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Optical Properties of Eu-Doped and Eu-Gd Co-Doped CsMgCh: Temperature
Dependence of Rate Constants fotD, and °D; Cross Relaxation in Symmetric
Eu(lll) —Eu(lll) Pairs

Ling Shi Xiao, Matthew Lang, and P. Stanley May*
Department of Chemistry, Usrsity of South Dakota, Vermillion, South Dakota 57069
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The luminescence properties of Eu in Eu-doped and &d co-doped CsMg@lare reported. Emission is
observed from E&f, EW" in symmetric pairs and Bt in what appears to be higher-order “clusters” of
lanthanide ions. Rate constants for cross relaxation odbeofand 5D, are reported over the temperature
ranges of 16-373 K and 16-298 K, respectively, for the symmetric Eu pair. The branching 6D, cross
relaxation betweefD,—°D; and®D,—°Dy is also reported.

1. Introduction relaxation out ofD; and®D, are reported over the temperature

We are interested currently in energy transfer processes.ranges 0f 16373 K and 16-298 K, respectively. The partition-

5 i — 5 5 — 5]
occurring within isolated pairs of lanthanide ions in the CsMx "9 of °D; cross relaxation betwed, — °Dy and*D; — *Do
halides CsMgG} CsCdBE, and CsMgBs. These compounds is also reported. In addition to emission from3Ein symmetric

il - B . - 2 + .
adopt the hexagonal CsNigdtructure of the space grotibs/ E)aII’S, Wf ob_serve emission du_e to?Etand from Ed* in .
mme in which the halide ions form infinite chains of face- clusters” which appear to consist of at least three lanthanide
sharing octahedra running parallel to thgecrystal axis. The 1ons.
phvalent ions reside at t_hg centers of the octahedra and the Cs 5 Experimental Section
ions lie between the infinite chains. The [MX~ octahedra are ) .
slightly elongated along the; axis so that the site symmetry CsMgCt was prepared by fusing equimolar amounts of
of the divalent ion isDse. Trivalent lanthanides are known to  @nhydrous CsCl and Mgglunder vacuum. The resulting
enter these lattices predominately as a single type of pait-tn ~ Samples were then sealed under vacuum in 9 mm Vycor

(M2+ vacancy)-Ln3*, with each pair substituting for three2¥1 ampules, and single c_rystals were grown from_melt vif'a the
ions12 The lanthanides in the symmetric pair collapse slightly Bridgman method. Portions of the crystal boules with the highest
toward the M+ vacancy, lowering their site symmetry @,. optical quality were then selected, combined with the appropriate

The main advantage to studying energy transfer in these anhydrous Ianthanide chloride(s), sealed under vacuum, and
systems is that they permit facile determination of the micro- "éturned to the Bridgman furnace. _
scopic rate constants for the transfer of electronic energy High-resolution luminescence spectra and time-dependent
between ions in specific, well-defined sites. Determination of lUminescence data were acquired using a PC-controlled, open-
the transfer rate constants is greatly simplified because there jsrchitecture system consisting of nitrogen laser/dye laser excita-
only one type of transfer event, as opposed to the distribution tion (Laser Photonics models UV-12 and DL-14, respectively),
of events which would be observed in a system with randomly & 0-46 M flat-field monochromator (Jobin-Yvon HR460), and
distributed donors and acceptors. For the latter types of hosts,2 time-resolved photon-counting detection system consisting of
pairwise transfer rate constants cannot be determined directly@ fast, red-sensitive, side-window photomultiplier (Hamamatsu
from the luminescence characteristics of the donor and acceptorR2949) and a multichannel scaler (Stanford Research SR430).

Optical investigations of L¥ ions in one or more of the The spectroscopic properties of3équre characterized using
CsMXs hosts include singly doped 3-8 N3+ 7-10 Th3+ 1113 a SPEX Fluoromax photon counting spectrophotometer. For
Ho3+ 1415 E3+ 16 Ef3+ 17-24 Tmd+ 25 and C&+26 systems and temperature depeqdence measurements, samples were attached
co-doped Tri—PR+ 27 Tm3+—Ho3*,28 Yh3+—Er3*+ 29 GB+— to a copper mount in the sample compartment of a closed-cycle
Er+ 30and C&"—Tm3+ 3L systems. By far, the majority of these ~ Cryostat (CRYOMECH model ST15) using copper grease and

spectroscopic investigations of lanthanide pairs in these hostsindium foil.
have centered on upconversion processes, especially’in Er
CsCdBg, wherein pair luminescence can be obtained at
wavelengths shorter than the excitation wavelength(s). 3.1 Optical Properties of EW#* in CsMgCls. Upon UV

