation 2p3,=(a/2)(o5—0¥)2
dephasing rate due to phonon interactions and other single- For detailed balance, a careful accounting of the emis-
atom interactions. sion wavelengths of emitting atoms must be made. The frac-
The local or Lorentz field?, takes ground state NDD tion f of excited state atoms which undergoes upconversion
interactions into account in dense media through the follow-obviously cannot participate in radiative decay at the isolated
ing relation for the slowly varying amplitudes of the fields: atom resonance frequenay. Hence the last term in E@4)
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giving the decay rate ab, must be corrected from,p,, to inhomogenous width of the transition. To account quantita-
v,(1—f )p,, in the presence of pair upconversion, whese tively for dephasing, one generally introduces the second or-
is the radiative decay constant. Also, the decay rate for paider correlation function of the discrete frequency jumps as
emission depends on pair densfty,, through the radiative follows:

pair decay constanty;, contributing a relaxation term , ,

¥sf pap. By requiring the decay terms written in terms fof (So(t)du(t))=2B5(t—t").

(which group terms by emission frequendy add up to  Here, the Markoff approximation has been made, @nid
—YeitP22—2ap3,, & connection betweeh and the conven- the excitation migration rate constant for an incoherent hop-
tional UpconverSion coefficiert can be made while at the p|ng process. By assuming Gaussian statistics and rapid mi-
same time carefully separating the total loss rate into tWQyration (8>T,y), it then follows in the usual wdy that B
parts: an emission rate reductionsgtand a purely radiative jtself is the optical dephasing rate constant. In combination
decay contribution at the pair frequency. We require that  with the « term, this yields a total dephasing rate constant of
I'"=T,;+a(o5+1)/2+ 8. Separating the constant dephasing
contributionI" from the portion depending ong, and re-

From Eq. (11) it is evident that yx=%(1—f) and  grouping terms, the polarization equation can be written
f=2ap,,v,, a result used later to explain bistability in reso-

nance fluorescence in the present experiments. 0p=—i(A+€ 03)0—31Q03—Toy. (13

Adding the upconversion loss rate in Ed1) to the
dynamical equations, E@9) for the population inversioo
yields

— YeftP22— 2ap§2= — (11 )poo—v3fp2s. (11

Here, € =e—i(a/2) is a modified(complex local field pa-
rameter and’=I",;+a&/2+ B. Notice that upconversion and
migration both make contributions to constant dephasing, but
3= —1Q(021— 05) — Yer( 03— 0"(30)) —a(o3— g<30>)2_ that only « contributes to intensity-dependent dephasing and
(120  the local field.
As the result of population losses due to cooperative Equgtions(l_Z) and(13) are the pri_ncipal resylts of this
upconversion, the polarization in EQL0) also acquires an section, improving over earlier dynamical equatfotisough

intensity-dependent decay term equal to one half the rate P? ad_dltlon .Of these dephasing terms.' From them the popu-
population loss per excited atom due to this process. Thi athn INversionos and the slowly varying envelope of the
rate is(2ap3,)/2p,,, Where the facto accounts for the dif- optical polarizationP=2ny1,05;, may be calculated. Under
ference between polarization and population decay. This rat Eady-stz;lte Con_(li_lrtl_ons_, Itge time derivatives in E§8) and

can be written in terms of the inversion §8(o3+1). Addi- ) equal zero. This yields

tionally, resonant energy migration proceeds between excited —(12)iQa3[T—i(A+€ o3)]

ions and ground state neighbors. This process does not 021= T2+ (A+ e ag)2 . (14
change the excited state occupation probability but randomly 3

and rapidly modulates the resonant frequency of the atorBy substituting Eq.{14) into Eq. (12) and rewriting ys¢ in
excited at a particular timg within a range limited by the terms ofo;, we find

—[o3— 0P a(y3— ¥2) (03— o) + v2ys][(T)?+ (A + €03)?]
73F'03 '

Q2= (15)

The quartic equation in Eq15) has solutions which are In Fig. 2, the solution of Eq(15) for the steady state
multivalued and predict intrinsic bistability in the inversion inversion o3 is used to pIOt(0'3—0'(30))2, a quantity propor-
of cooperative dynamic systems. It is important to recognizaional to the pair luminescence intensity, versus incident in-
that these solutions only apply if the system temperatiee  tensity|Q|? for various values of the upconversion rate con-
termined byos) is in a steady-state. This makes it clear thatstanta. The leftmost curvéa=0) shows that even without
the time scale for validity of these expressions is set by therupconversion, weak bistability is predicted whenever the
mal diffusion rather than by relaxation times of the optical curve folds back on itself. This reproduces the basic results
polarization itself, although the polarization is the only of Ben-Aryeh® The steady-state relation between incident
means by which the temperature of the system can changmmtensity |()> and inversionos is determined from Eq(12)
When the upconversion rate constanis zero, the coeffi- by setting the time derivative af; to zero. From the result-
cient of the quartic term in Eq15) vanishes and we recover ing expression, it can be shown that the curve no longer folds
results of Refs. 2—6 and 15. However, when betindeare  back on itself if the two points at whichl|Q|?/do3=0
not zero, the fourth order coefficient leads to modificationsmerge to form a saddle point. This occurs for a critical value
of the nonlinear dynamics which are theint result of of e which, in the special case ofy,=I',;=1 and
ground and excited state NDD interactions. a=B=A=0, is given by
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FIG. 2. CalculatedEqg. (15)] pair luminescence intensityproportional to v 05+ \ \ 4
(05—0f”Y?] versus incident intensitif2|? in a system undergoing pair emis- | Of —640] /570,/500
sion for different values ot with fixed 8=0. The other parameter values L
aree=100¢,, A=0,I"=10, y,=1, y3=4. ¢,=3V3 is a critical field needed L
for bistability whena=B=0. The solid(dashed curves indicate stabl@in- L
stable solutions. oE— ..y
0 5 10 15
B

