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Site-Selective, Intrinsically Bistable Luminescence ofYb31 Ion Pairs in CsCdBr3
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We report the first observation of intrinsic optical bistability in CsCdBr3:1% Yb31 and show, using
site-selective spectroscopy, that only the asymmetric, strongly coupled Yb31 ion-pair minority site gives
rise to hysteresis of near-infrared and cooperative up-conversion luminescence as a function of incide
laser intensity below 15 K. [S0031-9007(99)08880-8]

PACS numbers: 42.65.Pc, 33.50.Hv, 42.50.Fx, 78.55.Hx
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Mirrorless or intrinsic optical bistability (IOB) wa
first considered theoretically by Bowden and Sung
and extended by subsequent authors [2–5] who sho
that ground state, near dipole-dipole interactions, wh
change the local or Lorentz-Lorenz field with respect
the incident field, could cause optical switching. T
experimental observations of IOB, reported by Heh
et al. in the dimer system Cs3Y2Br9:10% Yb31 [6,7] and
extended to the isostructural Cs3Lu2Br9:10% Yb31 and
Cs3Yb2Br9 by Lüthi et al. [8], allowed for considerable
refinement of the initial models. These studies identifi
the size of the luminescence hysteresis associated with
to be determined by the competition between the enhan
effect of strong, nonlinear ion-ion coupling within Yb31

dimers and the degrading effect of energy migration
the Yb31 sublattice. In this Letter we report for th
first time the observation of IOB in a material other th
the Cs3Yb2Br9 family, demonstrating all-optical switchin
in the quasi-one-dimensional material CsCdBr3:1% Yb31

whose crystal structure suppresses energy migration a
temperatures. First, we present a statistical study of Y31

ions doped into CsCdBr3 that allows for assignment o
the numerous transitions observed by highly resolved l
spectroscopy to specific Yb31 ion-pair sites. Second, th
observation of IOB for exclusively one type of ion pa
provides striking evidence that strong, nearest-neigh
ion-ion coupling is required for IOB, permitting us t
estimate a maximum ion separation of,4 5 Å for Yb31

systems in which IOB can be expected to occur. Third,
temperature dependence of the luminescence hystere
in agreement with predictions derived from earlier the
for the case of inefficient energy migration [7].

When Yb31 ion pairs are excited by radiation in th
near-infrared spectral region they not only emit in the n
infrared from their2F5y2 excited-state multiplet but ca
also undergo cooperative up-conversion yielding emiss
in the blue-green spectral region from the doubly exci
f2F5y2, 2F5y2g pair state which results from ion-ion cou
pling [9–11]. Since the coupling strength between Yb31

ions is a strong function of the ion separation, coope
tive up-conversion is highly favored in pair-forming m
0031-9007y99y82(15)y3050(4)$15.00
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terials [10,12]. Likewise, IOB is expected to be favor
in such materials [6,7]. Therefore we chose to investig
CsCdBr3, a host that crystallizes in theD4

6h space group
with lattice constantsa ­ 7.675 Å and c ­ 6.722 Å and
that consists of linear chains of face-sharingfCdBr6g42

units, with the chains arranged along thec axis and the Cs1

ions occupying high-symmetry sites between the cha
[13]. A key feature of CsCdBr3 is the formation of iso-
lated, charge-compensated ion-pair centers when trip
tive rare-earth ions such as Yb31 are incorporated onto th
Cd21 lattice position. The main impurity site is then
symmetric in-chain Yb31-(Cd21 vacancy)-Yb31 ion pair
(Yb-V-Yb) [14,15]. The two most abundant minority site
are the asymmetric in-chain Yb31-Yb31-(Cd21 vacancy)
ion pair (Yb-Yb-V) [16–20] and the Yb31-(Cs1 vacancy)
site [16,21]. The requirement for charge compensation
contrast to most other crystal systems, provides for a h
yield of Yb31 ion pairs relative to Yb31 single-ion sites,
and, as a consequence, a sizable Yb31 ion-pair concentra-
tion can be obtained even at low Yb31 ion densities for
which undesired energy migration through the Yb31 sub-
lattice is still relatively inefficient.