In this paper, we report the optical properties of Eu-doped excitation, all Eu-doped samples exhibit bright, pale-blue
and Eu-Gd codoped CsMg@l Our main emphasis is on the emission due to a broad band luminescence centeredds
luminescence properties of Euin symmetric pairs leading to  nm. We attribute this emission to Euions, consistent with
the determination of the pairwise rate constants for cross the observation of B0 emission (albeit weak) at 476 nm in
relaxation out of th€D; and®D states. Rate constants for cross Eu-doped CsCdBr® The excitation spectrum we observe for
Euwt in CsMgCk is also very similar in gross features to the
* Corresponding author. E-mail: smay@usd.edu. Fax: (605) 677-6397. 4f/(8S7,) — 4155d(tog) absorption region reported for Euin
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3. Results and Discussion
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Figure 1. "Fy — 5Dy excitation spectra of 0.5% Eu (middle), 0.5%
Eu/0.5% Gd (top), and 0.1% Eu (bottom) doped CsMgtl298 K.
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Figure 2. 5Do — "F, emission spectra of Etiat 298 K in (top) clusters,
obtained by exciting théFy — 5D, band at 5801 A and (bottom)
symmetric pairs, obtained bythe excitifigp — 5D, band at 5811 A.
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These spectra were obtained by setting the spectrograph to zeroth ordeXcCitation. Excitation intoeither of the two closely spaced

and filtering excitation light with a 610 nm low-pass filter, such that
all luminescent E# sites were detected.

CsCdBg. Several of our samples also exhibit other broad

luminescence bands blue-shifted relative to the 484 nm band,

“cluster” bands at 5800 and 5801 A results in identical spectra
with identical emission decay constants, indicating rapid
exchange of energy between thelEions corresponding to
these two’Fy — 5Dy bands. TheD, decay constant for the
cluster emission is 1.& 10* st at 298 K, dropping te~1300

but none of these were common to all samples. At least somes! at 10 K.

of these bands are probably also due té'Eim other lattice

Excitation into either of théFy — °Dg cluster bands in the

sites. On the basis of its commonality to all samples and the g 505 Eu+ 0.5% Gd sample also results in identical emission

similarity of its energy levels to that seen in CsCgBwe
attribute the 483 nm band to Euions in normal Mg" lattice
sites.

In contrast to its behavior in CsCABIEW?" appears to be a
very efficient luminophor in CsMgG]J even at room tempera-
ture. Excitation into the 4{8S;;,) — 4f65d\(tyg) region from
~330-450 nm results in intense Euemission which over-
whelms E&" emission. In CsCdBy excitation into E&"
absorption bands results predominately if‘Eemission® This
is in spite of the fact that the BWEW™ ratio in CsCdBs is
almost certainly higher relative to that in CsMgdh which a
significant percentage of Eu exists as®Elfsee section 3.6).
Visual side-by-side comparison of 0.5% Eu:CsMg&id 0.5%
Eu:CsCdBs samples at room temperature under a hand-held
UV lamp shows intense blue emission from 0.5% Eu:CsMgClI
but no detectable emission of any color from 0.5% Eu:
CsCdBg.%?

3.2. Optical Properties of EL#* in CsMgCls. In addition to

Ew?t emission, luminescence from at least three spectroscopi-

cally distinct E@* sites is observed. Figure 1 shoW — 5Dg
excitation spectra (298 K) for samples nominally doped with
0.5% Eu+ 0.5% Gd, 0.5% Eu, and 0.1% Eu. These spectra

spectra with identical emission decay constants. However, in
this case, théD, decay constant is only1300 st at room
temperature, less than one-seventh the value measured for the
0.5% Eu sample. The implication is that incorporation ofGd
ions in the clusters disrupts the quenching®§ emission, but
does not affect rapid energy exchange between tiie Bms

in the cluster. As discussed in section 3.3, this behavior can be
rationalized in terms of clusters consisting of at least thre® Ln
ions. Finally, we note that th#, decay constant for emission
from the symmetrical pair is~950 s! in all three samples,
indicating that Gé&" has no effect orPDy relaxation in the
symmetrical pair.