€.=3V3 (16) FIG. 3. CalculatedEq. (15)] pair luminescence intensifyproportional to
cr ) (05— )?], (a) versus incident intensity[? for different values ofg with
The solutions in the central portion of Fig. 2 between thefixed =3.6, ande=100,A=0,I" =4, y,=1, y5=4, (b) versus for differ-
turning points(dashedl are demonstrably unstable, causing & values of®* with fixed a=3.6, ande=100,4=0, I =4, ,=1, y3=4.
g . . L. . . . In (&) notice that for large3 switching disappears.
hysteresis in the inversion versus incident intensity. As inten-
sity is increased from zero, the predicted pair luminescence
intensity at first follows the lower branch of the curve, but|(wg)oyugpp="720,0(1—F). Using the expression for
reaches a point at which the only stable solution available af obtained from Eq.(11), this becomes| (wg)<[y,p27

higher powers lies on the upper branch of the curve. Here-2ay,p3./y5]. Thus the resonance fluorescence intensity
switching to the upper branch occurs and switch down onlyshould vary as

occurs subsequently if the incident intensity falls below the
point at which only a lower branch solution exists.

As the cooperative interaction rate constam&nd 8 are
increased from zero to a value comparablestseveral as-
pects of the hysteresis change markedly. First, ygith0, a
higher excitation intensity is required to reach bistability as
the value ofa is increased, and the hysteresis loop enlarges .
(Fig. 2. This is evidence that dipole—dipole interactions re-
sponsible for cooperative upconversion influence nonlinear
dynamics in much the same way ground state interactions
do, in keeping with the fact that both enter the coefficient of
the quartic term on a similar footing, as the produef.
However, the excited state dynamics depend strongly on
light intensity and temperature, so that the intrinsic nonlin-
earity may be enhanced in a controlled fashion through the
deliberate variation of these experimental parameters.idf
held fixed andB is increased, a decrease in the vertical step : :
size of the hysteresis occurBig. 3(a)]. For large enougis, 0
hysteresis disappears altogether. In this sense it may be said

that Iarg(_aa enhances .SWItChmg’ Whllﬁ _suppresses It . __FIG. 4. PredictedEgs. (15) and (16)] (near-infraredl resonance lumines-
As discussed earlier, at any given input power a portionence intensityproportional toy,(1—f )p,,] versus incident intensit[? in

f of the excited impurity centers undergo pair emission at a system undergoingyisible) cooperative pair emission. The calculation of

frequency 2. At the remaining centers, emission occurs a’[tht'é Iumi_ngscencg int_ensity is.describe.d in Sec. |!| Agnd for small values of

frequencyw,, corresponding to the transition between levels? " e?ih:’.gs Z.SW'tChmrg pc}'ﬁ iy o ri,?slte, © t|hat I:,;;%JZ' 23[11803&':%'”96

|2) and|1). Thus if we consider resonance flUOTESCENCE, the oy e o e oo o curvas mdeate Sablatntable

] S ) ’ A =4, y,=1, y;=4. The solid(dashed curves indicate stabléunstablé
system emits(NIR) radiation at an intensity given by solutions.

17

o
| (wo)* ¥z <og—oé°>>—73 (03— 02|

The resulting behavior is illustrated in Fig. 4. As incident

Y2(1-F)po2

1500
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intensity is increased, resonance fluorescence intensity
should at first increase by following the upper branch of the
curve, but then suddenlgrop to a lower(nearly constant
stable branch above a critical intensity. For differemt;
ratios, other interesting variants of the curve are predicted. [Fsp 27zl
For example, the stable branches cross in a bowtie fashion |2> [2F 7 2Fgs5]
for small «; for large enoughy, the lower stable branch is
zero for all intensities above the critical value corresponding
to Eq. (18). The main result of Eq(17), however, is that
bistable switching on singl{Fig. 4) and doubly(Figs. 2 and 11> BF72 %F72)

3) excited pair emission transitions should have opposite po-

larity. FIG. 5. Schematic representation of the grourfdF-[,?F5,], singly

: : : : . i[2F72,%F 5, and doubly BF s, 2F5/,] excited states of afiYb,Bro]*~ dimer
An interesting consequence of this analySlS obtained dlin Cs,Y ,Brg:Yb®*. Wiggly arrows indicate photons. Curved arrows indicate

rectly from the relationl (wg) > y,p2(1—f ) is that reso-  (nonradiative energy-transfer processes.
nance fluorescence is expectedvemishif f=1. This phe-

nomenon occurs at a critical excited state density, which is

|3> [2F5/ 2F5p0]

As in the previous section, we assume that cooperative
(18) transitions occur at Y& dimers in which the individual ions
have only &F -, multiplet ground state and% -/, multiplet
Excited state. Thus the dimer states consist of a ground state

Y3
(P22)cr:z .

