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Energy transfer processes in compounds NaGd,_,Eu,TiO, (0 < x <1) have been
evaluated. It is shown that in these compounds energy migration to quenching centres
occurs down to the lowest temperatures if x > 0.3. Transfer from intrinsic Eu** ions to
extrinsic Eu®* ions has been observed. The nature of quenching centres and trap centres
has been clarified. The characteristics of the energy migration processes can be explained
using a two-dimensional diffusion model. The temperature dependence of the hopping rate
can be explained assuming phonon-assisted energy transfer.

1. Introduction

In the last decade the luminescence of concentrated rare-earth systems has
been studied extensively. Especially the luminescence of neodymium com-
pounds in which concentration quenching is ineffective has been a subject of
research because of their possible application as minilasers.

Recently Kellendonk and Blasse reported on the luminescence and energy
transfer characteristics in EuAl;B,O,, (ref. [1]). They observed migration of
the excitation energy through the Eu®* sublattice above 60 K. However, no
migration could be detected at lower temperature. This was ascribed to the fact
that at low temperatures only the ’F, ground state is populated. The process of
energy migration within the Eu®* system involves the decay of one ion from an
energy level i to f accompanied by the simultaneous excitation of a nearby ion
from i’ to f'. The theory for the energy transfer process was initially developed
by Forster [2] and later extended by Dexter [3]. For multipolar coupling the
probability of energy transfer depends on the probability of the multipolar
transitions on the ions involved (i to f and i’ to f’). For Eu®** at low
temperatures the only resonant transition giving rise to energy transfer is
’D, =F,. This transition is strongly forbidden which makes transfer at low
temperatures very improbable. As the temperature is increased, higher-lying
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'F, levels are thermally populated and additional resonant transition pairs
become possible (°D, = 'F,; °D, = 'F,).

It is known that in some compounds the D, = F, transition is not strictly
forbidden [4,7]. This can be explained by the presence of a linear crystal field
at the rare-earth site in these compounds [8]. The aim of the present investiga-
tions is to study the effect of a linear crystal field at the Eu®* site on the
energy migration within the Eu®* sublattice. Especially the transfer character-
istics at low temperatures are interesting, because the D, = "F, transition is no
longer strictly forbidden.

We investigated the luminescence properties of powder samples of
NaGd, _ Eu,TiO, (0 < x < 1) using laser site-selection and time-resolved spec-
troscopy. An idealized crystal structure of the sodium lanthanide titanates has
been proposed by Blasse [9]. This structure is presented in fig. 1. According to
this description these compounds have the Sr,TiO, (or K,NiF,) structure with
long-range order between the Na® and Ln** ions on the Sr?* sites. The
luminescence properties of some Eu®*-activated lanthanide titanates were
described in [10]. The results of these investigations could be explained by the
proposed crystal structure. For two reasons these compounds seemed to be
interesting hosts for studying migration among Eu" ions:

(a) With the proposed crystal structure they contain only one crystallo-
graphic lanthanide site with a symmetry (C,,) which lifts the 'F,=°D,
selection rule;

Fig. 1. Idealized crystal structure of NaEuTiO,. Black circles: Ti**; open circles 0?27 ; circles
hatched with lines: Na*; circles hatched with dots: Eu*.
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(b) The shortest Eu—Eu distance is rather short, viz. 3.7 A.

With laser site-selection and time-resolution techniques it was possible to
monitor in a powder of NaEuTiO, energy migration among the intrinsic Eu**
ions to extrinsic Eu** ions down to the lowest temperatures (1.2 K). This
migration is also evident from the concentration quenching which occurred at
all temperatures. By analyzing the decay curves we obtained values for the
diffusion constant of the energy migration within the Eu** system.

2. Experimental

All measurements described in this article were performed on powdered
samples. The compounds were prepared by firing intimate mixtures of Na,CO,
(anhydrous), Eu,0,, Gd,0, and TiO, at 1050°C in dry air. An excess amount
of Na,CO, (7.5 wt%) was needed to compensate for evaporation losses. All
samples were checked by X-ray powder diffraction using CuK « radiation.

