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Striking Change in Radiative Lifetime and Asymmetry Ratio
with Temperature for the Double Perovskite Cs,NaEuCl,

Daiwen Xiao, Hei-Yui Kai, Guohua Jia, Ka-Leung Wong,* and Peter A. Tanner*

The measurement of quantum yield (QY) is an important process for a
phosphor. This is often accomplished by the comparison of the
low-temperature lifetime with the room temperature (RT) lifetime. It is shown
that this procedure provides a considerable underestimation of QY in certain
cases. Additionally, the use of the europium ion as an indicator of changes in
site symmetry with temperature has severe limitations. This work reveals that
a decrease in measured lifetime with increasing temperature of a system
cannot always be associated with a descent in site symmetry and may be due

to increasing radiative rate.

1. Introduction

The rate of spontaneous emission from a given energy level, A
(s7!), can be described by the Fermi Golden Rule, which com-
prises the relevant electronic transition moment and the density
of electromagnetic modes of the environment. The reciprocal of
the spontaneous emission rate is termed the radiative lifetime
of the state, 7 (s). Radiative lifetimes can vary from nanosec-
onds for electric dipole (ED) allowed transitions to milliseconds
for magnetic dipole (MD) allowed transitions. However, the lumi-
nescent state may also be depopulated by nonradiative processes
so that the measured lifetime, 7, is smaller than 7. The quantum
yield of emission (QY) is given by the ratio 7 /7.
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The emission of pristine or doped lead-
free halide double perovskites, Cs,MM'Cl,,
previously known as elpasolites, has at-
tracted much attention recently,!!l due to
their photonics applications such as so-
lar cell absorbers,[?* photodetectors, pho-
tocatalysts 1%’ and light emitting diodes.[*]
Here, M is a monovalent cation such as
Na or Ag, and M’ is a trivalent cation,
such as Sb,["® Bi, ['«d] el or Cr.'f] The
materials are nontoxic. The QY at RT of
several double perovskite nanoparticle sys-
tems have been reported to be remarkably
high: for example, Cs,Ag,Na,,InCl,:Bi**
86 + 5%.1131 This implies that the radiative
lifetime is almost the same as the measured lifetime. The
Cs,MM’Cl, systems may also comprise M’ = Ln3*, a tripositive
lanthanide ion.[’ Lanthanide elpasolites emit light over a wide
range of wavelengths, from UV (Ce**, Gd**),[*] visible (Eu’*,
Tb**, Ho**, Er**),l*fl near-infrared (Nd**, Yb**),“¢hl and in-
frared (Er**, Tm3*).[41l We focus upon Ln** = Eu’* in this paper.

We consider the red emission from 3D, (where the notation
is in terms of the quantum numbers **'L;) of the 4f° ion Eu’**
in the system Cs,NaEuCl, which crystallizes in the space group
Fm3m (No. 225, Figure 1a). Contrary to other rare earth systems
where the lanthanide ion occupies several sites,l®) the Eu** ions
occupy only one site at the center of an octahedron of chloride
ions in Cs,NaEuCl,. The electronic ground state ’F, lies below
the valence band (Figure 1b) and the relevant electronic energy
levels are shown in Figure 1c. The representative lifetime of Eu**
systems normally lies in the (sub)ms range with the radiative rate
~500 s~!; but the quantum yield can vary over orders of mag-
nitude (Table 1) and is rather smaller than that reported for the
doped Cs,AgInCl; material above. The Cs,NaEuCl, system is ex-
traordinary because all of the pure electronic transitions are for-
bidden by the ED mechanism. The observed spectral bands are
due to i) orbitally allowed magnetic dipole (MD) transitions. Since
these are allowed, the intensity is not sensitive to the environ-
ment of the Eu** ion; ii) vibrational-electronic (vibronic) struc-
ture comprising, in emission, lower energy Stokes bands, and
higher energy anti-Stokes bands. These bands are separated from
the electronic origin (zero phonon line, ZPL) by a very similar en-
ergy and represent the modes of vibration, according to certain
selection rules. The intensities of the corresponding Stokes and
anti-Stokes bands are related by a temperature-dependent Boltz-
mann factor.