Notice that if y3>«, then resonance fluorescence can neve

be completely extinguished by the pair process, since th

maximum attainable value @k, is 3. However, ifa> 1y, then : : ) : : . ;

at somefinite level of steady-state excitation, all radiation denksny_tmatn)fb(I:altcu_latlon, wet Workt.'rll a pair bQSISt.W hich

from the sample would consist of cooperative upconversionr.na es It possibie to incorporateé spatial energy migration as a
opulation decay ternmstead of a dephasing term.

While the results above are most pertinent to stationa . ) I~ . .
b r)P Neglecting crystal field splittings, the dimer is treated as

atoms in solids, they have much broader implications. For th level " d the ab th at labeled
example, the absorption behavior of ultracold colliding at-2 tNree-ievel system an € above three stales are labele

oms with nearly identical ground and excited state transitiorw’ [2), and|3), respectively. The possible dimer transitions

energies can also be expected to exhibit hysteresis on s8re |IIust_rated In Fig. 5, a}nd may be desprlbed by the follow-
ing nonlinear, coupled differential equations:

2F.,,%F ], a singly excited state’F,,,2F<;], and a dou-
ly excited state {F s, °F5,]. However, unlike the previous

lected transitions at high densities, since absorption is pro-
portional to —o3. At microkelvin temperatures and below, N;=—Fo;N;+ o,Ny—XN;Ng, (19
atoms are essentially at rest on the time scale of excited state .
relaxation. That is, internuclear separation does not change N2=Fo1N;—Fo,Ny;—@Np+2wN3+2XN;N3, (20)
appreciably during the spontaneous emission lifetime. Con-
sgguently, behavior relatgd to that calculated here for station- 3 72Nz 2@rNs = XNiNs. (21)
ary atoms in a concentrated rare earth solid should be oln Egs.(19)—(21), F is the photon densityy, are absorption
servable in dense, ultracold gases too. This implies it wouldross sectionsy; is the radiative decay constant aXds the
be worthwhile to incorporate these quasiresonant interaction@te constant for cross relaxation of two dimers. The overdots
in new extensions of theories of the local fi/éldn dense indicate a derivative with respect to time. Note that the ra-
atomic systems. diative decay constants for stat8sand|2) differ by a factor
of 2 because of twofold degeneracy of the singly excited
dimer statg2). The radiative relaxation pathwd$)—|1) has
been neglected due to the very low oscillator strength of this
transition® This model is formally analogous to that used to
Although rate equations describing population dynamicsanalyze the excited-state dynamics in the avalanche system
explicitly omit the coherent polarizations developed within Ni?*-doped CsCdGl*® This similarity is reflected in the
optical media, they can often account for coherence-relatedymmetry evident in Figs.(&) and Xb) between avalanche
phenomena by the introduction of extra degrees of freedomand cooperative upconversion models. The dimer cross re-
through additional variables. Rate equations also make faxation rateXN;Nz introduces resonant energy migration in
easier to describe multilevel systems by decreasing the nunthe same fashion as Ri,who also used a pair basis of states.
ber of coupling terms between equations. In this section wd& his process is sketched in Fig. 6.
therefore examine a three-level rate equation model as an In the steady-state limit, the solution of E449)—(21)
alternative to the density matrix approach. We find that in-yields a quadratic equation with only a single, stable solution
deed it is possible to predict the same switching behaviofor N;. The population can be a steep function of incident
described above by introducing temperature as a crucial inaser power, but does not develop a discontinuity. Taking
dependent degree of freedom which implicitly couples thecrystal-field splittings into account in both the excited and
coefficient for migration nonlinearly to populations in an ground state manifolds requires phonon emission, as shown
Yb®" dimer system. in Fig. 7. Consequently, if an avalanche condition were to

B. Rate equation approach
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[Yb,Bre]*~ dimers. The asterisks indicate ¥bions in the?Fs, excited To8K

state. Ty=4K ——— T
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occur, absorption would be high and the internal temperature NIR Excitation Intensity F

of the illuminated region would exceed that of the surround- -

ing medium. The energy transfer rate constdnwould de- = b)

velop a temperature dependence because it depends on spec- % F=100

tral overlap between donor emission and acceptor 3 — 1] F=80

absorptiod’ which changes as the thermal distribution of € | 7 Eoo5

ions among the Stark levels changes. Although no experi- :f,f —T -

mental information is currently available regarding the de- Q F=50

pendence of internal temperatufgon incident powefF, or § F=40

energy transfer rate constaXton internal temperaturg; , o z - e 4”_;0

we simulated the behavior of the Ybsystem on the basis of
several reasonable assumptions. External Temperature T, [K]
First, the internal temperatufie was assumed to depend

