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Abstract

Using third harmonics of LiF : Fþ
2 tunable color center laser excitation and selective fluorescence detection the

temperature and concentration dependencies of fluorescence decay curves of the high-lying 4D3=2 manifold of the Nd
3þ

ion were measured in CeF3 crystals. As a result the temperature dependence of energy transfer kinetics from the
4D3=2

manifold of the Nd3þ donor ions to the 2F7=2 manifold of the acceptor Ce
3þ ions in the ordered practically 100% filled

CeF3: Nd
3þ ð0:056 wt%Þ crystal lattice was determined for 13–55 K: Based on the temperature dependence the

mechanisms and the channels of the Nd-Ce nonradiative energy transfer have been recognized. The net growth of the

resonance Nd-Ce energy transfer rate in the temperature range from 25 to 55 K is found to be almost 3 orders of

magnitude from 9:0� 104 to 2:84� 107 s�1:
In a CeF3: Nd

3þ ð0:63 wt%Þ crystal a significant contribution of the Nd-Nd resonance energy transfer to the 4D3=2
manifold quenching is found for 20–40 K and its channel and mechanism are suggested.

Discussion of the possibility of subpicosecond and picosecond nonradiative energy transfer in rare-earth doped laser

crystals is provided.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In Refs. [1–3] a nanosecond quenching energy
transfer of high-lying strongly quenched by the
multiphonon relaxation the 4G7=2+

2K13=2 mani-

fold of the Nd3þ ion have been investigated in
LaF3 crystals. Experimentally measured kinetics
of energy transfer was well described accounting
the sum of dipole–dipole ðs ¼ 6Þ and dipole–
quadrupole ðs ¼ 8Þ interactions between donors
and acceptors. The abnormally high microefficien-
cies of the Nd–Nd quenching C

ð6Þ
DA ¼ 0:5�

10�37 cm6=s and C
ð8Þ
DA ¼ 2:5� 10�51 cm8=s were

found for 77 K [2,3]. Accounting the sum over
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all the sites of the acceptor sublattice the quench-
ing rate for the so-called ordered stage of kinetics
decay and additive contribution of two interaction
mechanisms can be given by (see, for example,
Ref. [1])

W ¼ cA C
ð6Þ
DA

X
n

R�6
n þ C

ð8Þ
DA

X
n

R�8
n

 !
; ð1Þ

where cA is the relative concentration of acceptors,
and Rn is the distance between donor and nth
acceptor. For a LaF3 crystal the lattice sumsP

n R�6
n ¼ 2:44� 10�3 A�6 and

P
n R�8

n ¼ 1:20�
10�4 A�8 have been calculated in Refs. [1–3]. For
small concentration of excited donors and the
ordered 100% filled NdF3 crystal lattice ðcAD1Þ
this gives the Nd–Nd energy transfer rate W ¼
3:12� 109 s�1 or energy transfer characteristic
time t ¼ 320 ps: To understand if such picosecond
rates of direct energy transfer between rare-earth
ions in the ordered crystals are normal or
abnormal and to determine the mechanism of fast
ion–ion interaction the model system with simple
energy level scheme of acceptor ions supposed
limited number of channels of inter-multiplet
cross-relaxation of excited state of donor ðNd3þÞ
and unexcited state of acceptor ðCe3þÞ ions was
chosen. Because the lattice is 100% ordered and
filled this makes the energy transfer kinetics pure
exponential and easy for analysis. Also, limited
number of channels of inter-multiplet cross-
relaxation makes the temperature dependence
analysis simpler. To make the contribution of
Nd–Nd energy transfer negligible one can de-
crease the concentration of the Nd3þ ions and thus
to measure the Nd–Ce energy transfer rate
directly.

