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Kinetic investigations of Nap:Cu luminescence
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The temperature dependence of the lifetime of Cu+ impurity ions in single-crystal sodium.

Auoride has been analyzed. In order to describe the emission process occurring in this system, we

have proposed a three-level model including the ground state and two close excited states in thermal
equilibrium. Information is deduced concerning mainly their emission probabilities and their energy
differences. A calculation of the mixing of these triplet emitting levels with other excited states is in

very good agreement with our experimental results.

I. INTRODUCTION

As was done in earlier papers, ' monovalent copper
was successfully introduced into single-crystal sodium
fluoride. The optical absorption and emission spectra of
this system are actually characteristic of the Cu+ impuri-
ty ions in alkali halides. In particular, the near-ultraviolet
absorption bands are assigned to the 3d' ~3d 4s parity-
forbidden transition of Cu+, made possible by phonon as-
sistance in these centrosymmetric crystals.

Eight states ale associated with the excited

configurat-

ionn: Es, T2s, Es(T,g, T2g ), and T2s(A2g, Es, Tie, T~s)1 1 3 3

The two-photon polarized spectra lead one to assign the
two main absorption bands in the near-uv range to the
3 )g~ Eg Rnd 3 tg ~ T2g spin-allowed tI'Rnsltlons. As

is usually the case for Cu+ in alkali halides, the fluores-
cent emission, which is observed around 3800 A in
Cu+:NaF, is probably the Eg ~'A is spin-forbidden tran-
sition. As a result of the spin-orbit coupling, the Eg state
is split irlto two close states T2g Rncl T~&, so thc emission
mechanism should involve these excited states. The emis-
sion process of Cu+ and Ag+ in other alkali halides have
bccn COIIcctly intcrp1ctcd by using a three-level model in
which the two excited states are close and in thermal
equilibrium over a substantial temperature range.

In this paper, we will show the temperature dependence
of the decay times and will use the same model to explain
the emission mechanism and to calculate the various pa-
rameters which govern it. This model was tested recently
by Payne et al. who studied the effect of a magnetic field
on the luminescent lifetime of Cu+ in alkali-halide host
crystals. These magnetic experiments have provided an
important confirmation of this model and will compare
the results obtained by these authors concerning NRF:Cu+
with ours by careful analysis of the temperature depen-
dence of the emission lifetime.

II. EXPERIMENTAL

The crystals investigated in the study and those used in
previous works' were extracted from the same boules.
They wcI c grown via a BrIdgman technlquc and doped

with CuI or CuFq. The typical concentration of Cu+ in
the NaF crystals is around 200 ppm. The fluorescence
was cxcitcd with R pulsed dyc 1RscI' pumped with a
neodymium:yttrium-aluminum-garnet (Nd + YAG) laser
and followed by a wavelength extender which allows one
to work Up to 2230 A. The sample was placed in a cryo-
stat allowing work in the temperature range 1.5—300 K.
The fluorescence was detected through the slits of a
Hilger and Watts monochromator (Monospek model No.
1000) (band path 1—2 A) by an EMI model No. 6256 S
photomultiplier tube. The signal was amplified, discrim-
inated, and shaped by a photon-counting system and sent
to the same data-acquisition and control system as previ-
ously described.

III. RESULTS AND DISCUSSION

The fluorescence decays were obtained by exciting in
the absorption band at 3100 A which was assigned to the
Eg excited state. ' Thc decays RI'c pUI'cly exponential

over the range of temperature investigated, i.e., between 2
and 300 K. They do not depend on the part of the emis-
sion spectrum which is observed. It shoUld bc noted that
the emission spectrum exhibits two peaks, at 3750 and
3950 A above room temperature, which coalcscc Rnd shift
to 3700 A at 77 K. The double-humped band could be a
manifestation of a dynamic Jahn-Teller effect on the E&
excited state sirmlar to that clearly established on the E
state by one- and two-photon absorption measurements. 2

The decays, for each temperature, were recorded sys-
tematically for three emission wavelengths: 3600, 3700,
and 4100 A corresponding to the wings and the center of
the emission spectrum, excepted in the range of high tem-
peratures (T~250 K where the two peaks appear), for
which many data points were obtained between 3600 and
4100 A. The data obtained were the same within a few
percent which correspond to the error of the measure-
ments. Therefore, it seems that, under the hypothesis of
the existence of a dynamic Jahn-Teller effect, the kinetics
of the emission process which could occur from the two
groups of minima of the adiabatic potential excited state
are quite similar.