Iinearly on the rate of phonon energy emission or phonoﬁ:'G- 8. Predicted Egs. (19)—(24)] (visible) pair luminescence intensity
22 (proportional to the steady-state populatidig) (a) versus(near-infrared

power Pph excitation intensityF for several fixed values of the external temperature
_ To, (b) versus external temperatufg for several fixed values of th@ear-
Ti=To+ nPpp- 22 .o NN ;
! 07 77 ph ( ) infrared excitation intensityF. The values for the other parameters are

Here, T, is the external sample temperature apé a con- 01:_9-?11{2:710001 g’fTZO_OIS;k Xcillg%% ° 1&51:@300}@1: hV_zglzo
stant characteristic of the host lattice. During the excitation™™ *"s=%/ ¢ To=25 8, 7= P 8= » 2=
steps|1)—|2) and |2)—|3) (see Fig. 5 phonons of energy

hv, are created at a rateo;N; and Fo,N,, respectively. ) )
During relaxation, phonons with energiés, and hv, are Second, the interdimer energy transfer rate constant

created for both sted8)—|2) and|2)—|1) at rates of 2,N;  Was arbitrarily assumed to i'ncre'as.e. with increasing tempera-
and o,N,, respectively. If we assume for simplicity that ture from a low value to a high limiting valu¢. (asT;—)
branching ratios of radiative transitions from the emitting

state to all final states are equal, then the emitted phonon X(Ti)=32Xc tanl‘{
power is

+1|. (24)

T;
—+a,
ay

Here, a; and a, are parameters characteristic of donor—
Ppn=Fhvi(a1N;+ 03Ny) acceptor spectral overlap, and the form of E2f) was cho-
1 1 sen to simulate a reasonalfggmoida) increase of migra-
+or(2Ngt+N) (Ghvat hvs). @3 tion rate vsT. The functional dgpendence ¥fon T depe%ds
on the assumed variation of spectral overlap with tempera-
ture to be sure, but our simulations showed that virtually any
increasing function of temperature guarantees hysteresis of
system emission versus input power. Physically, this results
from the fact that once the system reaches an avalanche con-
=01 dition its temperature abruptly increases, raising the value of
X and lowering the avalanche threshold. When power is sub-
sequently reduced, the reduced threshold causes the ava-
lanche to persist to lower power levels. At low enough power

2Fsp(n')

it stops andX resumes its low poweflow temperaturg
) vy 3 value.
F712(n) S = 12 Equations(19)—(24) were used to calculate the coopera-
Y3 n=0

tive upconversion intensity as a function of both temperature
and incident power. The results are shown in Fids) &nd

FIG. 7. Schematic energy-level structure of®Ykn C%YZBrg'taken from 8(b). These calculations yield results in very satisfying
Ref. 8. The labeln=0,1,2,3 anch'=0",1',2’ denote crystal-field levels of  5qeament with the experimental observations shown in the
F,» and“Fg,, respectively. Wiggly arrows indicate photons. Dotted arrows . . .

indicate thermalization processes with, , hv,, andhvs being the energies  N€Xt section. With the addmonal parameters from the tem-
of the emitted phonons. perature dependence X¥f this model develops the necessary
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FIG. 9. Visible (\=500 nm) cooperative emission interlsity.versus.near FIG. 10. Visible (\=500 nm) cooperative emission intensity versus tem-
infrared  (\=944 +”m excitation intensity ~from YB" dimers in perature from YB" dimers in CgY,Bry:10% YI#" at various fixed near
Cs;Y,Brg:10% YB*" at various fixed temperatures. infrared (\=944 nm) excitation intensities.

flexibility to reproQuce subtle trends in the data and is thereCence intensityA=500 nm from CsY Bry: 10% YB* ob-

fore useful. As with any phenomenological model however, . : .
. ) ) ‘tained under continuous near-infrar@diR) laser excitation

the fundamental origin of the hysteresis remains obscure(S

The density matrix approach on the other hand establish A =944 nm as a function of incident laser power at several
. S ; ; mperatures. In the temperature range shown here the power
that upconversion enhances the implicit nonlinearity cause

by local field correctiond® The migration interaction merely hependence of the cooperative luminescence intensity is a

. . X ; steresis. Upon increasing the laser power over a critical
causes dephasing. This provides the necessary perspective . ; : .
value an abrupt increase occurs in the luminescence inten-

how two rather similar excited state dipole—dipole interac-_. o .
CFl‘ty. Subsequent switching down only occurs when lowering

tions can have opposite effects on the.hysteresis,_ fgr in bot e laser power well below the original switching point. Be-
:E; ?ﬁgsgun}?nmxwiﬂ?n tthhee ri:;t: e;qifsatr'g:sp ;::rlegslj ;%l:jr/‘o ween the two discontinuities there is a bistable region where
piing P fhe stationary state of the system depends on its preparation.