2. Experimental techniques

Two crystals of CeF3: Nd
3þ ð0:63 wt%Þ

and CeF3: Nd
3þ ð0:056 wt%Þ were grown by

Bridgman–Stockbarger technique in fluorinating
atmosphere. The concentrations of Nd3þ were
determined by microprobe X-ray analysis on a
Camebax system. For a fluorescence excitation
solid state tunable LiF : F

þ* *
2 laser pumped by an

alexandrite laser (Light Age, Inc.) [4] was used.
The basic Q-switched alexandrite laser provides
tunable radiation in 7202810 nm spectral range
with 200 mJ pulse energy and 10226 Hz repetition
rate. The LiF : F

þ* *
2 laser cavity was based on

Littrow configuration consisting of an input
dichroic mirror and a plane diffraction grating
ð1200 g=mmÞ: The LiF : F

þ* *
2 active element was

Brewster cut with a length of 4 cm: Its absorption
coefficient at 740 nm was 1:2 cm�1: The
LiF : F

þ* *
2 laser exhibits good photo and thermo-

stable operation at room temperature when
pumped by an alexandrite laser and can provide
efficient high power lasing tunable in
80021200 nm spectral range. The LiF : F

þ* *
2

pulses had duration of 60 ns at 0.15 of maximum
intensity and 35 ns at the half of it. The fall time of
the laser pulse was 17 ns; which allowed to
measure correctly the decay time longer than
30 ns: The spectral width of laser pulse was
0:2 cm�1: Tunable visible ð4002600 nmÞ and UV
ð3002400 nmÞ radiations were achieved by second
and third harmonics of LiF : F

þ* *
2 color center

laser in a BBO nonlinear crystals ð10 mm�
4 mm� 7 mmÞ: For the fluorescence selection
and registration ARC-750 spectrometer and
R928 Hamamatsu PMT were used. Signal acquisi-
tion, recording and treatment was provided by
Tektronix TDS-380 (350 MHz bandwidth) digital
averaging oscilloscope and Boxcar-Integrator
SR250 (Stanford Research System) linked with
PC. The closed-cycle Janis cryostat with tempera-
ture controller was used for CeF3: Nd

3þ crystals
cooling in the range from 13 to 55 K:
In order to select the best fluorescent transition

for kinetic measurements the fluorescence spec-
trum of a CeF3: Nd

3þ ð0:63 wt%Þ crystal for
330 nm excitation into the 4D7=2 manifold at T ¼
15 K was measured. Because of small energy gap
between 4D7=2 and 4D3=2 manifolds ðDE ¼
500 cm�1Þ; exited ions relax to the 4D3=2 manifold
via one- or two-phonon relaxation process with
relaxation time less than 1 ns: Three spectral bands
belong to the 4D3=2-

4I9=2;
4I11=2;

4I13=2 transitions
were observed (Fig. 1). The fluorescence of the
strongest 4D3=2-

4I11=2 transition can be mixed
with the fluorescence of the metastable 2P3=2
manifold at the 2P3=2-

4I9=2 transition and
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fluorescence of the 4D3=2-
4I13=2 transition can be

mixed with the 2P3=2-
4I11=2 one. Therefore, to

avoid emission spectra overlap all fluorescence
kinetic measurements were done for the resonance
4D3=2-

4I9=2 transition at 352:8 nm excitation and
359 nm detection wavelengths.

3. Results and discussion

3.1. Nd–Ce energy transfer

The fluorescence kinetics of the 4D3=2 manifold
in both CeF3: Nd

3þ crystals show pure exponen-
tial behavior for all the temperatures. The mea-
sured decay times are presented in Table 1. The
measured decay times were found much shorter
than that measured in LaF3: Nd

3þ ð0:005 wt%Þ in
Ref. [5] ðt ¼ 35 msÞ: For a CeF3: Nd

3þ ð0:63 wt%Þ
crystal smaller lifetimes than those for a
CeF3: Nd

3þ ð0:056 wt%Þ crystal were measured
in the temperature range from 20 to 40 K: But

for T ¼ 13:6 K and T > 40 K the measured life-
times for both concentrations of Nd3þ are found
to be equal.
First, the Nd–Ce energy transfer was analyzed.