The temperature dependence of the decays is represent-
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ed in Fig. l. One notes the very large increase of the time
constant ~ when the temperature decreases since ~ varies
from around 95 ps at room temperature to 1474 ps at
T =2 K. This variation is very different according to the
temperature range. At very low temperatures, T&5 K,
the curve shows a plateau where ~ has a constant value,
while at 5 ~ T ~ 50 K, w is strongly temperature dependent
[Fig. 1(a)]. For temperatures greater than 50 K, the time
constant decreases very slowly: ~=150 ps at T=60 K
and r=95 ps at T =300 K [Fig. 1(b)].

We now examine the various sources of temperature
dependence of r. A radiationless process from emitting
levels is a possible cause of T dependence of ~, but in the
case of Cu+, the emission never quenches at temperature
less than 300 K, and thus its effect on the observed life-
times must be ruled out. The fluorescent emission is a vi-
brationally allowed transition, and therefore, a decrease of
~ with rising temperature is expected. The vibronic cou-
pling effects werc studied in detail by Payne et al. by us-

1ng onc- and two-photon spcctIoscopy. They have mea-
sured, in the 'Tig and 'Eg states, the frequencies of the
t]„enabling mode which induces the transition moment
in the one-photon spectrum. The one-quantum frequency
Ace of the t)„mode in the 'Eg state was found to be equal
to 17.5 cm . This value can be extrapolated to the Eg
states which are close to the Ez singlet state. In t4e sim-
ple case of a linear electron-phonon interaction, the tem-
perature dependence of ~ due to this vibronic coupling
should be fitted by the relation

1 1 %co———coth— (1)
T 70 2kT

1500-+

1000-

Figure 2 represents a plot of the experimental data of
r(0)/r(T) and calculated values deduced from Eq. (1) for
fico=17.5 and 35 cm ' [one-quantum frequencies de-
duced from the (0-1), (0-2), and (0-3) lines ]. It is clear
that the relation (1) cannot account for the experimental
results. In fact, the contribution of the vibronic coupling
to the T dependence of 7 is very difficult to evaluate be-
cause the potential of the Eg state was found to be
strongly anharmonic and a strong Jahn-Teller distortion
exists in this state. However, it is difficult to imagine
that the introduction of a quadratic term or the use of
more than one frequency in Eq. (1) ' could fit the experi-
mental results. The contribution of the phonons to the T
dependence of ~ is probably much weaker than those
wh1ch aI'c IIlaiIlly fcsponslblc fo1 thc obscI'vcd vanatlon,
that is to say, the splitting of the Eg emitting state into
the T&g and T2g spin-orbit components. Consequently, in
the following, only this last contribution will be con-
s1dcrcd.

The model that we propose to describe the kinetics of
fluorescence is the same model we have already success-
fully used for other compounds doped with Cu+ and Ag+
1ons. Thc emitting lcvcls aI'c thc two spin-orb1t com-
ponents Tig and T2g of the metastable Eg state, which is
the lowest state in the d s manifold. Multiple scattering
Xa (MSXa) calculations"' have shown that the energies
of these states are very close, so that thermal equilibrium
is rapidly achieved when a photon is absorbed directly in
these states (but the probability is very weak) or in the
higher 'Eg singlet state after a fast relaxation into the em-
itting levels. The spin-orbit coupling can mix T2g( Eg)
with T2g, and as a result T2g acquires a significant sing-
let character (1—2%), while the Tiz( Eg ) level cannot in-
teract with the singlets of the 3d 4s electronic configura-
tion. The emission rate of the lowest Tig( Eg) excited
state is therefore mucll weaker than that of the Tqz( Eg)
state. Consequently, the fluorescence decays can be inter-
preted by a three-level system (Fig. 3) consisting of the
ground state 'Rig (level 1) and two close thermalized
metastable excited states (levels 2 and 3), the lifetime of
the lowest one (level 3) being much longer than the upper
one (level 2). It should be noted that a fourth level (singlet
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FIG. 1. Temperature dependence of the decay of fluorescent

emission (at about 3800 A) excited in the 'E~ excited state (3100
A) of Nap:Cu+. Curves a and b refer to the upper scale and
the lower scale, respectively.
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FIG. 2. Curve a, r(0)/r( T)=f ( T); curve b, coth(Aco/
ZkT)=f(T) with fuo= 17.S cm ', and curve c, -coth(fico/2kT)
=f ( T) with enrico =3S cm
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ponent. With levels 2 and 3 existing in thermal equilibri-
um, we have

pzz ——pzz exp( E/—k T), (9)