the energy migration rate constant among the ions must "A system prepared on the upper branch of the bistable region

crease with increasing temperature to account for all the ob- . . )
servations Is not able to recover from a short interruption of the excita-

tion source and remains on the lower branch. Down along

Whereas the density matrix formalism provides a Ole'the temperature series in Fig. 9 three major effects are ob-

scription OT the sys_tem_ f.ro”? first principles, the _ra_te equa tlonserved:(i) the width of the bistable region increasés) the
treatment is more intuitive in nature. Yet the origin of bista-

bility is essentially the same in both: A field induces nonlin- _hel_ght OT the @scontmwues Increases, .d'"d) the critical
. X T incident intensity required for switching increases.
ear population changes which affect the refractive index. In ; : . .
. . e . Figure 10 shows the VIS cooperative luminescence in-
the density matrix approach, a local electric field correction . ] T : )
N . ! tensity from CgY ,Bry: 10% YB*" obtained as a function of
enters the population inversian, as the producte®, and in : _
. . temperature at several fixed incident laser powers. In analogy
the rate equation approach a temperature field affects the _: : . . . .
0 Fig. 9 the cooperative luminescence intensity exhibits hys-

population decay termX2N;N5. While superficially differ- : : : o
ent, these two descriptions share the feature of index changtesretlc behavior. Up along the series of incident laser powers

induced by upconversion and mediated by a field which al- e same effects on the width, the height, and the critical
y up y incident intensity of the bistable region are observed as for

ters level populations. Formal differences between densi% . A
, i : ecreasing temperature in Fig. 9.
matrix and rate equation theory, particularly the absence of a . . o .
olarization field and optical coherence in the latter, preven In order to_ visualize the swﬁchmg pr.c.)pemes of
P ' S;Y,Bry: 10% YB*" aphase diagram of bistabilitis com-

any one-to-one correspondence between parameters of t q " I :
X . T .~ _piled from the critical values for excitation intensity and tem-
two formalisms. However, an important justification for joint

. . . L . perature reported in Figs. 9 and 10 and presented in Fig. 11.
consideration of these equivalent theories is the perspectl\P‘ehe switching-up pointsfull squares and the switching-

it provides on the nonparametric origin of cooperative blsta-doWn points(empty squardswhich enclose the phase space

bility observed here. This mechar_usr_n p_ermlts slow, pro-?f bistable behavior, both appear to be linearly correlated
nounced response to resonant excitation in sharp contrast [a

: . . within our experimental range, the reason for this behavior
the nonresonantparametric phenomena in dense media , . . . .
} : z being unknown at present. The intersection of the two fitted
considered by earlier research&fs.

lines predicts a critical point with a maximum temperature

(31.5 K) and a minimum excitation intensitg54 W cm )

IV. EXPERIMENTAL RESULTS for which intrinsic optical bistability in Cg ,Brg: 10% YI?**
Figure 9 shows the visibléVIS) cooperative lumines- occurs. As described above, lowering the temperature and/or
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FIG. 11. Compilation of critical temperatures and near-infrared excitationFIG. 13. Near-infraredNIR) luminescence spectra of £%Bry:10% YB*

intensities(taken from Figs. 9 and 10n a phase diagram for bistability. Full
(empty) squares indicate switching ydown) points of the visible coopera-
tive emission intensity in G¥,Bry:10% Y. The lines are linear fits to
the data points and their intersectio®54 W cni?, 31.5 K) indicates a

critical point for bistability to occur in this system.

obtained using NIRA=944 nm excitation. Using the same excitation in-
tensity(830 W cm 2) and temperaturél1 K) the spectra are recorded on the
upper and on the lower branch of the NIR intensity hysteresis shown on top
of Fig. 12.

Yb®" crystal-field transitions 2Fg(1')—2F;(3) and

increasing the laser power from this critical point widens the’r, (0')—2F,(3) increases by a factor of 2 upon switch-

bistable region.

ing from the lower to the upper branch, indicating a substan-

Figure 12 compares a hysteresis loop for the NIR lumi-ial increase in the internal sample temperature, @ndall

nescence intensity with orsgmultaneouslyneasured for the

transitions are significantly broadened in the upper-branch

VIS cooperative luminescence intensity as a function of inspectrum.
cident laser power at 11 K. For these two representative

curves two main features are eviderit) NIR and VIS
switching occur simultaneously adiil) NIR and VIS hyster-
eses have opposite polarity, i.e., an abrinureaseof the

V. DISCUSSION
The spectroscopic properties of £sBry: 10% Yb**

VIS cooperative luminescence intensity goes along with ameported in this paper originate fronf 4ransitions on dimers

abruptdecreaseof the NIR luminescence intensity.