In doing so, an assumption was made that
contribution of the Nd–Nd energy transfer to the
4D3=2 manifold quenching is negligible for
CeF3: Nd

3þ ð0:056 wt%Þ crystal with very small
concentration of Nd3þ: Also suppose that the
intra-center relaxation rate of the 4D3=2 manifold
does not change significantly from LaF3: Nd

3þ to
CeF3: Nd

3þ and it can be calculated from the
measured in Ref. [5] the decay time t of the 4D3=2
manifold in a LaF3: Nd

3þ ð0:005 wt%Þ crystal
ðWint: ¼ 1=t ¼ 2:86� 104 s�1Þ: It is an experimen-
tally established fact that multiphonon relaxation
(MR) rate practically does not depend on the
temperature in the range from 0 to 77 K: Hence,
the Nd–Ce energy transfer rate can be calculated
as WNd2CeðTÞ ¼ Wmeas:ðTÞ � Wint:: Fig. 2 shows
temperature dependence of the Nd–Ce energy
transfer rate in the CeF3: Nd

3þ crystals. As
one can see in the temperature range from 13 to
20 K the measured relaxation rate was not
changed ðW ¼ 1:5� 105 s�1Þ: Then strong increase
of the relaxation rate from W ¼ 1:5� 105 s�1 at
20 K to W ¼ 1:4� 107 s�1 at 55 K was observed.
In order to clarify the temperature-dependent
channel of the Nd–Ce energy transfer, the differ-
ence W ðTÞ � W ð13 KÞ was studied. The tempera-
ture dependent channel of Nd–Ce energy transfer
with the following cross-relaxation transitions
f4D3=2ð20Þ-2P3=2ð1Þ and 2F5=2ð2Þ-2F7=2ð10Þg with
activation energy DE ¼ 207 cm�1 and small energy
mismatch e ¼ 29 cm�1 can be considered as a main
candidate for the of Nd–Ce energy transfer in the
20277 K temperature range (Fig. 3). For a multi-
pole ion–ion interaction the temperature depen-
dence of the energy transfer rate W

i0j
DAðTÞ for

resonance mechanism can be presented by the
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Fig. 1. Fluorescence spectra of the CeF3: Nd
3þ ð0:63 wt%Þ

crystal for 330 nm excitation at T ¼ 15 K:

Table 1

The measured decay times of the 4D3=2 manifold versus temperature in CeF3 crystals for different concentrations of Nd
3þ

T ðKÞ 13.6 20.4 25.4 30.4 35.6 40.8 45.8 50.8 55.6

t ðmsÞ 0:056 wt% 6.5 6.5 4.1 1.9 0.6 0.26 0.11 0.07 —

t ðmsÞ 0:63 wt% 6.5 4.1 1.9 0.75 0.35 0.17 0.11 0.07 0.035
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following equation:

W
i0j
DAðTÞ ¼ nDðEi0 ;TÞnAðEj ;TÞ

C
i0jðsÞ
DA ðTÞ

Rs
; ð2Þ

where nDðEi0 ;TÞ is Boltzmann population of i0th
crystal field (CF) level of donor excited manifold at
specific temperature and nAðEj ;TÞ is that of jth CF
level of acceptor ground manifold; C

i0jðsÞ
DA is the

partial microefficiency of energy transfer deter-
mined by the partial overlap integral of donor
fluorescence and acceptor absorption spectra for
inter-CF transitions (s ¼ 6 for dipole–dipole, 8 for
dipole–quadrupole, 10 for quadrupole–quadru-
pole, etc.). The value of e in the measured
temperature range can be comparable with the
spectral line width of above mentioned 2-1
transitions providing non-zero overlap integral.
The thermal stimulation of resonance Nd–Ce

energy transfer rate can be compared with the
product of Boltzmann populations of the second
CF level of the 4D3=2 excited manifold of donors
ðNd3þÞ and the second CF level of the ground
manifold of acceptors ðCe3þÞ ðW ðTÞ ðNd2CeÞB
nDðE20 ;TÞnAðE2;TÞÞ normalized to the measured

Nd–Ce energy transfer rate for T ¼ 55 K: Rather
good fit with the measured values for the
temperature range 25250 K was obtained
(Fig. 2). Also, an activation energy of the tem-
perature stimulation of the Nd–Ce energy transfer
process can be found from the slope of the
measured temperature dependence ðlnW ðTÞ ¼
lnW1 � DE=kð1=TÞÞ which is equal to DE ¼
207 cm�1: It is determined by nDðE20 ;TÞ with
DE ¼ 56 cm�1 and nAðE2;TÞ with DE ¼
151 cm�1:
For the temperatures lower than 25 K large

difference between the measured Nd–Ce energy
transfer rate and the theoretical model is seen
(Fig. 2). For T-0 contribution of the resonance
channel described above is negligible. Therefore,
another mechanism should be considered for
low temperatures, e.g. phonon-assisted energy
transfer with emission of at least four phonons
ðhoeff :D365 cm�1Þ to compensate 1462 cm�1
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Fig. 3. Energy scheme of the Nd–Ce nonradiative quenching

energy transfer in a CeF3 crystal.
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Fig. 2. The measured energy transfer rates versus 1=T in the