For the low-temperature measurements the samples were immersed into
liquid helium in a Thor bath cryostat (S-100). The temperature of the samples
could be regulated between 1.2 K and room temperature using a temperature
controller (Thor cryogenics models 3020 II). The temperature was measured
using a Fe/Rh resistance thermometer.

For the performance of the emission spectra a tunable dye laser (Molectron
DL 200) pumped with a nitrogen laser (Molectron UV 14) was used as an
excitation source. The laser generated a pulse with a peak power of 30 kW and
a width of about 10 ns. For all measurements the laser was set at a fixed
repetition rate of about 40 Hz. The resolution of this equipment amounts to
0.03 nm at 600 nm (about 1 cm™'). The emission of the laser-excited samples
was focused on the entrance slit of a Spex 1704X high-resolution monochroma-
tor and detected by a cooled photomultiplier (RCA type C31034). To record
the time-resolved spectra a PAR model 162 /165 boxcar averager was used. A
Philips PM 2436 multimeter was used for time averaging and amplification of
the photomultiplier signal in order to record time-integrated emission and
excitation spectra. Decay curves were recorded using the above-mentioned
photomultiplier and an ORTEC photon-counting system (ORTEC 9301 fast
preamplifier, ORTEC 574 fast timing amplifier and the ORTEC 436 100 MHz
discriminator) in combination with a fast Nicolet model 1170 multichannel
analyzer. Intensity-versus-time data could be recorded and processed in 1024
channels with a maximum resolution of 1 ps per channel. The intensity
measurements were performed on a Perkin—Elmer spectrofluorometer (MPF-
3L) equipped with an Oxford Instruments CF 100 liquid helium flow cryostat
and Hamamatsu R 928 photomultipliers (spectral resolution ~ 1 nm).
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3. Results
3.1. Spectral properties

The excitation spectrum of the Eu'* emission of NaEuTiO, consists of a
broad band with a maximum at 310 nm and lines in the region 350 to 600 nm.
For lower concentrations of Eu’* the band shifts to shorter wavelengths. This
effect has already been described in [10). At low Eu** concentrations (x < 0.1)
the band corresponds to the absorption of the exciting radiation by the TiO,
groups followed by energy transfer to Eu’*. At higher concentrations the
charge-transfer band of the Eu’* ion dominates. The lines in the region 350 to
600 nm correspond to transitions within the 4f® configuration of Eu**.

Figure 2 shows the emission spectrum of NaEuTiO, recorded at 4.2 K under
high resolution. A dye laser was used as an excitation source and the excitation
wavelength was 396.8 nm. As shown by Linarés and Blanchard [11] for the
emission spectra of NaLnTiO,: Eu (Ln = Gd, Y or Lu), more transitions can
be observed in the emission spectrum of NaEuTiO, recorded with high
resolution than reported in [10]. Apparently the site symmetry of the intrinsic
Eu*" ions is lower than C,,. This is probably related to the fact that the Ti**
ion is off-centre, which can be concluded from the infrared and Raman spectra
[12]. A structure refinement has to be performed to elucidate this effect. The
emission spectrum consists of transitions from the °D, level to the ’F,
manifold. The emission from higher *D states could only be observed for
samples containing concentrations of Eu** ions with x < 0.3. The absence of

100
!
—
D
zZ
w
-
Z
50
[
2 {
2 +
]
l&l 596 593 590 587
fo) e . /\J.‘ /\J‘k A
720 700 660 640 620 600 580

«<— \(nm)

Fig. 2. Emission spectrum of NaEuTiO,, recorded at 4.2 K (excitation wavelength 396.8 nm). The
insert gives the part of the emission spectrum around 590 nm. The arrows indicate the satellite
lines.
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’D, and °D, lines in the Eu’* emission of NaEuTiO, is due to cross
relaxation.