of Yb®" ions® Due to its very simple # energy-level struc-

Figure 13 presents NIR luminescence spectra recordetire YB*' is ideal for the detailed study of various types of
on the upper and on the lower hysteresis branch in thdf transitions as well as the coupling mechanisms within and
bistable region. Both spectra are measured at the same teetween YB" dimers. In the following we will first discuss

perature(11 K) and excitation intensity830 W cm 2), and
they only differ in their way of preparation. Two major dif-
ferences are observed) the relative intensity of the two

Emission Intensity

T
1000

T
800
NIR Excitation Intensity [W cm™]

T T T
200 400 600

FIG. 12. Visible (\=500 nm) cooperative luminescence intensitull
circles and near-infraredA=1035 nm luminescence intensitfempty
circles of CsY,Bre:10% YB" measured simultaneously versus near-
infrared (\=944 nm excitation intensity at 11 K.

the energy-level structure of Yb in Cs;Y,Bry (Sec. VA
and then investigate cooperative bistability which is a result
of the coupling within YB* dimers (Secs. VB, V C, and

V D).

A. Survey of Yb 3* transitions

Yb®" has a Xe(4 )*3 electron configuration and only
one electron is missing from the fullf4shell. The spin—orbit
coupling splits the resulting= manifold into two multiplets,

a ?F,, ground-state multiplet and %, excited-state mul-
tiplet which has an energy of approximately 10 000 ¢m
Therefore, a YB" ion only exhibits 4 transitions in the
near-infrared spectral region. Electrostatic interactions be-
tween YB* and its neighboring ions in a host lattice further
split both multiplets’F,,, andF),. The system studied here,
Cs;Y,Brg: 10% YB**, is one of a family of compounds
CsM Xy (M=Ho*",.. L, Y3 when X=CI7;
M=Snt’,...L’", Y3" when X=Br") crystallizing in space
group R3c with the M*" ions occupying sites of approxi-
mately C5, symmetry”> The C,, crystal field lifts theJ de-
generacy of the M multiplets 2*1L; and gives rise to
3(2J+1) crystal-field levels. In the case of ¥h, the multip-
lets F,,, and °F,, are therefore split in 4 and 3 Kramers
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doublets, respectively, which will be labeletF;,(n) a three-level model for the density-matrix and the rate-
(n=0,1,2,3 and ?F5(n’) (n'=0',1',2") in the following equation approach, respectivelgee Figs. 1 and )5 As
(see Fig. 7. In a previous paper, both absorption and lumi-pointed out earlier, these two models are equivalent and only
nescence transitions between these crystal-field levels hawiffer in their formal way of the inclusion of spatial energy
been studied in detail and the crystal-field energies have beeanigration among YB' ions. Whereas in the density-matrix
determined approach energy migration contributes the additional dephas-

In addition to the transitions on single Ybions de- ing termBo, to the polarizatioEq. (13)] it was accounted
scribed above there are cooperative transitions which arisr by a population decay terrdN;N3 in the rate-equation
from the coupling of two YB" ions within a dimer. These approacHEgs.(19—(21)] as the latter omits any coherence
cooperative transitions involve the simultaneous absorptiodeveloped within the optical medium. We will use the three-
or emission of radiation by two Y8 ions and thus occur level pair basis described in Sec. V(&ee Fig. 5 for the
around 500 nm, they have also been analyzed previously fabllowing discussion of spectroscopic properties.
this systenf. In the CgM,X lattice always two[MX¢]*~ Using NIR excitation both the singly and the doubly
units share a trigonal face to form a rare earth dimer uniexcited dimer states are populated after a one-photon and a
[M,Xo]*~ with a trigonal dimer axis coinciding with the sequential two-photon absorption, respectividge Fig. 5.
trigonal crystal axi$® This close face-sharing arrangement As multiphonon relaxation processes from the excited states
leads to a M*—M?>* distance which is much shorter than in are completely suppressed in this low-phonon host latfice,
most compound$} including the YbPQ crystal in which  the excited dimer states relax radiatively leading to intense
Yb** cooperative luminescence was observed origirfally. VIS and NIR luminescence. Since two photons are required
Since the coupling between the lanthanide ions dependg reach the doubly excited dimer stéfe3] a nonlinear de-
strongly on ion separation, the dimer material reported hergendence of both VIS and NIR luminescence intensity on
exhibits relatively intense cooperative upconversion emisN|R excitation intensity is expected. For temperatures of
sion in the green. Other manifestations of strong ground- anglhout 30 K and above we find the expected behavior with the
excited-state interactions have been reported for this class §f|S luminescence intensity being a nonlinear but single-
compound$:**?°In Cs;Yb,Brg, for example, which has an valued function of the NIR excitation intensity, see top of
Yb**-Yb** intradimer distance of only 3.83 A, inelastic Fig. 9. For temperatures below 30 K, however, the lumines-
neutron-scattering measurements of the*iground-state  cence intensity becomes bistable and exhibits a hysteresis
electronic splitting yield the value 3.0 cth which is excep-  both as a function of NIR excitation intensitfig. 9 and
tionally large for rare-earth ions in an insulating lattlce. temperaturgFig. 10).