Coupling between Yb31 ions mainly occurs within the
symmetric Yb-V-Yb sR ø 6.7 Åd and asymmetric Yb-
Yb-V sR ø 3.4 Åd ion pairs since its strength decreas
rapidly with increasing ion separationR. Both forced
dipole-dipole (dd) and dipole-quadrupole (dq) interactio
are significant for short-range intrapair coupling with t
former dominating forR . 8 Å [11]. In addition, there
are interpair interactions the relative importance of wh
depends on the Yb31 ion-pair density. Earlier studies o
CsCdBr3:Pr31 found the asymmetric ion pair to be the
modynamically unstable and to transform into the sta
symmetric ion pair atT . 350 ±C and even at room tem
perature over extended periods [22]. Therefore, the fr
tion, F, of asymmetric ion pairs depends on the therm
history of the sample. In order to quantify relative intr
and interpair interactions in the CsCdBr3:1% Yb31 crystal
studied here a numerical study of the probability dis
bution of R with F as a parameter was carried out.
computer model defined the Cd21 sublattice that consiste
© 1999 The American Physical Society
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of ,5 3 105 CsCdBr3 unit cells and in which 1% of the
,106 Cd21 ions was randomly replaced by Yb31 ions
that were forced to form either the Yb-V-Yb or the Yb
Yb-V ion pair in a given ratioF; other types of defect
sites and lattice distortions were not considered. For ea
Yb31 ion the distance to all other Yb31 ions was subse-
quently calculated and recorded in a histogram (Fig.
left), yielding a .95% statistical confidence level. The
probability distribution forR , 20 Å is dominated, as
expected, by the most abundant symmetric Yb-V-Yb i
trapair ion distance of 6.7 Å, and the Yb-Yb-V intrapa
distance at 3.4 Å becomes increasingly important as
asymmetric ion-pair density increases withF. In addi-
tion, there are four interpair distances below 12 Å th
are significant at this5.8 3 1019 Yb31 per cm3 ion den-
sity. These are interchain distances between Yb31 ions
offset by 0, 1

2 , and 1 lattice constantscd at 7.7, 8.4, and
10.2 Å, respectively, and the closest interpair in-chain d
tance at 10.1 Å. Since doping CsCdBr3 with Yb31 ions
creates lattice defects one expects the individual Yb31

resonance frequencies to depend (i) on the respective
trapair distance and (ii) on ion pairs in the immediate su
roundings. Assuming the Yb31 transition cross sections to
be independent on ion-ion coupling, the distance distrib
tion weighted by the distance dependence of ion interact
(dd and dq coupling [11]) is proportional to the intensity o
cooperative emission from Yb31 ion pairs (Fig. 1, right).
From this statistical ion-distribution model one conclud
that (i) the relative up-conversion intensity from asymme
ric vs symmetric ion pairs is a measure forF (with the
spectrum being dominated by asymmetric and symme
ion pairs forF . 0.01 and F # 0.01, respectively) and
that (ii) the various intra- and interpair interactions result
ns of
ht).
FIG. 1. Statistical ion-distribution analysis of CsCdBr3:1% Yb31 for various fractionsF ­ naysna 1 nsd, where na and ns
are asymmetric (Yb-Yb-V) and symmetric (Yb-V-Yb) ion-pair densities, respectively. Normalized probability distributio
Yb31-Yb31 ion distances (left) are weighted by the distance dependence of the ion interaction (dd and dq [11]) strength (rigm
denotes the ratio of intra- and interpair energy-transfer rate constants derived from the calculation.
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a multitude of Yb31 resonance frequencies and thus mo
than one transition in the spectrum.