In addition to the absence of °D, and >D, lines in the emission spectrum of
NaEuTiO, there is another difference in comparison with the emission spec-
trum of NaGdg¢eEu 4, TiO,. In the emission spectrum of NaEuTiO, we can
clearly distinguish weak lines in the vicinity of most of the main lines (e.g.
those near 589.7 and 592.6 nm). These lines could be detected in the spectra of
the samples with high Eu** concentrations. The presence of these so-called
“satellite” lines indicates that there are different types of Eu’* ions.

In order to obtain information on the types of Eu** ions we recorded the
excitation spectra for the Dy, —’F, main emission line (616.9 nm) and a
satellite line (615.9 nm) of NaGd 4o Eu,TiO, in the "F, — *Dj, spectral range.
The results are shown in fig. 3. The excitation spectrum of the main line (fig.
3a) consists of one sharp line at 580.75 nm without any observable satellite
lines. The linewidth of this transition is 2.4 cm ™!, The excitation spectrum of
the satellite line at 615.9 nm shows the same main line, but also at least three
satellite lines (see fig. 3b). This suggests the same number of different Eu®*
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Fig. 3. Excitation spectra of the emission of NaGdggoEugTiO,, recorded at 4.2 K in the
’F, — 3D, spectral region. (a) Emission wavelength 616.9 nm; (b) Emission wavelength 615.9 nm.
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ions. The broadening of the lines is due to a lower resolution of the optical
equipment because of the low intensity of the emission at 615.9 nm. The main
line is also monitored in the latter case because of the large slit width and the
coincidence of a main line with the satellite line (see below). When the same
excitation spectra were recorded for NaEuTiO,, even the excitation spectrum
of the 616.9 nm main line showed satellite lines in the vicinity of the main
excitation peak (see fig. 4a). The main peak has the same position as for
NaGd,, g¢Eu,TiO,. The linewidth is 5.2 cm . The excitation spectrum of the
satellite line at 615.9 nm shows a main line at higher wavelength, and the
excitation line of the intrinsic emission. Figures 3b and 4b show that there is a
difference in relative intensity between the satellite peaks and the intrinsic peak
in NaGd 4FEu,,,TiO, and in NaEuTiO,. This is probably due to concentra-
tion quenching of the intrinsic emission (see below).

We used a tunable dye laser to excite selectively the intrinsic Eu** ion with
the ’F, =°D, line at 580.75 nm and the extrinsic Euv’* ion with the 580.95 nm
line. Figure 5 shows parts of the D, —’F, emission spectra of the two Eu**
centres. These overlap strongly which explains the observations mentioned
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Fig. 4. Excitation spectra of the emission of NaEuTiOy, recorded at 4.2 K, in the "F, - 5D,
spectral region. (a) Emission wavelength 616.9 nm; (b) Emission wavelength 615.9 nm.
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Fig. 5. °D, > "F, emission spectra of different Eu’* ions in NaEuTiO, upon narrow line
excitation, T = 4.2 K. Continuous line: spectrum of the intrinsic Eu®* ions (excitation wavelength
580.75 nm). Dashed line: spectrum of the extrinsic Eu®* ions (excitation wavelength 580.95 nm).

above. The relative intensities and the position of the various lines are different
for the two types of Eu®* ijons.
Figures 6 and 7 show the excitation spectra of the emission of the intrinsic
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Fig. 6. Excitation spectra of the emission of NaEuTiO, in the ’F, — 3D, spectral region, at 4.2 K.
(a) Emission wavelength 580.75 nm; (b) Emission wavelength 580.95 nm.
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Fig. 7. Excitation spectra of the emission of NaGd, _, Eu,TiO, in the "F, — D, spectral region,
T=42K, as a function of x. The emission wavelength is 616.9 nm.

and the extrinsic Eu’* ions in NaEuTiO, at 4.2 K in the "F, —°D, spectral
region. Figure 7a shows this excitation spectrum for emission wavelength 616.9
nm. Figure 6a represents the excitation spectrum of the intrinsic Eu** ions.
The number of peaks (3), their positions and relative intensities are in
agreement with the results of measurements on NaGd ¢oEu,,TiO, and with
the results of Linarés and Blanchard [11]. Figure 6b shows the excitation
spectrum of the extrinsic Eu®* ion. The number of peaks is not easy to
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determine, but seems to be 4. The intrinsic Eu** ion peaks at 527.3 and 527.7
nm can be recognized in this spectrum. Their presence, if not due to the larger
slit width, indicates only a small amount of energy transfer from the intrinsic
Eu’* ions to the extrinsic Eu®* ions.