As shown in Fig. 5, théYh,Brg]*~ dimers studied here In Sec. Il it was shown that the properties of hysteretic
consist of a ground stat€ff,,(n),’F(n)], a doubly de-  behavior are mainly determined by two factors: the in-
generate singly excited statéF,(n),’Fs;(n’)] around  tradimer coupling between ¥b ions (parametersy and X,

10 000 CI'TTl in the near infrared, and a dOUb'y excited statejn the density matrix and the rate-equation models, respec-
[?Fs(n’),Fs(n")] around 20 000 crit* in the green spec-  tively) and the energy migration among ¥bions (param-

tral region. The labelp3] and[3] will be used in the follow-  eters 8 and T, in the density matrix and the rate-equation
ing as abbreviations for the crystal-field multiplé®;(n)  models, respectively Using inelastic neutron scattering it
and ?Fg(n"), respectively. The degeneracy of the singly has been shown that the intradimer coupling inB#~ has
excited state arises from the fact that either one of the tw@ constant value for temperatures up to about 50TKus the
Yb®" ions within the dimer can be excited. The proper dimeryp3+_yp3* coupling constant can be assumed constant over
wave functions are given by the symmetric and antisymmetthe temperature range of 7 to 31 K used in the present ex-
ric combinations of,3] and[3,5]. The doubly excited states periments. We therefore attribute the observed temperature
3,3] in the visible spectral region are spectroscopically acdependence of the hysteres@sg. 9) to a temperature de-
cessible from the ground staf¢,7] by a one-photon or a pendence of the rate constant for the energy migration
two-photon excitation process. Both types of excitation pro-among Y5 ions. For resonant energy transfer the value of
cesses have previously been investig&tbdt only the latter  this rate constant is mainly given by the spectral overlap
will be relevant to the present work. Using a low-power petween donor emission and acceptor absorption, both being
Ti:sapphire-laser around 944 nm fB},5]—[3,3] excitation,  determined by the thermal distribution among the crystal-
near-infrared(NIR) [3,3]—[%3] and [3,3]—[53] as well as field levels. In the case of energy transfer between identical
green upconversion(VIS) [35]—[53] luminescence was Yp3* jons the spectral overlap and thus the energy migration
measured to probe excited state populations. The observegie constant decrease as the temperature is lowered.
dependence of luminescence intensities on laser power will  Although no experimental data on the temperature de-
in the following be Compared with the theoretical I'ESUHSpendence of the energy migration rate constant is presenﬂy
derived in Sec. IIl. available for this system, qualitatively, decreasing the tem-
perature along the series of hystereses in Fig. 9 corresponds
to decreasingB and T, in the density-matrix and rate-
equation approach, respectively. All the observed trends in

In Secs. Il A and Il B the excited-state dynamics of the series of hystereses in Fig. 9: A widening of the bistable
Yb®*" ions in CsY,Bry: 10% YB** was treated in a two- and region, an increase of the step height, and an increase of the

B. Cooperative bistability
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critical excitation intensities at the switching points are®Fs,(n’)—2F,,(n) provide information on the internal
qualitatively very nicely reproduced by both the density-temperatureT; of the sample. Being split by 27 crh?® the
matrix modelsee Fig. 8)] and the rate-equation modekee thermal population of the two lowest crystal-field levels of
Fig. 8@)] developed in Secs. Il Aand Il B, respectively. No the excited-state multipletF,(0') and ?F5,(1'), changes
attempt was made to refine the model parameters to obta@mppreciably in the experimental temperature range of 11 to
guantitative agreement with the observed behavior. Our prin31 K, and the intensities of luminescence transitions from
cipal aim is to demonstrate that by using “reasonaliflee these states can therefore be used as an indicator of the in-
Sec. lll) parameters both models are capable of reproducintgernal sample temperature. This is illustrated in the NIR lu-
the bistability behavior qualitatively or even quantitatively. minescence spectra of Fig. 13. The luminescence transitions
A similar trend in the width, height, and critical intensity around 9700 cm! to the highest crystal-field levéF,,,(3)
of the hystereses is obtained when monitoring the VIS upeof the ground-state multiplet can be most easily analyzed as
conversion luminescence intensity as a function of temperathey are well separated from other transitions. As shown in
ture for fixed NIR excitation intensity, see Fig. 10. In this the figure, the transitioAF5,,(1') —?F,(3) shows up as a
case, the rate constant for energy migration is indirectly var‘hot band” to the ?F(0')—2F,(3) transition. For the
ied by variation of the temperature until it reaches a criticalseries of hystereses shown in Fig. 9, NIR luminescence spec-
value characteristic for the given excitation intensity. At thistra were recorded using the same excitation intensity for both
point switching occurs. As shown in Figgb3 and 8b), also  the upper and the lower branch spectrum of each hysteresis
this experiment is nicely reproduced by the models devel{see Fig. 13 From the observed intensity ratio of the corre-

oped in Sec. lll. sponding hot and cold transitions we can estimate the inter-
nal temperature as follows: The observed intensity of a tran-
C. Switching polarity sition is proportional to the populatiam of the initial state