CeF3: Nd
3þð0:63 wt%Þ crystal—open circles; in the CeF3: Nd

3þ

ð0:056 wt%Þ crystal—filled triangles; the rate of the Nd–Ce
resonance energy transfer ðWres:Þ in CeF3: Nd

3þ ð0:056 wt%Þ
calculated as Wres:ðNd2CeÞ ¼ tðTÞ�1 � t�1ð13 KÞ—open rec-
tangles, and the product of Boltzmann populations of the

second CF level of the 4D3=2 excited manifold of donors ðNd
3þÞ

and the second CF level of the ground 2F5=2 manifold of

acceptors ðCe3þÞ ðnDðE2;TÞnAðE2;TÞÞ (see Fig. 3 for energy
levels diagram) normalized to the measured Nd–Ce energy

transfer rate for T ¼ 55 K—solid line.
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energy difference for the f4D3=2ð1Þ-2Dð1Þ5=2 and
2F5=2ð1Þ-2F7=2ð40Þg cross-relaxation transitions
(Fig. 3). There is no thermal stimulation for this
mechanism in the measured temperature range,
which can be estimated in the single-frequency
model of crystal lattice vibrations using the
following equations [6]:

Wph:ass:tr:ðTÞ ¼ W0ðnðo;TÞ þ 1Þn; ð3Þ

nðo;TÞ ¼ ðexpðhoeff :=kTÞ � 1Þ�1; ð4Þ

where W0 is the phonon assisted energy transfer
rate at T ¼ 0 K (it can be considered as a
spontaneous energy transfer rate), n is the number
of phonons involved in the process; nðo;TÞ is the
population of a phonon mode of frequency o at a
temperature T described by the Bose–Einstein
distribution. The effective optical phonon for
LaF3 and CeF3 crystals can be varied from 350
to 400 cm�1: In accordance with Eqs. (3) and (4)
the thermal stimulation of the Nd–Ce energy
transfer rate in the temperature range from 13 to
77 K can be considered as a constant ðW0Þ: The
Nd–Ce energy transfer rate from phonon-assisted
energy transfer with four phonon emission can
be calculated using the following W0 ¼
1=tmeas:ð13 KÞ � Wint:¼1:25� 105 s�1 ðttr:¼8 msÞ:
Thereby, it is found that at T ¼ 13 K a four

phonon assisted Nd–Ce energy transfer together
with intra-center relaxation provides fluorescence
quenching of the 4D3=2 manifold. But at T ¼ 30 K
its rate is already lower than the rate of resonance
Nd–Ce energy transfer (see Table 2). Starting from
35 K the resonance Nd–Ce energy transfer is
dominated in the CeF3: Nd

3þ ð0:056 wt%Þ crystal.
A 315 times net growth of the rate of resonance
Nd–Ce energy transfer in the temperature range
from 25 to 55 K is found. This is equivalent to the
fall of the Nd-Ce resonance energy transfer
characteristic time from 11:1 ms at 25 K to 35 ns at
55 K: If we extrapolate the fitting curve in Fig. 2 to
77 K the energy transfer rate obtained will be
B108 s�1 or ttr will be equal to 10 ns: But even this
nanosecond characteristic time is B30 times
slower than the Nd–Nd energy transfer character-
istic time of the 4G7=2 manifold in the NdF3 crystal
at 77 K ðttr: ¼ 320 psÞ: The total Nd-Ce energy
transfer rate in CeF3 crystals from the 4D3=2

manifold for small concentrations of the Nd3þ

ions may be roughly estimated using equation
W ðTÞ ¼ W0 þ W1 expð�DE=kTÞ; with parameters
W0 ¼ 1:25� 105 s�1; W1 ¼ 6� 109 s�1 and DE ¼
207 cm�1: It is seen that for DE5kT the Nd–Ce
resonance energy transfer characteristic time may
come up to subpicosecond level ðttr: ¼ 1=W1 ¼
160 psÞ even for small and zero reduced matrix
elements of the 4D3=2-