In order to determine the concentration of extrinsic Eu’” ions with ’F, —°D,
excitation line at 580.95 nm, we recorded the emission spectra of
NaGd, ¢Fu,,,TiO, and NaEuTiO, at 4.2 K upon site-selective excitation of
these ions. If an equal absorption strength is assumed for the 'F, —°D,
transitions of the two different Eu’* ions, the concentration of extrinsic ions
can be estimated from the emission spectra. For NaGd 4 Eu,,TiO, it was
found that about 1% of the Eu** ions was incorporated as extrinsic ions,
whereas the concentration of extrinsic Eu** ions in NaBuTiO, was 10% of the
total amount of Eu®* ions. This discrepancy between the estimates of the
concentration must be ascribed to concentration quenching of the intrinsic
emission in NaEuTiO,, as will be discussed below. No noticeable difference
between the X-ray diffraction and the infrared spectra of both compounds
could be observed. The estimate for the diluted system seems to be the more
reliable one.

The influence of the Eu®* concentration in NaGd,_, Eu TiO, on the
relative intensities of the peaks is illustrated in fig. 7, which shows the
excitation spectra of the 616.9 nm emission line at 4.2 K for different Eu**
concentrations. In fig. 7a the excitation spectrum of NaEuTiO, is shown. The
excitation spectrum of NaGd;Eu,,TiO, (fig. 7b) differs hardly from the
spectrum of NaFEuTiO,. Figure 7c presents this excitation spectrum in the case
of NaGd,4Eu,TiO,. This spectrum resembles the 'F,—°D, excitation
spectrum of the intrinsic Eu®* ions in NaEuTiO, (see fig. 6b). Only at 527.8
nm a small satellite line can be observed. The increase of the satellite lines
relative to the main lines with increasing value of x is due to concentration
quenching of the main line emission (see below).

From fig. 1 it is clear that the lanthanide and the sodium ions form double
layers perpendicular to the c-axis. The difference in charge between these
layers is probably compensated by a shift of the Ti** ions towards the Na*
ions. As stated above this is supported by the observed position of the Ti-O
stretching band in the infrared and Raman spectrum [12]. Due to this shift the
Ti** are five instead of six coordinated. It seems not unreasonable to assume
that the extrinsic Eu®>* ions may originate from a slight deviation from the
perfect superstructure. One extrinsic Eu>* ion is then an Eu’* ion in the Na*
layer, another is a Eu** ion next to a Na* ion in the Eu®* layer.

3.2. Energy transfer

3.2.1. Concentration and temperature dependence of the luminescence
A clear indication for energy migration is the observation of concentration
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quenching of the intrinsic emission. Powders with composition
NaGd, _,Eu,TiO, (0 < x < 1) were prepared and the time-integrated emission
spectrum of each of the samples was recorded in the region between 8 K and
300 K (excitation wavelength 397 nm). The integrated emission intensity of the
D, = "F, (0 <J < 4) transitions was determined for each sample.

Figure 8 presents the integrated emission intensities of NaGd, _ Eu TiO, as
a function of x at 8§ K and 300 K. It is clear that concentration quenching is
observed at both temperatures. At higher temperatures the emission intensity
of samples with x > 0.5 was only a few percent of that of the sample with
x = 0.3. At 8 K this percentage was about 30. The sample with x = 0.3 gives a
bright luminescence at room temperature. Figure 9 presents the temperature
dependence of the integrated emission intensity of NaEuTiO, (excitation
wavelength 397 nm). This figure shows that in the temperature region between
8 K and 60 K the emission intensity decreases rapidly. Above 80 K the
intensity reaches a constant value of about 2% of the maximum value at 8 K.
This phenomenon was only observed for samples with europium concentra-
tions of x > 0.5. The emission intensity of samples with lower Eu®* concentra-
tions decreases slowly with increasing temperature: the intensity at 300 K is
about 50% of the intensity at 8 K. Concentration quenching can be explained
by excitation energy migration among the intrinsic Eu** ions to quenching
centres. At low temperatures the presence of concentration quenching excludes
an important role of the extrinsic Eu** ions in trapping the migrating
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Fig. 8. The relative intensities of the Eu>* emission of NaGd, _, Eu TiO, as a function of x at 300
K and 8 K.
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Fig. 9. The temperature dependence of the emission intensity of NaEuTiO, (excitation wavelength
397 nm).