Figure 2, top, shows unpolarized luminescence exc
tion spectra of the2F7y2s0d ! 2F5y2s20d transition in a
CsCdBr3:1% Yb31 single crystal at 7 K recorded by fre
quency scanning a single-modesTEM00d, actively power-
stabilized Ti:sapphire laser and simultaneously monitor
both the near-infrared (NIR) and the cooperative visib
(VIS) luminescence intensity. The strong trigonal d
tortion of the sixfold bromide coordination of Yb31 in
CsCdBr3 lifts the J degeneracy and splits the2F7y2 and
2F5y2 ground and excited-state multiplets in four an
three Kramers doublets, respectively. The2F7y2s0d !
2F5y2s20d crystal-field transition used for excitation aroun
10 600 cm21 in this study therefore is, in the absence
any Yb31 ion interactions, expected to consist of a sing
line. The many lines observed in the excitation spe
tra in this narrow frequency region are direct eviden
for the existence of several structurally different charg
compensated Yb31 ion pairs, each potentially distorted b
additional interpair interactions and thus each with an
dividual 2F7y2s0d ! 2F5y2s20d resonance frequency. Th
strongest line centered at10 601 cm21 contains,60% of
the total intensity, a value that is likely underestimat
given the presence of a slight absorption rate satura
at the500 Wycm2 excitation density used here. We a
sign this line to the undistorted Yb-V-Yb symmetric io
pair on the basis of its high abundance [16]. A varie
of second-order distortions of that site, such as the m
interpair interactions described in the numerical analy
above, may shift the resonance frequency of each Y31

ion of a pair, and consequently a number of distinct tra
sitions in this2F7y2s0d ! 2F5y2s20d frequency range are
3051
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FIG. 2. Site-selective IOB in CsCdBr3:1% Yb31 at 7 K.
Top: unpolarized excitation spectra for NIR (open circles) a
VIS (solid circles) Yb31 emission. Bottom: NIR and VIS
luminescence hystereses as a function of excitation density
various excitation frequencies.

observed. The resonance frequency of the undisto
asymmetric Yb-Yb-V ion pair is expected to be larg
than that of the symmetric Yb-V-Yb pair, since the clo
3.4 Å intrapair separation of the two Yb31 ions induces
a large axial field which increases the2F5y2 crystal-field
splitting. We therefore assign the highest-energy tran
tion at 10 602.8 cm21 to the undistorted Yb-Yb-V asym-
metric ion pair. With these assignments in Fig. 2, the ra
of up-conversion intensities of asymmetric and symme
ion pairs is found to be,1, and, based on the statistica
ion-distribution model, we find thatF , 0.01. The rela-
tively small number of asymmetric ion pairs is consiste
with both earlier studies and the Bridgman crystal grow
conditions. The crystal studied here was grown by low
ing an ampoule at a slow speed of0.6 mmyh from 415±C
through a temperature gradient of 20±C per cm during two
weeks, a process that not only led to high-quality cryst
but also provided forin situannealing at elevated tempera
tures, thereby transforming many thermodynamically u
stable asymmetric ion pairs to stable symmetric ion pa

The Yb31 site assignments derived above are consist
with the wavelength dependence of IOB in CsCdBr3:Yb31.
When the laser intensity is varied at a fixed excitati
frequency, hysteresis in the near-infrared luminesce
(Fig. 2, bottom left) and in the visible cooperative u
conversion luminescence (Fig. 2, bottom right) is observ
exclusively for excitation of the0.6 cm21 (FWHM) wide
line centered at10 602.8 cm21 that was assigned to th
asymmetric Yb-Yb-V minority site. For this site, intrapa
coupling between the Yb31 ions is inferred to be the
strongest and the cooperative up-conversion rate cons
a the largest, in view of the fact that the correspondi
ion-ion distance of 3.4 Å in the nearest-neighbor fac
sharingfYb2Br9g ion-pair coordination is the smallest. A
3052
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reduction ofa by a factor of,100 (dd and dq coupling)
is expected for the symmetric Yb-V-Yb ion-pair main s
relative to the asymmetric Yb-Yb-V site; the symmet
ion pair showed no IOB (Fig. 2). We conclude that
Yb31 ion separations below4 5 Å, a exceeds a critica
threshold value for which IOB becomes active. Th
restricts coordination geometries to nearest-neighbor
sharing, possibly nearest-neighbor edge sharing, Y31

ion pairs in IOB compounds. This conclusion was n
possible in earlier studies of Cs3Y2Br9:10% Yb31 [6–8]
in which Yb31 ions statistically substitute for Y31 without
preferential pair formation in a distribution of separatio
exceeding 5.8 Å, besides the 3.8 Å of the crystallograp
fYb2Br9g32 dimer unit. Our findings here suggest th
also in Cs3Y2Br9:Yb31 , IOB is due only to the neares
neighbor face-sharingfYb2Br9g32 coordination.