Cabral et all®? have noted that the temperature quench-
ing of a lanthanide ion emitting level can occur by three
main mechanisms: multi-phonon relaxation, energy transfer to
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Figure 1. a) Crystal structure and b) Vacuum referred binding energy diagram of Cs,NaEuCly. VB valence band, CB conduction band. c) Selected energy
levels of Eu* showing >Dy emissive state and the large energy gap below it. Note the scale break. Photographs of d) powder (Method A) and e) crystal

(Method B) samples of Cs,NaEuClg.

ligand-localized electronic states (singlet or triplet) and the
crossover from the 4f configuration to a charge-transfer (CT)
state. For solid-state lanthanide systems, it has been usually as-
sumed that the nonradiative rate of depopulation of a given level
is very small at low temperatures, say < 77 K. Hence the mea-
sured low-temperature lifetime has been equated with the radia-
tive lifetime./®¢ The QY at RT then has been estimated by com-
paring the measured lifetime with this lifetime, as above, 7 /7.
Herein, we show that the radiative rate may vary considerably
with temperature in some cases so that such a comparison is not
valid.

In fact, for the system under study, the radiative lifetime
at low-temperature is almost double that at room tempera-

ture. The phenomenon of lifetime increase with temperature
has recently been highlighted as negative-thermal quenching
(NTQ).[”l The basic mechanism in the present case of radia-
tive lifetime decrease with temperature is the relative increase
in intensity of anti-Stokes vibronic structure with tempera-
ture.

The Eu’* ion has often been employed as an indicator of site
symmetry in materials. An increase in the ratio of emission in-
tensity ratio of the transitions (D, — ’F,)/(°D, = F,) for Eu**
(often called the asymmetry ratio, R2) is usually taken to indicate
a descent in symmetry at the Eu?* site. This may not be the case
for systems where the observed transitions are not purely ED al-
lowed, as herein.

Table 1. Representative ° D emission lifetimes and quantum yields of Eu* systems.

System Phase TK] 7 [ms]?) Keagls™'T?) %QY Ref.
1 [EuGay (shi)4 (CgHsCO,)4 (CsHsN) (CH;OH)) Solid RT 0.242 (79%) - 0.016 8]
0.043 (21%)

2 [EuL]-®) Solution RT 1.71 586 15.6 9]
3 CyHiqEu,Na O 5Py Rehydrated RT 0.62 4100 25.4 [10]
4 [Eu(tta); (pyphen)]e) Solid 77 0.788 - - [6a)
Solid 323 0.518 - 313 [6a]

5 Eu(L2)," Solution RT 0.234 573 5.1 1

? Measured lifetime; ) Radiative rate; Quantum yield; 4 Salicylhydroxamic acid (Hjshi); e)3,4,3-LI(1,2-HOPO); DThere is a typo for the units in Ref[10];
& {tris (thenoyltrifluoroacetone)pyrazino[2,3-f][1,10]phenanthroline}europium (l11); ) Refer to Ref.[11] for formula.
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Figure 2. a) 463 nm Xe lamp excited emission spectrum of Cs,NaEuCly at different temperatures, recorded by the Fluorolog-3; b) 10 K Art 465 nm
excited emission spectrum of Cs,NaEuClg recorded using an Acton 0.5 m monochromator. The first inset shows the Dy — ’F, zero phonon line on
a finer scale. For the marked bands in the second inset, the luminescent state is Dy and E, T correspond to the terminal electronic states 7F2(Eg, and
Tyg) (Op). The corresponding vibrations are marked in the expanded inset (corresponding to vq (1)-vg (6) moiety modes and consist of zone boundary,
transverse and longitudinal optic components, TO and LO. Cs and Na correspond to unit cell group modes involving those ions. The components (in
cm™") of the bending modes vg and v, are ~66 (ZB), 77-80, and 98 (TO), 121 (LO), respectively; whereas the Cs* and Na* unit cell group modes are

at 45, 56, and 176, respectively. ) Temperature dependence of the intensity ratio (*Dy — ’F,)/(°Dy — ’F,). The experimental datapoints are fitted by

Equation 1 with two free parameters A = 0.385+0.022 and hw = 72.0+4.4.