excitation energy. Also in section 3.1 several spectra point to the predominant
role of quenching centres above trap centres. The temperature dependence of
the intensity of the luminescence in the concentrated systems can be explained
by assuming a temperature dependence of the migration probability, as will be
discussed below.

Transition metal ions are potential impurities in titanium oxide. Some of
these ions are well-known quenchers of Eu’* emission. Atomic absorption
analysis showed that iron is the main impurity in our samples. Its concentra-
tion was found to be relatively high (~ 0.1 wt%).

3.2.2. Time dependence of the luminescence

A third experiment to investigate the energy migration in NaEuTiO, is the
measurement of time-resolved spectra of the emission. To monitor any possible
energy transfer we measured at 4.2 K spectra as a function of time in the range
5 us to 2 ms after the excitation pulse. Figure 10 shows, as an example, the
time dependence of the *D, —’F, emission upon selective laser excitation of
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Fig. 10. The time dependence of the emission spectrum after excitation in the intrinsic Eu** ions
in NaEuTiO, at 4.2 K. ¢ indicates the time after the excitation pulse.

the intrinsic Eu** ions. The spectrum recorded 5 us after the laser pulse
resembles the D, —7F, emission spectrum of the intrinsic Eu** ions (see fig.
5). However, with increasing time after the laser pulse, we could observe a
buildup of the lines associated with the extrinsic ions at the expense of those of
the intrinsic ions. The spectrum recorded 500 ps after the pulse had the same
shape as the D, —F, emission spectrum of the extrinsic Eu** ions (see fig.
5). The integrated emission intensity of this spectrum was only a few percent of
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the intensity of the spectrum recorded 5 ps after the pulse. This indicates that
most of the intrinsic emission is quenched. It seems reasonable to conclude
that energy transfer from the intrinsic Eu** ions to the extrinsic Eu** ions is
responsible for the transient behaviour of the emission in all samples with high
Eu’* concentrations (x > 0.6). It should be stressed that the concentration
quenching experiments show that the greater amount of the excitation energy
reaches the quenching centres, and only a small part the extrinsic Eu** ions.
We also studied the time-resolved spectra after excitation of the extrinsic ions
in NaEuTiO,. At low temperatures no energy transfer to intrinsic Eu** ions
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Fig. 11. Decay curves of the intrinsic Eu** emission (616.9 nm) in NaEuTiO, at 1.2 K and 27.5 K
(excitation wavelength 580.75 nm).
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could be detected. The extrinsic Eu®* ions seem to trap the excitation energy.
At higher temperatures the intensity of the luminescence became too weak to
allow any interpretation.

The decay characteristics of the D, emission were investigated as a function
of temperature both for NaGdg4Eu,,,TiO, and for NaEuTiO,. For the
former the decay curves after excitation in *Dj, are exponential in the tempera-
ture region under study. The decay time at 1.2 K was 920 us and remained
constant up to 300 K. The decay curves of the emission of the intrinsic Eu**
ions in NaEuTiO, were recorded for excitation into the intrinsic Eu®* ions.
The decay curves show a deviation from exponential behaviour in the whole
temperature region (1.2-300 K). Even for long times after the laser pulse the
decay curves are not exponential. Figure 11 shows the decay curves of the
intrinsic emission at 1.2 K and at 27.5 K. The plotted lines are theoretical fits.
As will be discussed below, these curves point to energy migration through the
Eu®* sublattice.