Figure 3 showgF, — ®D; excitation spectra (298 K) for the
same samples as in Figure 1. These spectra were obtained by
setting the spectrograph to zeroth order and filtering excitation
light with a 570 nm low-pass filter. Excitation into any of the
peaks marked as “clusters” gives the s&g— "F, emission
marked as “clusters” in Figure 2, even in the 0.5%-E0.5%

Gd sample, but doawot result in®D; emission. Excitation into
the “symmetric pair” bands yields the saffi®y — “F, emission
shown in Figure 2 for symmetric pairs and also results in
emission fronPD;. Note that, since a single Eucan have no

were obtained by setting the spectrograph to zeroth order andmore than three peaks in this region, the presence of at least

filtering excitation light with a 610 nm low-pass filter, such
that all luminescent EU sites were detected. Three peaks are
clearly observable in samples with 0.5% Eu, corresponding to
three distinct E&" sites, while only one well-defined peak is

four (or more) “cluster” peaks associated with identical emission
spectra reinforces our interpretation of at least twd™Hons
which are strongly coupled but occupy different lattice sites.
Additionally, the fact that allFo — °D; cluster bands yield the

seen in the 0.1% Eu sample. For reasons outlined below, wesame emission spectrum for the E8d co-doped sample

assign the peak at 5811 A to the symmetric-ac—Eu pair

suggests the presence of more than two ions in the cluster. If

and the two closely spaced peaks at 5800 and 5801 A to stronglythe cluster consisted of only two ions, then two distinct

coupled E&" ions in higher-order clusters.
Figure 2 shows the room-temperat?ey — ‘F, emission

asymmetric Ex-Gd pairs would be present and one would
expect at least some degree of selectivity between the pairs.

spectra of the 0.5% Eu sample obtained via selective excitation Comparison of the time dependence’df, emission for the

into the thre€'Fy — 5Dg bands in Figure 1. The lower spectrum
was obtained using 5811 A excitation, the upper using 5801 A

symmetric pair in the Eu-doped and the Had co-doped
samples demonstrates that the emission we have attributed to
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Figure 3. 7F_0 — 5D, excitation spectra of 0.5% Eu (top), 0.5% Eu/ Figure 4. 7F, — 5D, excitation spectra of 0.5% Eu:CsMgGit 298
0.5% Gd (middle), and 0.1% Eu (bottom) doped CsMgil298 K. K. Top spectrum obtained by setting the spectrograph to zeroth order

These spectra were obtained by setting the spectrograph to zeroth ordegpq filtering excitation light with a 590 nm low-pass filter, such that
and filtering excitation light with a 570 nm low-pass filter, such that 4 |yminescent E¥ sites were detected. Middle spectrum obtained
all luminescent E¥ sites were detected. by monitoring®De — 7F cluster emission at 6162 A. Bottom spectrum
obtained by monitorin§D; — F; symmetric pair emission at 5380 A.
symmetric pairs actually is from pairs and not from single ions.

In the Eu-doped samples, room-temperatiredecay constants two Eu acceptors must be present in the clusters. (In fact, it

are 3660 st. In the Eu-Gd co-doped sample&D; emission may be more probable that three acceptors are present, since
. ) I P P L= two acceptors would still require a multiphonon-assisted
following pulsed excitation shows two components: a shorter- .
process.) The general importance of many-body processes to

lived component with a decay constant identical to that obtained ; . A
. . energy transfer between trivalent lanthanides has been discussed
for Eu-doped samples and a longer-lived component with a .

decay constant of 1040’5 Clearly, the E&" ions responsible in the I'iteraturé3’345and ha§ b'een.used to explain the seif-
for this emission are paired with another®trion in an identical quenching of E&(°Do) emission in several systerffs.As

. X - discussed in section 3.2, the inability to resolve individual sites
chemical environment. The two decay constant8@gremission o ;
. . within the cluster for the codoped sample also supports a higher-
in Eu—Gd codoped samples are attributable to the presence Oforder cluster

both Eu—va(_:—Eu and_ Ebrvaq—Gd pairs, the Iarger decay Note also that a multiple-ion cluster would explain the lack
constant being associated with the-Buwac—Eu pair due to 5D, or 5D - in Gd codoped les. With

artial quenching via cross relaxation (see section 3.5) o L2 Or "Ly €mission, even in codoped samples. YVIth one
P 2 qs .g . "/t G incorporated into the cluster, two other Eu ions would