Although both Cs3Lu2Br9:10% Yb31 and CsCdBr3:1%
Yb31 share the structurally very similarfYb2Br9g32 co-
ordination as the ion pair responsible for IOB, some
the optical switching properties of the two compoun
are fundamentally different. First, although IOB grad
ally disappears in both compounds with increasing te
perature, the hysteresis step height remains almost con
in CsCdBr3:1% Yb31 whereas in Cs3Lu2Br9:10% Yb31 it
decreases monotonically in concert with the area of I
hysteresis loops (Fig. 3). Second, the switching pola
of both the NIR and VIS emissions is the same (Fig.
in contrast to the opposite switching polarity that was
served in Cs3Y2Br9:10% Yb31 [7]. Earlier theoretical
work showed [6,7] that the key features of IOB in Yb31-
doped compounds can be qualitatively explained by
steady-state solution of the density matrix of coupled tw
level systems driven by a radiation field. It was found t
an increasing dephasing rate constant decreases the
teresis width, step height, and critical incident intensiti
Although various mechanisms such as energy migrat
electron-phonon interaction, and cooperative interac
can contribute to dephasing, it is the rate constant,b, for
energy migration through the Yb31 sublattice that is pro
foundly different in the two materials. In Cs3Lu2Br9:10%
Yb31, energy migration between thefYb2Br9g32 dimer
units is fast due to the high Yb31 single-ion density of
,3.9 3 1020 cm23 and the correspondingly high prob
bility for a Yb31 neighbor within the critical energy
transfer radius. Long-range energy migration is effici
and thus the dephasing rate constant is large and exp
to increase with increasing temperature. In CsCdBr3:1%
Yb31, on the other hand, the majority of Yb31 ions
form ion pairs yielding an ion-pair density of,2.9 3

1019 cm23 and thus a large interpair separation on
erage. From theF , 0.01 case relevant for the crysta
studied here we estimate interpair energy transfer to
up to ,34 times less likely than intrapair energy tran
fer (indicated in Fig. 1, right, by the ratiom), i.e.,b , a.
Thus, long-range energy migration is strongly suppres
in CsCdBr3:1% Yb31, and dephasing from this source
expected to be small and fairly independent of temperat
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FIG. 3. Temperature dependence of IOB in CsCdBr3:1%
Yb31 (top) and Cs3Lu2Br9:10% Yb31 (bottom) recorded unde
identical conditions. The hystereses of visible coopera
Yb31 emission intensity as a function of excitation dens
were excited in the near infrared at 10 602.8 and10 592.0 cm21,
respectively.

This result explains the relative insensitivity of the hy
teresis step height in CsCdBr3:1% Yb31 as compared to
Cs3Lu2Br9:10% Yb31 (Fig. 3). Similarly, the migrationa
differences between the two materials account for the
versals of the switching polarity in the NIR and VIS hy
tereses. In CsCdBr3:1% Yb31, the ion pairs responsibl
for IOB are isolated, and when the excited-state pop
tion increases upon switching both the NIR and VIS em
sions luminescence originating from this state will incre
in intensity; the switching polarity of the VIS and NI
emissions is the same. However, if migration is fast a
Cs3Lu2Br9:10% Yb31, the large reservoir of Yb31 single
ions determines the NIR emission intensity. The loss
population from this group that occurs upon switchi
due to an increase of VIS emission from paired impu
ties causes the switching polarity to be opposite.

In summary, we have extended IOB to a new ma
rial, CsCdBr3:1% Yb31, and have concluded from site
selective optical switching experiments and a statist
study of the Yb31 ion distribution that ion separation
below ,4 5 Å are required for IOB to become activ
in Yb31 systems. It is concluded that crystal-grow
conditions favoring asymmetric ion pairs in CsCdBr3:1%
Yb31 would strongly enhance the intensities of the swit
ing transitions. A comparison of CsCdBr3:1% Yb31 and
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Cs3Lu2Br9:10% Yb31 has revealed the key role of energ
migration in determining both the temperature depende
and the switching polarity of IOB. These results provi
guidelines for expanding the materials basis in the sea
for high-temperature IOB systems.
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