2P3=2 transition in donor
(ðU ð2ÞÞ2 ¼ 0:0118; ðU ð4ÞÞ2 ¼ 0; ðU ð6ÞÞ2 ¼ 0 [7]). The
energy transfer characteristic time of self-quench-
ing of the 4G7=2 manifold of Nd

3þ by two 4G7=2ð2Þ;
4I9=2ð2Þ-4G5=2 þ2 G7=2ð1Þ; 4I11=2ð1Þ visible and
mid IR cross-relaxation channels ðDE ¼
132 cm�1; e ¼ 5 cm�1Þ estimated at DE5kT for
NdF3 crystal exceeds 30 ps: But here the reduced
matrix elements for 4G7=2-

4G5=2 þ2 G7=2 and
4G7=2-

4I11=2 transitions in donor are much higher
(ðU ð2ÞÞ2 ¼ 0:0575; ðU ð4ÞÞ2 ¼ 0:2251; ðU ð6ÞÞ2 ¼ 0:088
and ðU ð2ÞÞ2 ¼ 0:6273; ðU ð4ÞÞ2 ¼ 0:0959; ðU ð6ÞÞ2 ¼
0:0120; respectively). So, some correlation between
the subpicosecond and picosecond energy transfer
characteristic times and reduced matrix elements
of electronic transitions involved is observed.

3.2. Nd–Nd energy transfer

The temperature dependence of the Nd–Nd
energy transfer rates from the 4D3=2 manifold can

Table 2

The rate of the Nd–Ce resonance energy transfer ðWres:Þ in
CeF3: Nd

3þ ð0:056 wt%Þ calculated as Wres:ðNd2CeÞ ¼
tðTÞ�1 � t�1 ð13 KÞ; and the rate of Nd–Nd energy transfer
ðW ðNd2NdÞÞ calculated as W ðNd2NdÞ ¼
tðTÞ�1 ð0:63 wt%Þ � tðTÞ�1 ð0:056 wt%Þ

T ðKÞ Wres:ðNd2CeÞ ¼
tðTÞ�1 � t�1 ð13 KÞ

W ðNd2NdÞ ¼
tðTÞ�1 ð0:63 wt%Þ �
tðTÞ�1 ð0:056 wt%Þ

13.6 0 0

20.4 0 9:0� 104

25.4 9:0� 104 2:9� 105

30.4 3:73� 105 8:07� 105

35.6 1:513� 106 1:191� 106

40.8 3:692� 106 2:036� 106

45.8 8:937� 106

50.8 1:4132� 107

55.6 2:842� 107
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be obtained from the measurements of decay times
in CeF3: Nd

3þ ð0:63 wt%Þ crystal with 10 times
higher concentration of Nd3þ ions. The Nd–
Nd energy transfer rates can be simply calculated
as a difference between the measured decay
rates in CeF3: Nd

3þ ð0:63 wt%Þ and CeF3: Nd
3þ

ð0:056 wt%Þ crystals ðW ðNd2NdÞ ¼ tðTÞ�1

ð0:63 wt%Þ � tðTÞ�1 ð0:056 wt%ÞÞ (Table 2). The
thermal stimulation of the Nd–Nd energy transfer
rate can be compared with the product of
Boltzmann populations of the second CF level
ðDE ¼ 56 cm�1Þ of the 4D3=2 excited manifold of
the Nd3þ donors and the lowest CF level of the
ground 4I9=2 manifold ðDE ¼ 0Þ of the Nd3þ

acceptors ðW ðTÞðNd2NdÞBnDðE20 ;TÞnAðE1;TÞÞ
(see Fig. 4 for energy levels diagram) normalized
to the measured energy transfer rate for T ¼ 20 K
(solid line in Fig. 5). The energy mismatch e for the
respective cross-relaxation transitions in the IR
f4D3=2ð20Þ-2P3=2ð1Þ; 4I9=2ð1Þ-4I11=2ð1Þg and the
visible f4D3=2ð20Þ-4I11=2ð1Þ; 4I9=2ð1Þ-2P3=2ð1Þg

spectral ranges is equal to 6 cm�1: A resonance
energy transfer can be easily provided by this
channel. The contribution of a cross-relaxation
channel in the visible spectral range seems to be
negligible because of much smaller reduced matrix
elements U ðkÞ of visible absorption 4I9=2-