Fo — °D. excitation spectra (298 K) for the symmetric pair o main  and there are numerous possible cross-relaxation
and for the clusters are shown in Flgure.4 for the 0.5% Eu pathways out 0¥D, and®D; to a single Eu acceptor. Certainly,
sample. The upper spectrum was obtained by setting theone ol like to test this hypothesis by increasing the Gd-to-
spectrograph to zeroth order and filtering excitation light with g, ratig in the lattice such that a significant number of clusters
a 590 nm low-pass filter. The middle spectrum shows the cluster oyict which contain only one Eu ion
. ot > e _ ) . _

spectrum and was obtalnedAby monitoring ey — 'F A higher order cluster in CsMg@would almost certainly
emission of clusters at 6162 A. N, or °D, emission from o jire 5 significant localized disturbance of the native lattice
clusters is seen at room temperature, but relatlvelly WEBK  gtrycture. This is supported by the observation that the sharpness
emission is seen at 10 K (decay constanl1 600 s7). The ot e cluster bands does not increase in low-temperature spectra
lower spectrum is for the symmetric pairs and was obtained by compared to the symmetric pair bands, indicating significant
monitoring the®D; emission of such pairs at 5380 A. Emission inhomogeneous broadening for the cluster.
from 5Dy, °D1, and®D; levels is observed in the symmetric pairs 3.4. Energy Levels and Emission Spectra for the Sym-

following °D; excitation. metric Pair. Figure 5 shows the major portion of the visible
3.3. The Nature of the Cluster SitesAlthough the number emission spectrum of Btiin symmetric Eu-Eu pairs in 0.5%
of bands in the emission and excitation spectra of the clusterseu:CsMgC} resulting from°D; excitation at 10, 77, 125, and
probably can be rationalized in terms of an asymmetric pair, 298 K. As discussed in sections 3.5 and 3.7, the temperature
the effect of introducing Gt on the luminescence properties  dependence of EtEU pair emission is due to the temperature
of the clusters cannot. The overall optical properties of the dependence of théD, — 5D, 5Dy, and5D; — 5D cross-
cluster can be better explained in terms of the cluster consistingrelaxation processes. IntringiD, — 5Dy, 5Do, and5D; — 5Dy
of three (or more) strongly coupled lanthanide ions. relaxation via radiative and multiphonon mechanisms is quite
The positions and relative intensities of the cluster bands are inefficient. Therefore, followingD, excitation,®D; is effectively
unaffected by Gd co-doping, but co-doping retards’Bxedecay populated only by®D, — °D; cross relaxation, anéDg is
constant by a factor greater than 7 at 298 K. This strongly populated either by dire®D, — 5Dy cross relaxation or by a
implies that Gd ions are being incorporated into the cluster, cascade mechanism of sequenfiBh, — °D; — °Dg cross
and thafDg quenching in the Eu-doped samples is due to energy relaxation.
transfer to other ions in the cluster. Since there is no efficient At 10 K, 5D, emission accounts for approximately 60% of
5Do quenching process for transfer to one Eu acceptor, at leastpair luminescence (in terms of the number of photons emitted
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Figure 5. The 10, 77, 125, and 298 K emission spectra of 0.5% Eu:CsMaiithined byPD, excitation of EG* in symmetric pairs at 4674 A.
Spectra are corrected for instrument response to photon cdunts/
P . ~cinn TABLE 1: Crystal-Field Energy Levels of Eu3* in
0,
per time interval) but cont_rlbutes Iess_ than 1% to tota! emission Symmetric Pairs in CsMgCl at 298 K and 9 K (This Work)
at 298 K. The decrease in the relative quantum efficiency of gnq in CsCdBr; at 10 K (from ref 16)2
5D, emission is due almost entirely to an increase inthe—

D; cross-relaxation rate. The relative quantum efficiency of CsMgCh CsCdBg'®
5D increases from-20% at 10 K to a maximum of55% at multiplet 298K 9K 10K
125 K as a result ofD, — 5D; cross relaxation. As the 7, 0 0 0 (A)
temperature is raised above 125 K, however, the relative Fy 317 315 333 (A)
quantum efficiency of®D; emission decreases due to the , 382 380 380 (E)
increasing efficiency ofD; — ®Dg cross relaxation, falling to R 1?)22, 1%%27 1%%67(*5)
. . J | A
less than 30% at 298 K. Because of the increasing efficiency 1106 1102 1090 (E)
of sequentiaPD, — 5D; — 5Dy cross relaxation, the relative R, 1810 1810 1791 (8
quantum efficiency ofDy emission increases with increasing 1897 1877 (A)
temperature over the entire temperature range, increasing from 1903 1901 1887 (E)
~20% of total emission at 10 K t6-70% at 298 K. igg? iggg igég ('2
We note that excitation into theD, region also results in ", 2660 2635 ((E))
weak E@* emission, which does not appear in Figure 5 because 2721 2688 (A)
the short-lived E&" contribution has been eliminated using time 2948 2929 (E)
resolution. The appearance of Ewemission is, however, due 2990 2972 (E)
to direct excitation of E& ions, and we find no evidence of 3015 23%%%(&;
any interaction between Buand the symmetric pairs. 5Do 17203 17192 17207 (A
The crystal-field energy levels for Etiin symmetric pairs 5D, 18950 18935 18959 (E)
in CsMgCk are given in Table 1 for 298 &9 K and are 18966 18953 18972 (A
compared to those reported be Pailteall® for the analogous °D2 (21387) 21372
pairs in CsCdBy at 10 K. Overall, the energy-level structure (gﬁgg) éﬁ;‘l‘