2. Results and Discussion

The compound Cs,NaEuCl; was prepared by the evaporation
method as a powder (Method A, Figure 1d) and by hydrother-
mal synthesis as crystals (Method B, Figure le) as described in
the Supporting Information. The X-ray diffractogram of a sam-
ple prepared by Method A is shown in Figure S1 (Supporting
Information). However, the luminescence spectrum is a much
more sensitive test of the purity of a sample. The comparison
with previous reports of the emission spectrum of Cs,NaEuCl,
shows that the spectra are the same.[*“123] We have measured
the ratio of emission counts (°D, — ’F,)/(°D, — ’F,), that is,
R2, for this compound as a function of temperature from ~12 K
to RT. It is observed that the integrated counts of the D, —
’F, transition (594 nm, Figure 2a) remain effectively constant
since the bandwidth increases while the peak height decreases.
This is normal for a MD allowed transition. However, the fea-
tures in the °D, — ’F, region increase in intensity with temper-
ature. These are ED allowed vibronic bands in nature and the
increase in temperature is due to the appearance of anti-Stokes
components, mainly associated with 7, Cl—Eu—Cl bend and (v)
and 7,, Cl—Eu—Cl bend (v,) vibrations.!'?d] Although there is a
low-temperature phase transition for the early members of the
Cs,NaLnCl; series (O, — C, ), the center of symmetry of Eu**
remains. Figure 2b shows the 10 K spectrum under higher reso-
lution. The 4 cm™ splitting of the >D,, — ’F, transition is resolved
in the inset and the individual vibronic structure of terminal ’F,
levels E, and T, is labeled.

In summary, Figure 2a shows that the D, — ’F, vibronic
structure becomes stronger, relative to D, — ’F,, with increasing
temperature. In the literature, changes in the R2 ratio are com-
monly associated with changes in the site symmetry of the Eu**
ion. This is not so in the present case. The change is due to the
hyperbolic cotangent dependence of the oscillator strength of a
vibronic transition with temperature:(**]

IntensityRatio { [5D0 - 7Fz] / [SDO - 7F1]} = Acoth (hw/ (2kT)) (1)

Adv. Optical Mater. 2024, 12, 2302261 2302261 (3 O‘FG)

where A is a constant, he is the vibration frequency, k is the Boltz-
mann constant and T is temperature. Figure 2b takes into ac-
count that most of the anti-Stokes vibronic intensity arises from
the v mode and fits the temperature dependence of Equation 1.
The fitted value of he is 72 cm™, R,4* = 0.9977.

2.1. 5D, Lifetime Temperature Dependence

The 3D, lifetime has been measured for samples of Cs,NaEuCl,
(coated in nujol oil for protection) prepared by the evaporation
method A and the hydrothermal method B. Figure 3a shows the
results for two different samples prepared by method A (labeled
Al and A2). The lifetimes are much longer than those previously
reported for this system,['*"] which is attributed to the sample
deliquescence.

We pause for a moment, to discuss the fitting of lifetime
data in the time domain. This is for the general reader and
is not essential to the paper. We do not find clarification or
guidelines on this topic in the literature and hope to stim-
ulate discussion and consensus from our observations. The
aim is to show that different values can be obtained by us-
ing different fitting methods. We have only employed two
methods herein. The fitting of the RT lifetime in each case
was made over a certain timescale after the 460 nm Spec-
tra LED pulse. We consider that a range of at least five life-
times, leading to a count reduction > 149, is necessary. Look-
ing at the tail of the decay curve can enable measurement of
the energy migration rate,['*¥] but it may be difficult to dif-
ferentiate from random noise. For weakly-emitting samples, it
is common that the count rates at the start of measurement
are distorted by stray light at wide slit widths. The exponen-
tial fits against time, t, using the three parameter (A, y,, 7)
equation:

Counts = y, + Aexp (—t/7) (2)

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) Variation of measured lifetime with temperature for different samples of Cs,NaEuClg: A1, A2 prepared by evaporation method; B prepared
by hydrothermal method. b) Measured reciprocal lifetime plotted against temperature for sample prepared by method B, fitted by Equation 6.

with, or without background subtraction, whereas the linear fits
used the two-parameter (A, 7) equation:

In (Counts) =InA -t/ (3)

The detailed comparison of fits using these equations is in-
cluded in the Supporting Information. Taking natural logarithms
compresses the data and minimizes the sum of squares error
(SSE) for the transformed data, whereas the exponential fits min-
imize the SSE for the original data. Hence the measured lifetimes
using linear fits tend to be slightly longer.

The measured decay curves at different temperatures for a
sample prepared by Method B are presented in Figure S7 (Sup-
porting Information). Figure 3a shows that the sample prepared
by the hydrothermal method has longer lifetimes (decreasing
from ~11.4 ms at 25-30 K to 4.0 ms at 307 K) than samples pre-
pared by the evaporation method. The former samples are more
crystalline than the powder prepared by evaporation, and when
coated by nujol the deliquescence is not as marked. The sponta-
neous emission rate (radiative rate) in s for the channel °D, —
’F, is given by:[¢!