2P3=2
transition ððU ð2ÞÞ2 ¼ 0; ðU ð4ÞÞ2 ¼ 0:0014; ðU ð6ÞÞ2¼
0:0008Þ in comparison with the IR 4I9=2-

4I11=2
one ððU ð2ÞÞ2 ¼ 0:0195; ðU ð4ÞÞ2 ¼ 0:1073; ðU ð6ÞÞ2 ¼
1:1653Þ: As one can see the measured values of
Nd–Nd energy transfer rates lie higher than the
constructed curve for the temperatures higher than
20 K: It may be attributed to an increase of
microefficiency of energy transfer ðCij

DAðTÞÞ (see
Eq. (2)) from an increase of overlap integral with
temperature [8].
Thereby, in 20240 K temperature range sig-

nificant contribution of the Nd-Nd energy
transfer to 4D3=2 quenching by resonance mechan-
ism was found in a CeF3: Nd

3þ ð0:63 wt%Þ crystal.
Also, it is found that at T ¼ 20 K in the
CeF3: Nd

3þ ð0:63 wt%Þ crystal the contribution
of resonance the Nd–Nd energy transfer to the
4D3=2 manifold quenching is comparable with
phonon assisted the Nd–Ce energy transfer. At
25 K all three energy transfer processes: phonon

Nd3+
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Fig. 4. Energy scheme of the Nd–Nd nonradiative self-quench-

ing in a CeF3 crystal.
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Fig. 5. The Nd–Nd nonradiative energy transfer rates versus

temperature calculated as W ðNd2NdÞ ¼ tðTÞ�1 ð0:63 wt%Þ �
tðTÞ�1 ð0:056 wt%Þ-filled circles, and the product of Boltzmann
populations of the second CF level of the 4D3=2 excited

manifold of donors ðNd3þÞ and the lowest CF level of the

ground 4I9=2 manifold of acceptors ðNd
3þÞ ðnDðE2;TÞnAðE1;TÞÞ

(see Fig. 4 for energy levels diagram) normalized to the

measured energy transfer rate for T ¼ 20 K—solid line.
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assisted Nd–Ce energy transfer with 4 phonon
emission, the Nd–Ce and the Nd–Nd resonance
energy transfer have comparable contributions to
the 4D3=2 manifold quenching. At T ¼ 30 K the
resonance quenching Nd–Nd energy transfer is
dominated. Because concentration of the Nd3þ

acceptors is 2 orders of magnitude lower than Ce3þ

one can conclude that at 30 K the efficiency of
resonance Nd–Nd energy transfer is more than
2 orders of magnitude higher than the Nd–Ce
energy transfer. Starting from 30 K the resonance
Nd–Ce energy transfer rate growths faster than
that Nd–Nd. This is evident from strong increase
with the temperature of population of the second
lowest Stark (CF) level of the ground 2F5=2
manifold of the Ce3þ acceptors and decrease of
population of the lowest Stark level of the ground
4I9=2 manifold of the Nd

3þ acceptors. As a result at
45 K the contribution of the Nd–Nd resonance
energy transfer to the 4D3=2 manifold quenching
becomes negligible in comparison with the Nd–
Ce resonance energy transfer even in the
CeF3: Nd

3þ ð0:63 wt%Þ crystal with relatively high
concentration of Nd3þ: However, for DE5kT

rough estimation of the Nd–Nd energy transfer
characteristic time from the 4D3=2 manifold in the
NdF3 crystal gives subpicosecond value. Alterna-
tively, estimated for DE5kT from results of
Ref. [9] the energy transfer characteristic time of
the 4F3=2 metastable state self-quenching in the
NdF3 crystal by the

4F3=2ð2Þ; 4I9=2ð1Þ-4I15=2ð1Þ;
4I15=2ð1Þ IR cross-relaxation channel ðDE ¼
42 cm�1; e ¼ 3 cm�1Þ do not exceed microsecond
value. But this channels have mostly zero or very
small reduced matrix elements for both the
4F3=2-

4I15=2 ððU ð2ÞÞ2 ¼ 0; ðU ð4ÞÞ2 ¼ 0; ðU ð6ÞÞ2 ¼
0:0288Þ transition in donor and the 4I9=2-

4I15=2
ððU ð2ÞÞ2 ¼ 0; ðU ð4ÞÞ2 ¼ 0:0001; ðU ð6ÞÞ2 ¼ 0:0453Þ
transition in acceptor. This result confirms corre-
lation between the energy transfer characteristic
times and reduced matrix elements U ðkÞ of
electronic transitions involved.