of the symmetric pair is quite similar in the two lattices. Note

that the crystal-field levels of theD; multiplets in CsMgCd ~ Values given in cm'. Symmetry assignments for the energy levels

shift almost uniformly to lower energies as temperature de- in CSCdBE are given in parentheses.

creases from room temperature to 9 K. We have noted small

sample-to-sample variations 4 cm?) in the energy levels of  charge transfer state in CsCdBthrough which E&* emission

Euwt in the symmetric pairs; all energy levels in Table 1 are is quenched. Such a state would be at much higher energy in

those determined for the same 0.5% Eu:CsMgaimple. CsMgCk and would, therefore, not affect Euemission. We
Although the energy-level structure of Euin symmetric point out that CsCdBrdoped with 0.5% Eu is bright yellow,

pairs is similar in CsMgGland CsCdByg, the luminescence  while 0.5% Eu:CsMgQGl is colorless. However, the color

behavior is not. From measurements made in our lab on 0.5%difference might be explained in terms of different partitioning

Eu in CsCdBs, we find that all EG" emission is quenched at  of Eu between the B and E@" in the two compounds, and

room temperature and see no evidence of emission $Enor further investigation is required to settle the question.

5D, at any temperature down to 77K (below which we have  3.5.°D; Relaxation in Symmetric Pairs. As mentioned in

made no measurements). Pedle all® report>D; emission at section 3.2,°D; decay constants are larger in EEu pairs

10 K, but no®D; emission was detected. In contradDo compared to EuGd pairs due to cross relaxation betweed'Eu
relaxation rates in CsMgglare virtually independent of ions. In Eu-doped samples, only EEu pairs are present and
temperature from room temperature to 10 K, &bd and®D, observedD; decays are single-exponentfdd; decay constants

emission is easily detectable at room temperature. A possiblefor Eu—Eu pairs were measured as a function of temperature
explanation for the difference in luminescent behavior in the in 0.5% Eu and 0.1% Eu samples, from which very comparable
two lattices invokes the presence of a low-lying ligand-to-metal results were obtained. The E&u decay constants can be
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Figure 6. Temperature dependence®df relaxation constants for Eu
in symmetric Eu-Eu pairs for total relaxatiorki: + ke (closed circles);
cross relaxatiork, (open circles); and intrinsic relaxatidky: (Squares).
Refer to section 3.5.
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Figure 7. Comparison of the temperature dependence of the intensity
ratio of °Dy to °D; emission in symmetric EYEU pairs exciting into
D, (closed circles) an@D; (open circles). Refer to sections 3.5 and
3.7

5Do-to-°D; ratio are approximately zero and essentially all
emission is out ofD; to ’F,. That intrinsic®D; — 5Dy relaxation

from single-lanthanide relaxation processes, plus the decayis negligible is further supported by our ability to describe the

constant due to cross relaxatidg;.

The intrinsic decay constants,;, were measured from Eu
Gd pair emission in the 0.5% Ett 0.5% Gd sample. Since
emission from both EtEu and Eu-Gd pairs is observed, the
time dependence of Et(°D;) emission is given by

I(t) — |EU*Gd(O)e*k,’mt + IEU*EU(o)e*(k,‘m‘H(Cf)t (1)
Fits to °D; decay curves were achieved by fixikg; + ke at
values determined from the 0.5% Eu sample and tred$ig
[Ev-Gd(Q), and IE“"EY0) as variable parameters. The cross
relaxation constant., are, therefore, equal to the difference
in the total decay constants observed forfHu and Eu-Gd
pairs.
Figure 6 shows the values &f: + ke, ke, andkiy for 5Dy

relaxation versus temperature from 10 to 372 K. Reflecting
inefficient multiphonon relaxation in this system, the intrinsic

time dependence Dy emission following®D; excitation in
the 0.5% Eu+ 0.5% Gd sample completely in terms of Eu
Eu pairs, showing that EuGd pairs do not contribute teDy
emission.