4. Discussion

From fig. 8 it follows that the quenching of the luminescence in
NaGd, _, Eu,TiO, powders occurs about x = 0.3 at 300 K. Apparently energy
migration among the Eu®' ions becomes of influence above x =0.3. The
quenching can be ascribed to loss of migrating excitation energy at a quench-
ing centre. We approximated the quencher concentration by the value of the
total iron concentration found by the analysis, viz. 0.5 at%.

The time development of the intrinsic luminescence following pulsed excita-
tion can be used to distinguish between several cases of transfer. Provided the
lifetime of the excited state is known, information about transfer between
intrinsic 1ons and between intrinsic and extrinsic ions can be obtained by
fitting the intrinsic decay curve to appropriate theoretical expressions. These
expressions are described extensively in refs. [13-18]. As stated before the
lanthanide ions form double layers perpendicular to the c-axis. The distance
between these layers (~ 10 A) is considerably larger than the distance between
two lanthanide ions in the layers (~ 3.7 A). Because of the reciprocal depen-
dence on R in the case of multipole—multipole interaction (R™% R~% R™'%)
and the exponential dependence on R (exp(— R /L)) in the case of exchange
interaction, the interaction strengths between ions in different layers must be
orders of magnitude smaller than between nearest neighbours.

This implies that migration among Eu** ions occurs in the double layers.
For this reason we tried to fit the experimental results to a two-dimensional
diffusion model. In this case the intrinsic decay will be non-exponential for all
times after the excitation pulse. Neglecting back transfer from trap or killer
ions to the intrinsic ions the equation to describe the integrated intensity at
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time ¢ after the excitation pulse has the asymptotic limit for z — oo (ref. [13]):

(1) = 1(0) exp(—p,t)(4mc,a2Dt) ', (1)

where I(0) is the integrated intensity at +=0, p, is the radiative decay
probability, ¢, is the total concentration of traps and killers, a is the lattice
constant and D the diffusion constant. This equation is only valid for the limit
¢, — 0. Although the total concentration of traps and killers is relatively high
in NaEuTiO,, we used eq. (1) as an approximation. Figure 11a shows the
decay curve of the intrinsic emission at 1.2 K and the two-dimensional
diffusion fit. For the radiative rate we have used p, = 1090 s~ !, the decay rate
for the isolated Eu’* ions in NaGd , 4o Eu , TiO,. The value of ¢, was taken as
5.5% 10" cm™? and that of a = 3.7 A. From fig. 8 it is obvious that most of
the migrating excitation energy is lost at killer sites. For this reason ¢, is
approximately constant with varying temperature. Figure 11b presents the
decay curve at 27.5 K. The solid line represents the best fit using the
two-dimensional diffusion model. P,, ¢, and a were given the same values as
for fig. 11a.

As has already been stated, eq. (1) is only valid for long times after the
excitation pulse. From figs. 11a and 11b it is obvious that the two-dimensional
diffusion fit gives reasonable result in the expected region. All decay curves
recorded at various temperatures in the region between 1.2 K and 300 K could
be fitted using a two-dimensional diffusion model. We conclude therefore that
we are dealing with two-dimensional diffusion-limited energy migration.

From the fits on the decay curves it was possible to calculate the diffusion
constant D. For the decay at 1.2 K we obtain D=8 X 107! ¢cm? s™'. For the
decay at 275 K, D=3%x10"%cm?* s, At 300 K, D=2x10"%cm?s™". A
comparison with the room temperature values of D = 8 X 1071 cm? s ™! found
for EuAl,B,0,, (ref. [1]) and D=12%10"° cm? s~' found for Tb,Al,0,,
(ref. [19]) shows that our D value at 300 K is relatively high. This could be due
to the fact that the nearest neighbour distance in NaEuTiO, is relatively short.

From the diffusion constant we can calculate the hopping time (¢y)
according to ref. [20]:

ty=a’/4D. (2)
The number of steps (n) given by [20]
n= Tr/TH (3)

is 200 at 1.2 K, 8 X 10° at 27.5 K and 5 X 10¢ at 300 K.