4. Conclusion

Based on the measured temperature dependence
mechanisms and channels of the Nd-Ce non-

radiative energy transfer have been proposed for
the CeF3: Nd

3þ crystals. At 13 K the relaxation
rate of the 4D3=2 manifold is determined only
by intra-center relaxation and phonon-assisted
energy transfer with four-phonon emission
f4D3=2-2Dð1Þ5=2 and

2F5=2ð2Þ-2F7=2ð40Þg: In the
CeF3: Nd

3þ ð0:056 wt%Þ crystal the resonance
mechanism of Nd–Ce energy transfer by the
f4D3=2ð20Þ-2P3=2ð1Þ and 2F5=2ð2Þ-2F7=2ð10Þg
cross-relaxation transitions with DE ¼ 207 cm�1

and the energy mismatch e ¼ 29 cm�1 is domi-
nated for the temperatures higher than 30 K: The
net growth of the resonance Nd-Ce energy
transfer rate in the temperature range from 25 to
55 K is found to be almost 3 orders of magnitude
from 9:0� 104 to 2:84� 107 s�1: Analysis of the
measured temperature dependence shows that for
DE5kT the Nd–Ce resonance energy transfer
characteristic time may come up to subpicosecond
level ðttr: ¼ 1=W1 ¼ 160 psÞ: On the other hand,
the energy transfer characteristic time of self-
quenching of the 4G7=2 manifold of Nd

3þ by two
4G7=2ð2Þ; 4I9=2ð2Þ-4G5=2 þ2 G7=2ð1Þ; 4I11=2ð1Þ visi-
ble and mid IR cross-relaxation channels with
DE ¼ 132 cm�1 and e ¼ 5 cm�1 estimated at
DE5kT for NdF3 crystal exceeds 30 ps: Higher
picosecond rate of energy transfer in the later case
correlates well with the larger reduced matrix
elements of electronic transitions in donor in
comparison with the Nd–Ce subpicosecond energy
transfer. Nevertheless, it is found that in the
ordered crystals the subpicosecond rates of energy
transfer can be realized even for small and zero
reduced matrix elements U ðkÞ of donor electronic
transitions.
In a CeF3: Nd

3þ ð0:63 wt%Þ crystal a significant
contribution of the Nd-Nd resonance energy
transfer to the 4D3=2 manifold quenching by
the f4D3=2ð20Þ-2P3=2ð1Þ; 4I9=2ð1Þ-4I11=2ð1Þg inter-
multiplet Stark–Stark cross-relaxation transitions
lying in the IR spectral range with DE ¼ 56 cm�1

and the energy mismatch e ¼ 6 cm�1 is found for
20240 K: At 45 K the contribution of Nd-Ce
nanosecond resonance energy transfer to the total
4D3=2 manifold decay becomes dominated in this
crystal, too.
Also, for DE5kT the energy transfer character-

istic time of subpicosecond value for the Nd–Nd

Yu.V. Orlovskii et al. / Journal of Luminescence 101 (2003) 211–218 217



energy transfer from the 4D3=2 manifold is
estimated for NdF3 crystal. Alternatively,
estimated for DE5kT the energy transfer char-
acteristic time of the 4F3=2 metastable state
self-quenching in the NdF3 crystal by the
4F3=2ð2Þ; 4I9=2ð1Þ-4I15=2ð1Þ; 4I15=2ð1Þ IR cross-
relaxation channel ðDE ¼ 42 cm�1; e ¼ 3 cm�1Þ
do not exceed microsecond value, which correlates
with zero and small values of reduced matrix
elements of both donor and acceptor electronic
transitions involved into energy transfer.
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