G0
U

0
X9

3
Eg )72g2

~l

It 2s 62 3E'
gl 1g A» +Az~ exp( e/k—T)

1+exp( —e/kT)
(10)

where e represents the energy mismatch between the two
excited states. If follows that relation (7) reduces to

o

U
C

FIG. 3. Three-level model for the emission process.

Ez) is indicated in Fig. 3 because it is the state in which
the electron is directly excited by laser excitation. Howev-
er, it is not involved in the emission process observed.
This is due to the fact that p, z is sufficiently large to con-
sider, after a very short time, the singlet level is empty,
level 2 is populated, and the observation starts only then.
Hence, the emission process occurs as if level 2 was
directly excited.

We call A,J. the radiative probability, p,j the radiation-
less probability, and fJ ——A,J +p& between two i and j lev-

els. In the temperature range of interest, fz~ ——Az& and

f3] —A 3 $ since, as mentioned above, the fluorescence-
quenching temperature greatly exceeds room temperature.
The general solution of the dynamical equations for a
three-level system is easily obtained by using Laplace
transforms of the level populations (see, for example,
Refs. 13—1S).

By solving the appropriate rate equations, two time
constants r, (slow component) and r/ (fast component)
are obtained,

~ 21 +723 »~ 31 +132

We then obtain for the slow component

rs A31+(Azlp23)/(P23+Azl )

It follows from Eq. (9) that

r A3] +( 1/Az[ + 1/P23) 'exp( —~/kT)

(12)

(13)

This last relation is very well verified for T «12 K
(Fig. S). A linear dependence of in(1/r, —Az~ ) on 1/T is

Since the lowest sublevel T1~ is exclusively populated at
very low temperature, Az& is simply the inverse of the ob-
served lifetime and is found to be 678 s '. Therefore
knowing Az~, we have fitted our experimental data in the
range 6 & T & 300 K with the expression (10) with two pa-
rameters Az& and e. We obtained a very good fit for
t..=27.2 cm ' and 321 ——17322 s ', as can be seen in Fig.
4. The value of Az~ is close to that which is approximate-
ly estimated in many cases from the lifetime at room tem-
perature,

~21— 2 =21000 s
r(300 K)

It should be noted that the approximation (6) may not
be well verified at very low temperatures, where p32 is
strongly slowing down according to relation (9). Then it
is possible to introduce the following approximations:

~21 »~31 5'23 »732 .

Thus~

(~+0)+ l(++P) 4(+P P32P23 ) )

rf 2 (++~) 2 l(++I ) 4(+~ P32P23)i

with

(3)

O'=S 32+ ~31

P=pzz+Azi . (S)

In order to obtain tractable relations, we introduce the
simplifying approximation

~~ 1000.
I

~ 21 ~ ~ 31 &&723 ~P 32 ~ (6)

which is often met in practice. In this case, two approxi-
rnate time constants are obtained, Pa

~31' 23+~2@»
7$ 7

723 +P3z
(7) 200

T(K)

0

300

—1 =F23+F32 .

We focus our attention first on the long-lived com-

FIG. 4. Experimental time constant ~ versus temperature T.
The solid line represents the best fit with relation (IO) (see text)
obtained with @=27.2 cm ' and A~l ——17322 s
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the spin-orbit coupling. " Thus,

~
T,('E, )&=c. I'T2 &+C Il'E &+c I'T2g&

It is found that

(16)

10'-

2
5x10 ~

(17)

where f, represents the oscillator strength of the singlet
'T2s state. Relations (15) and (17) lead to

A2I ——
1.5

(18)
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obtained, and the measurement of the slope of the straight
line gives @=26.7 cm ', a value very close to that de-
duced from relation (10), indicating a good coherence of
the approximations (6) and (12) valuable for different
ranges of temperature.