Figure 12 shows the temperature dependence of the hopping rate (1,/t,, =
K ;) among intrinsic Eu®* ions in NaFuTiO,. The hopping rate increases
linearly with temperature in the region 1.2-20 K. From 20 K up to 35 K it

increases very rapidly. At higher temperatures the hopping rate becomes
approximately constant.
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Fig. 12. The temperature dependence of the hopping rate within the intrinsic Eu®* system in
NaEuTiO,. See text for explanation of the theoretical line.

Kellendonk and Blasse [1] explained the temperature dependence of the
diffusion constant by thermal population of the 'F, and ’F, levels. Since the
lowest 'F, level lies at relatively high energy (252 cm ™), this process is not
very likely below 60 K. Because no obvious thermal line broadening could be
observed, the increase of the diffusion constant cannot be explained by an
increase of the spectral overlap.

The most probable explanation is that the temperature dependence is due to
energy mismatch between the intrinsic Eu** ions. As a result of random strains
and defects present to varying degrees in solids, not all of the intrinsic Eu?*
ions are in identical environments, so that inhomogeneous broadening of the
energy levels and of optical transitions between these levels occurs. This energy
mismatch can affect strongly the energy migration among the intrinsic Eu®*
ions. Thus is especially true at low temperatures where homogeneous linewidths
are narrow and spectral overlap between neighbouring ions in a randomly
strained system is in many cases negligible. Homogeneous linewidths of optical
transitions in rare-earth ions at low temperatures are of the order of MHz
(~107% cm ™ '), whereas the observed linewidths of the ’F, = °D, transition in
Eu’* in NaEuTiO, are of the order of THz. So, the temperature dependence of
the diffusion constant should be explained by the fact that the interactions
between donor ions are phonon assisted.

The theory of phonon-assisted energy transfer was first developed by
Orbach [21] and then worked out in detail by Miyakawa and Dexter [22],
followed by Holstein et al. [23,24]. We have tried to fit the experimental data
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presented in fig. 12 to the general equation
ky=Acoth (B/T)+ Cexp(—A/kT)+ DT?+ ET’. (4)

The first term represents the one-phonon assisted process. The second term
shows the temperature dependence of the so-called Orbach process. The third
and fourth term represent the two-site and the one-site Raman process.

The best fit is presented in fig. 12 and was obtained using the following
equation:

ky =A coth(AE/2kT)+ BT, (5)

with 4=15%10° s B=95%10"%s"! K™7 and AE=2.3 cm™'. This
implies that at low temperatures the one-phonon process dominates while at
higher temperatures (7 > 20 K) the one-site Raman process become more
important.

The probability of the direct process depends strongly on the so-called
coherence factor |exp(igr, ;) — 1)? (ref. [25]). In order to calculate this coherence
factor one needs to know the Debye temperature of the compound. We
estimated T, by giving it the value of the Debye temperature of SrTiO,, viz.
240 K (ref. [26]). For r,; = 2a the coherence factor becomes ~ 1%. This makes
the direct process not very probable, but not impossible. The final value of the
transfer rate depends on the product of the coherence factor and a prefactor.
This factor depends on the interaction strength, the coupling of the ground
states and the excited states with the phonons and other factors. Since it is
extremely difficult even to estimate the prefactor, it is impossible to calculate
the transfer rate.

One should realize that eq. (5) is a very rough estimation to describe the
temperature dependence of the hopping rate. Figure 12 suggests that the
one-phonon process occurs, but it is hard to prove. In fig. 2 we observe a
deviation from the theoretical fit starting at 7 ~ 35 K. According to [24] the T’
law is only valid for temperatures T < T, /7. With T, =240 K this would
mean that 77<35 K. We have no explanation for the higher-temperature
behaviour.

Because the nature of the interaction is not known, we cannot prove that the
energy migration at low temperatures is due to the linear crystal field.
However, there is no doubt that energy migration among the Eu’* ions in
NaEuTiO, takes place down to the lowest temperatures (1.2 K). Studies on
similar systems are being performed.
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