3.6. Partitioning of Eu between E#" and Eudt. Using the
5D; decay data and the nominal lanthanide concentrations for
the 0.5% Eut 0.5% Gd sample, it is possible to make a crude
estimate as to how Eu patrtitions itself between the two oxidation
states. Fits of théD; decay curves following dire¢D; exci-
tation using eq 1 yields an average valug®f 9(0)/IE“-EY(0)
= 1.55+ 0.08, which, in turn, implies that the ratio of &d
to E" in symmetric pairs is 1.55. The nominal ratio of the
total concentration of Gd to Eu is 1. To achieve an actua@'Gd
to EW*T ratio of 1.55 would require 64% of Eu to remain as
Eudt.

Since the actual Eu and Gd concentrations in the crystal are
not known, this calculated percentage is of little quantitative

relaxation rate is almost temperature independent, dropping fromvalue, but does indicate that a significant percentage of Eu exists

1083 st at 372 K to 980 st at 10 K. Intrinsic®D relaxation
is probably almost entirely radiative, the slight drop in decay

in the lattice as Etf.
3.7. °D, Relaxation in Symmetric Pairs. Efficient cross

constant values with decreasing temperature being attributedrelaxation of the’D, levels in Eu-Eu pairs is also observed.

to the loss of vibronic intensity. The cross relaxation rate
constantk., shows a nearly linear decrease from 3480 &
372 K to 340 st at 100 K, then trails off slowly to near zero
at 10 K.

From®D, emission decay curves for the Eu-doped and-Ed
co-doped samples, the intrinsic decay constdgisand cross
relaxation decay constantks, were determined from 10 to
298 K in a manner analogous to that described in section 3.5

The effect of cross relaxation on the luminescence propertiesfor D, cross relaxation. The temperature dependenck.of

of Eu—Eu pairs using’D; excitation is shown in Figure 7, in
which the®Dy-to-°D; intensity ratio is plotted vs temperature

for 5D, relaxation is shown in Figure 8. The inset in Figure 8
also shows the breakdown of the total decay constaptf

from 10 to 298 K. The ratio corresponds to the relative number ki, and the intrinsic decay constaky, for temperatures below

of photons emitted from theDo and®D; levels. This plot was
generated using uncorrected emission spectra cidhe> ’F,
and®D; — "F, regions, scaling their ratios by a constant such
that the room-temperature value equialékin: (see Figure 6).

90 K.

The intrinsic decay constarkyy, is relatively insensitive to
temperature and shows similar behavior to that observed for
5D, (see section 3.5), dropping from 1090 st 298 K to 840

Scaling the data in this way assumes that the intrinsic quantums™ at 10 K.

efficiencies oDy and®D; emission are similar (neglecting cross
relaxation) and that intrinsitD; — 5Dy relaxation is negligible
compared td, at room temperature. In fact, after scaling to
the room-temperature datum, tRBo-to-°D; intensity ratio is
within experimental error ok./kin; (from Figure 6) over the
entire temperature range, indicating that intrin¥dy — 5Dg
relaxation can be neglected entirely and ftiis fed only via
cross relaxation processes. Note that, at 10 K, kgtand the

The cross relaxation decay constaqt, is very sensitive to
temperature between 77 K= 1590 s?1) and 298 K ks =
1.28 x 1P s1). Below 77 K, ks becomes relatively stable,
dropping only from 640 st at 50 K to 535 st at 10 K. Note
that the behavior of cross relaxation out i, differs quite
markedly from that out ofDy; it is more strongly temperature
dependent and is much more efficient over the entire temperature
region.
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Figure 10. Schematic representation of the relaxation pathways out
of the®D; (J = 0—2) states of Ef in symmetric pairs. Labels refer to

Figure 8. Temperature dependence of the rate constant for cross the rate constants used in egs®and 6 in section 3.7.

relaxation ke, out of °D in symmetric Eu-Eu pairs. The inset shows
the breakdown of the total decay constdat,+ kin, and the intrinsic
decay constanky, for temperatures below 90 K. Refer to section 3.7.
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Figure 9. Time dependence ofD,, °D;, and °Do emission from
symmetric Eu-Eu pairs following®D; excitation in 0.5% Eu:CsMggl
at 280 K.