Th . . . . ._and to the oscillator strength_,; of the transition. The rela-
e previous sgctlon dlscuss_ed the S_W|tch|ng properties, . |uminescence intensitR of 2Fs(1')—2F743) and
of the VIS cooperative upconversion luminescence from thQF (0')—2F.,(3) is therefore given by

doubly excited YB* dimer statg[$,2]. In addition, this sys- 2 71z
tem also exhibits bistability on th@n-resonangeNIR tran- B Nanfis
sitions[3,3]—[4 2] and[3,3]—[4,3]. On the time scale of our Norfor n
detection, NIR and VIS switching occur simultaneously. In ) ) ) .
addition, the same trends of the heights and widths of thdf We treat “Fs;(0") and “Fs;(1') as a closed system
VIS hystereses described in Sec. V B are also found for th€No) T N@)=1) in thermal equilibrium the population
NIR hystereses. However, the main difference lies in thd') IS given by the Boltzman distribution

switching polarity, which is illustrated in Fig. 12 for two g(l,)efAE/kT

representative hystereses. The switching(dpwn) of the Ney= n o AEKT: (26)
VIS upconversion luminescence intensity goes along with a SCRRI Y

switching down(up) of the NIR luminescence intensity, i.e., where AE=27 cm * is the separation of the two states,
they have opposite polarity. In Sec. lll A, a careful account-g(o/y = g1y = 2 istheir degeneracy, afds the temperature.
ing of the NIR and VIS emission rates was made. FiguresSubstituting Eq.(26) into Eqg. (25 and solving forT we
3(a) and 4 show model calculations for the VIS and NIR obtain
luminescence intensities, respectively, as a function of exci-

- n(or)fori,g. (25)

tation intensity. The opposite polarity of the two predicted T=_— AE

bistabilities is evident. It can be understood as a result of the k[In(g(0r)) —IN(g(11)) —IN(1 =Nz +IN(N1r) ]

sudden increase of the number of%Hons participating in (27)

VIS cooperative upconversion luminescence at the criticalvhere the thermal populatian,/, can be calculated from an

point which directly lowers the fraction of ¥b ions avail- experimentaR value according to

able for NIR emission and thus lowers the luminescence in- 1

tensity of this transition. N = T (28)
1+ =

D. Internal temperature for3 R

In the rate equation approach presented in Sec. Il B thén 5 K absorption measurements not shown here a value of
internal temperaturd; was assumed to differ from the ex- 2.83 was found for the relative oscillator strength
ternal sample temperatuiig depending on the rate of pho- fy_4/fo_o’. Assuming the same value for the ratio
non emission, i.e., the excitation state of the sydteee Eqs. fq:_3/fy_3, the upper and lower hysteresis branch NIR
(22 and (23)]. This internal temperature field was subse-luminescence spectra were analyzed using EB% and
guently used to modulate the rate constdrfor energy mi-  (28). Table | summarizes the results of this analysis. Due to
gration[see Eq.(24)] resulting in bistable behavior. As the the limited resolution of the NIR luminescence spectra the
thermal distribution among the crystal-field levels of thedetermination of the experimentBl values is difficult espe-
2F.,, excited state varies with changing temperature the relacially at low temperatures, and therefore the internal tem-
tive intensities of the various NIR crystal-field transitions peraturesT; derived from these values are only able to show
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TABLE |. R is the luminescence intensity ratio of the NIR transitions gtom coupling and decreasing spatial energy migration
2F (1) —2F4(3) and?Fg(0')—2F;(3). T, is the calculated internal . . :

5/2 712 5/2 712 i should amplify switching. Both factors are currently being
temperaturégsee Sec. V D . . . 3+

investigated on various compounds of the;XCXg:Yb
Upper branch Lower branch (X=CI,Br,l) system.
The mere fact that the first example of intrinsic bistabil-

ity due to atom—atom interactions has emerged from a coop-
7 0.067 10.4 erative upconversion system supports the general conclusion

To (K) R T R T;

u 0.421 20.4 0.159 13.5 that resonant excited-state interactions amplify the nonlinear
o 0379 191 0190 144 respon iated with the Lorentz field, rendering bist

19 0.408 20.1 0.196 14.6 esSponse associate e Lorentz field, rendering bista-
23 0.403 20.0 0.211 15.0 bility much easier to observe. It confirms experimentally that
31 0.424 20.5 0.424 20.5 cooperative nonlinearities can induce hysteretic behavior in

crystalswithout a cavity. Bistability from this mechanism
can be expected to occur also in avalanche systems which
decay by runaway cross relaxation, and it has a variety of
potential applications in all-optical switching for communi-
cations and optical computing. Our results are most pertinent
to stationary atoms in solids and suggest that bistability is
same value aroun®,=21 K. Along with the increase in the %xpe.cted to be most pronouncgd in compounds containing
well-isolated strongly coupled ion arrangements such as

relative hot band intensity a significant thermal broadeningdimers. Furthermore, these results have broader implications

of all the luminescence transitions is obserysde Fig. 13 o . L h
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