Ayp (°Dy — "F;) = 14.65n° 4

and since n, the refractive index (RI) of Cs,NaEuCl, at 589 nm is
1.588 from interpolation of values from other Cs,NaLnCl; mem-
bers, Ayp = 58.67 s71, giving the magnetic dipole radiative life-
time as 17.0 ms. The radiative lifetime of °D,, at low-temperature
may be calculated by comparing the emission counts, I,;, of °D,,
- 7Fy, to that of D — 7F, "] or:

6
I

ACDy) = = =Ayp (SDO - 7F1) z A ()
J=0 “0-1

which gives, from the 12 K spectrum in Figure 2a,
A(PD,) = 98.5+4.0 s7!, leading to the radiative lifetime of
10.2+0.4 ms, without taking into account the temperature
change of RI. Similarly, using Figure 2b, A°D,) = 90.4 s~!, and
the radiative lifetime is 11.1 ms. At any rate, comparison with
the experimental lifetime >(11.4 ms) shows that the quantum
yield at low-temperature is near unity.

Adv. Optical Mater. 2024, 12, 2302261 2302261 (4 OfG)

Figure 2a shows that the ratio I;or/I1(*Dy—’F;) at RT is much
greater than at low-temperature, due to the temperature depen-
dence of vibronic structure. In this case, the °D, radiative lifetime
at RT is calculated to be 5.9 ms. Hence, the enormous change in
radiative lifetime is almost entirely due to the temperature de-
pendence of vibronic structure. From the measured lifetime of
4 ms, the RT QY is predicted to be 68%. Our measurements us-
ing an integrating sphere (in the Supporting Information) using
527 nm excitation give the value of 59% with an error of 10%.
The RT QY of the powder sample is rather less, at 41%, due to
easier hydrolysis.

2.2. Quenching of °D, Emission

Emission intensity may change with temperature due to a change
in QY and/or a change in absorption strength, whereas the life-
time varies according to radiative and nonradiative rate changes.
Since the highest energy phonon in Cs,NaEuCl; is v, (LO)
~290 cm~" and the energy gap °D, - "F, is 12 338 cm™,["%d] the
order of multiphonon decay from °D, is 43 so that this process
is slow. The 3D, I, level is at 1752 cm™! above °D, I'; and back-
transfer is negligible at the temperatures employed. The thermal
quenching of lifetime may be due to the promotion of electrons
over an energy gap AE to a trap state. This change in reciprocal
lifetime (1/7 = k) with temperature may be modeled by:

k=1/7y + Aexp(—AE/0.695T) (6)

as in Figure 3b. The derived parameters are 7, = 11.040.7 ms and
AE=153+29 cm™'. The value of the radiative lifetime is in agree-
ment with that calculated from the 12 K spectrum, Figure 2b. Itis
noted that we do not observe persistent luminescence from our
sample after UV irradiation, on warming from 77 K to RT.

3. Conclusion

The low-temperature lifetime of an inorganic compound is of-
ten assumed to be equal to the radiative lifetime because the rate
of nonradiative processes is slow at low-temperature. This radia-
tive lifetime is then used together with the RT measured lifetime

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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to yield the QY. We have found that due to an increase in vi-
bronic radiative rate, the radiative lifetime can decrease consider-
ably with increasing temperature. Hence, there is a considerable
underestimation of QY by taking the measured low-temperature
lifetime. Our results can be generalized not only for lanthanide
ions, but also for transition metal ions such as Mn** and Cr3*,
situated at octahedral, or other high symmetry sites. The QY
is an important parameter for a phosphor and if one is equat-
ing the low-temperature lifetime to the radiative lifetime, there
should be minimal spectral changes when warming from low-
temperature to RT. This would not be the case for vibronic struc-
tures or hot band structures of forced electric dipole transitions.
The increase in radiative rate with increasing temperature can be
taken as an opposite example of NTQ. The mechanism herein dif-
fers from other reports. For a copper(I) iodide metal-organic lay-
ered framework, with increasing temperature, the ligand’s elec-
tronic delocalization-to-localization transition occurs so that the
temperature dependence of photoluminescence arises from the
electronic localization to delocalization transition. Similarly, for
other systems, the reasons for NTQ are different.!*°]

The europium ion is often employed as a monitor of site sym-
metry in a crystal lattice. In particular, the intensity ratio, R2, of
the transitions (°D, — ’F,)/(°D, — ’F,) is employed as a standard
in this respect. In the present case, the ratio R2 increases consid-
erably with temperature whereas the symmetry point group of
the Eu®* ion actually increases from C,;, to O,. We have herein
identified one (of several other reasons) why R2 may not be a valid
parameter to indicate symmetry descent. We anticipate this work
will provide deep insight into the structure-property relationship
of lanthanide ions or transition metal ions doped luminescent
systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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