The difference between the emission probabilities AqI
and A3I of T2g( Eg) and T,g( Es), respectively, should be
exclusively due to the mixing of the singlet state Tzs into
the T2s( Eg) state, since it is reasonable to admit that
these sublevels would have the same lifetime if they had
0% singlet states in them. Thus, it is interesting to check
if, for the given value of A» ——678 s ', the value of
A2I ——17300 s ' is the value that was expected from
theory. The contribution of the singlet-triplet mixing to
the increase of the emission probability is therefore about
the difference between A2I and A3&, i.e., approximately
16600 s '. Like Payne et al. , we use the following rela-
tion to relate the lifetime of the Eg state, r„ to its oscilla-
tor strength f, and the emission band energy v:

1.5
v (cm ')r, (s)

1.SA 2I
(15)

The absorption band corresponding to the 'AIg~ Eg
transition is too weak to be observed, and thus f, cannot
be measured experimentally. However, the wave function
of the T2g( Eg) state can be written as a linear combina-
tion of the 'Tzg, T2g, and Eg states which are mixed by

FIG. S. Temperature dependence of the slow component ~,
in the very low-temperature range ( T & 14 K). The experimen-
tal points are fitted with the function

1n(1/r, —A3~) =ln[(1/Az&+1/p33) ']—(e/k)(1/T),

with A3i =678 s

The value of the oscillator strength f, at 2 K is about
10, while v is found to be near 27000 cm ' at T =4.4
K. With A 23

—17 300 s ', relation (18) leads to
~
C,

~

=3.5%. To be more precise, the difference of
AqI —A3~ should be considered instead of A&3 in Eq. (18),
but this minor correction leads to a similar result, i.e.,

~
C,

~

=3.4%. This value is comparable to 1.8% ob-
tained on the NaC1:Cu+ system from MSXcx calcula-
tions. ' The larger mixing deduced for NaF:Cu+ is quite
logical since the energy difference between the Tzs( Eg)
state and the singlet 'T2g state [with which the first state
is mixed (by spin-orbit coupling)] is smaller in this system.
The good agreement between theory and experiment
strongly supports our two-state theory of emission.

Another important confirmation of our model was
brought about by Payne et al. They had the excellent
idea to utilize an external magnetic field to mix the spin-
orbit levels. They observed a measurable decrease in the
emission lifetime of the TIg sublevel which gains signifi-
cant singlet character from the mixing with T2s( Eg).
They were able to analyze quantitatively the magnetic
field effect on the emission process, and calculated the
Tig T2g spin-orbit splitting. They obtained very good
agreement with our results since they found e =26 cm
compared to the value @=27 cm ' which we found from
our analysis of the kinetics of the emission process as a
function of temperature.

We now consider the short-lived component ~f. It is
not always easily observed, depending on the relative
value of its time constant compared to that of r„and the
temperature dependence of its quantum yield, which often
strongly decreases with rising temperature. ' In the
present case we have not seen ~f, probably because it is
too short to be detected with our multichannel scaling
data-acquisition mode (with a minimum dwell time per
channel equal to 2 ps). Actually, relation (8) gives

-p23+p32-@23 at low temperature. One can deduce
—1

the value of p23 from relation (14). Owing to the fact that
the intercept at the ordinate axis is very sensitive to the
weakest variation of the slope of the straight line, one can
obtain only an order of magnitude for p23. One finds
p23 ~ 10 s ', and thus ~f is expected to be shorter than 1

ps. We are now ready to consider the future investigation
of the very-short-time range after the excitation pulse
with another setup for lifetime measurements.

In conclusion it can be said that the model we have pro-
posed in the last few years to describe the emission pro-
cess in Cu+ and Ag+ impurity centers introduced in some
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alkali halides is also valid in the present system,
NaF:Cu+. Experiment and theory are particu1arly in very
good agreement in this case, where the Cu+ impurity is
really in an on-center position. Lifetime measurements al-
lowed us to evaluate, with good accuracy, the values of
the various parameters which are involved in the kinetics
of fluorescence, such as the energy difference e between
the two emitting sublevels of the Es state, and the emis-
sion probabilities of the excited states; direct spectroscopy

methods, such as absorption measurements, are not able
to elucidate any more information because of the very
weak transition probabilities of emitting levels.
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