Cross relaxation out &D; results in the immediate population
of °D; and/or®Dy. Figure 7 shows theDy-to-°D; intensity ratios
in Eu—Eu pairs as a function of temperature compartby
and®D; excitation. The intensity ratios f&D, excitation are
scaled with the same constant usecfoy excitation (see section
3.5). Between 298 and 130 K, the observed intensity ratios
match closely foPD; and®D; excitation, indicating that cross
relaxation is dominated by relaxation%0,. Below 130 K, the
5Do-to-°D; intensity ratio is higher fo?fD, excitation, indicating
significant direct feeding ofD, from 5D,. As discussed later
in this section, we attribute essentially all of this direct feeding
to cross relaxation processes, since intrifBic— 5Dy relaxation
appears to be negligible.

The dynamics ofD; relaxation in Eu-Eu pairs at higher

In general, the time dependence %, luminescence fol-
lowing 5D, excitation in Eu-Eu pairs is given by

1) = Kyl(ko— ky — ky) (e — e ™) +
(kO_ k2 _ k2' _ kzu)—l(e—(k2+k2'+k2”)t_ e—kot)] +
Kz[e*(k2+k2'+|(2”)t _ e*kot] (2)

whereK; = klkz[SDz]o(kl + k' — ke — k' — kz”)_l, Ky =
k'[®DzJo(ko — k2 — k' — k2")7%, and all decay constants
correspond to the pathways illustrated in Figure 10. The term
in eq 2 withK; as a coefficient describes luminescence due to
cascade feeding vi?2D;, whereas thé<, term describes direct
population oDy from °D,. K; andK; can be viewed as scaling
factors for the indirect and direct feeding pathways, respectively.
Equation 2 was used to fit the observed time dependence of
5Dg emission following’D, excitation in the 0.1% Eu and 0.5%
Eu samples usink; andK; as the only adjustable parameters.
All other rate constants were fixed at values determined from
the decay curves 6D, (J = 0—2) using direct excitation into
the multiplet of interesti is the®Dy decay constantk{ + k;')

is the®D; decay constant, anéts(+ ko' + ky"') is the®D, decay
constant.

At temperatures of 130 K or greater, good fits of eq 2g
emission are obtained even when omitting the direct feeding
mechanism (i.e., setting, = 0), which is in agreement with
our earlier statement that direct feeding is unimportant at higher
temperatures. The intensity data in Figure 7 indicate that direct
feeding begins to compete with indirect processes below 130
K; this conclusion is supported by the time dependenc®ef
emission. Figure 11 shows the results of fitting eq 2y
emission following®D; excitation in the 0.5% Eu sample at 90
K. The results of the fit are broken down into separate
contributions from direct and indirect feeding, showing signifi-
cant feeding from both mechanisms. At 90 K, we estimate
~47% of 5Dy emission is due to direct feeding. At 10 K,
essentially alPDg emission is due to direct feeding frotD,,

temperatures readily become apparent when comparing the timenot because theD, — °D; pathway is inactive (as discussed

dependence ofD,, °D;, and®Dg luminescence followingD»
excitation, as is shown for the 0.5% Eu sample at 280 K in
Figure 9. The rise 0¥D; emission matches the faid, decay,
consistent with feeding froifD.. In contrast, there is obviously
no significant fast rise component ¥, emission to indicate
direct feeding fron?D,. Instead, the sloRDy rise is consistent
with cascade relaxation frofD, through®D;.

below), but because population %, no longer results Dy
emission (see section 3.5).

Measurements of the time dependence°df and 5Dg
emission following®D, excitation in the 0.5% Eu- 0.5% Gd
sample show no significant contribution from £Gd pairs at
any temperature. This implies thiat andk;’ in Eu—Eu pairs
are always much larger than in EGd pairs and that contribu-
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Figure 11. Fit of eq 2 (upper solid line) to the observed time
dependence dD, emission (6131.7 A) from symmetric EtEu pairs

in 0.5% Eu:CsMgGlat 90 K following 5D excitation at 4673 A (dots).
The two lower solid lines show the contributions of indirect feeding
of 5Dy from 5D, via ®D; (corresponding to the first term in eq 2) and
of direct feeding ofD, from 5D, (corresponding to the second term in
eq 2) to the overall fit. Refer to section 3.7.

tions toky; andky' from intrinsic relaxation processes can be
ignored for Eu-Eu pairs. This allows us to assidgn + k'
ker in Eu—Eu pairs, which will be used below to determine the
absolute values for the two cross relaxation decay constants,
andky'.

The ratios ofK; to K; obtained from fits to eq 2 can be used
to estimate how cross relaxation out3f, branches between
5D; and®Dy. The ratio of the rate constants feid, — 5D; to
5D, — 5Dy relaxation is given byko/ky' (refer to Figure 10),
which is related tK/K; by

K Kok +k' =k — k' = k"
k_z' 2

K, kl(kO - kz - kz' - kz")

wherek; is the rate constant f&®D; cross relaxationky is the

5Do decay constantk{ + k') is the®D; decay constant, and
(k2 + k' + k") is the®D, decay constant. Using eq 3, values
for ko/ky' at 77, 90, and 110 K are 3.3, 5.7, and 9.7, respectively,
reflecting the growing dominance &b, — 5D; relaxation ko,

with increasing temperature.

Theko/k;' ratios, and, thereforép andky’, can be determined
over a broader temperature range using’Beto-°D; intensity
ratio data in Figure 7, theD; relaxation constants in Figure 6,
and the following relation:

®3)

Ky

k_z'_

ktk @
IRk, — k;

wherelg is theDg-to-°D; intensity ratio usingD, excitation,

k; + k' is the rate constant f&D; relaxation in Eu-Eu pairs,

ky is the rate constant for cross relaxation outdf, andk;' is

the rate constant f&D; relaxation in Eu-Gd pairs. The absolute
values of the®D, — 5D; and °D, — 5Dy cross relaxation
constants can then be determined udtag- ko' = ke, where

k., are the®D, cross relaxation constants given in Figure 8.
Values fork, andk,’ determined in this manner are plotted vs
temperature in Figure 12 from 10 to 90 K. At 10 ¥Q, — °D;
and °D, — 5D cross relaxation have similar rate constants.
However,%D, — 5D; cross relaxation shows a much stronger
temperature dependence than de@s— 5Dy cross relaxation
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Figure 12. Temperature dependence of rate constant§8ber— °D;
(kz) and®D, — 5Dy (k2') cross relaxation in symmetric EEU pairs.
Refer to section 3.7.
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Figure 13. Temperature dependence of luminescence quantum ef-

ficiencies of°D,, ®°D;, and®Dy emission from symmetric EtEu pairs
following 5D, excitation. Refer to section 3.7.

and quickly dominates the overall cross-relaxation process as
temperature is increased.

The luminescence properties of symmetricaHEHu pairs
upon®D; excitation are conveniently summarized in Figure 13,
which shows the quantum efficiencies ,, °D;, and 5Dg
emission as a function of temperature. The quantum efficiency
of °D, emission,;y(°D,), was calculated using

Kint

Kin + Kor

wherekiy is the®D, decay constant in EuGd pairs andKp +
ko) is the®D, decay constant in EuEu pairs (see Figure 8).
The quantum efficiency dD; emissiony(°D,), was calculated
using

n(°D,) = (5)

— k2 kint(SDl)
kni'D2) + Ke('D2) ki('Dy) + ke ("Dy)

wherek; is the®D, — 5D; decay constant (see Figures 10 and
12), kint(®D2) + ke(°Dy) is the 5D, decay constant in EtEu
pairs (see Figure 8kint(°D;) is the®D; decay constant in Eu

Gd pairs, andkint(°D1) + ke(°D;y) is the®D; decay constant in
Eu—Eu pairs (see Figure 6). At temperatures up to 11X,

n(°D,) (6)
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values were calculated as described for Figure 12. Above 110level structure of E& ions in symmetric pairs in CsMggls
K, we used the approximatida = k.(°D>), since, as discussed  quite similar to that reported for the analogous pairs in CsgdBr
previously, D, — ®D; cross relaxation is dominant in this  but the luminescence behavior is quite different. Emission from

temperature range. The quantum efficiency@f emission - 5D, and®D; is much more strongly quenched in CsCglBmnd
(°Do), was calculated using 5Dy emission also exhibits temperature-dependent quenching.
A possible explanation for the difference in luminescent
7Dy = 1-5(°D,)—1(°D,) (7) behavior of E&" symmetric pairs in the two lattices is the

presence of a low-lying ligand-to-metal charge transfer state in
CsCdBg, through which the’D; (J = 0—2) states could be
guenched.

The rate constants for EtEu cross relaxation presented here
will be used in a future study to analyze the mechanisms
responsible for energy transfer in this system.

Equations 57 assume that intrinsic relaxation frot,, °D,
and®Dy is predominately radiative.

Up to 50 K, the quantum efficiency D, is ~0.6 but drops
dramatically with further increase in temperature due to cross
relaxation quenching. From 10 to 130 K, the quantum efficiency
of 5D, increases with increasing temperature to a maximum of
~0.55. The increase of(°D;) over this temperature range is
due to the fact that the feeding rate%@f; via 5D, — 5D; cross
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