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Energy Migration in a Two-Dimensional Eu3* Compound:

EUM9A|11019

M. BUILJS* anDp G. BLASSE

Solid State Department, Physical Laboratory, University of Utrecht,
P.O. Box 80,000, 3508 TA Utrecht, The Netherlands

Received October 22, 1986

Energy-transfer processes in EuMgAl; 0,9, which has a two-dimensional Eu?* sublattice, have been
evaluated. The Eu?* ion occupies at least four different sites, between which energy transfer occurs.
Above 17 K energy migration occurs over the Eu** sublattice to quenching centers. The characteristics
of this process can be explained using two-dimensional migration models. In the region up to 80 K the

migration proved to be a two-site nonresonant two-phonon-assisted process.

1. Introduction

The influence of structural peculiarities
of a system on the dynamics of optical exci-
tations in that system is of current interest.
Much work has, for instance, been per-
formed on energy migration in one- and
two-dimensional systems, both theoreti-
cally (see Refs. (I-6) and Refs. therein) and
experimentally (see Refs. (7-10) and Refs.
therein). The effect of the dimensionality
on energy migration in rare-earth com-
pounds has been dealt with in our labora-
tory (11-13).

In this paper we report on our investiga-
tions on energy migration in EuMgAl;;Oqs.
The Eu’* sublattice of this compound is
two-dimensionally ordered: the Eu* ions
are situated in planes perpendicular to the
c-axis. This is illustrated in Fig. 1, which
gives the unit cell of EuMgAl;;O. The
structure is of the magnetoplumbite type
(PbFe;;0y9) (I4, 15), where Eu®* substi-
tutes for Pb?*, and Mg2* and AI** substitute
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for Fe**. The rare-earth ions lie in mirror
planes which separate the spinel blocks.
The separation between two neighboring
Euw* ions in one plane is 5.6 A, compared
to 12 A between two neighboring Eu?* ions
in different planes. In view of the distance
dependence of the interaction responsible
for energy transfer between two Eu?* ions,
one expects the energy migration to be con-
fined to the Eu?* planes. A comparable situ-
ation was encountered in NaEuTiO, (16),
where the Eu**—Eu3* separation is 3.7 A in
the plane and 10 A between the planes. In
this compound the energy migration in the
Eu3* sublattice was found to be two dimen-
sional.

The energy migration was studied by per-
forming luminescence measurements, using
broad band, as well as laser site-selective
excitation, and time-resolved spectroscopy
on a powder sample of EuMgAl;;O1s.

2. Experimental

The experimental set-up is described in
Refs. (11, 16). Measurements were made in
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F1G. 1. Unit cell of EuMgAl;;0y.

the temperature region from 1.3 to 300 K.

The powder sample of composition
EuMgAl;0s was obtained from Prof. Dr.
J. Liebertz, University of Cologne. It was
prepared according to the description given
in Ref. (17).

3. Results and Discussion

3.1. Spectral Properties

The excitation spectrum of the Eu?*
emission in EuMgAl;;O;5 consists of a
broad band at 300 nm and several sharp
lines in the region 350 to 600 nm. The broad
band is ascribed to the O?>—Eu3* charge-
transfer transition, while the sharp lines
correspond to the well-known transitions
within the 4f¢ configuration of the Eu** ion.

The emission spectrum of EuMgAl;;O,
in the Dy — 7Fy, region at 1.3 K under
Iaser excitation into the 7Fy — D, transition
at 464.0 nm is given in Fig. 2. The emission
occurs from the 3D, level. The absence of
-emission from higher °D levels can be due
to efficient multiphonon relaxation or to
quenching by cross relaxation. The site
symmetry of the Eu®* ion was found io be
Cy, in this compound (18). This lifts the se-
lection rule which forbids the Dy 2 F,
transition. Since levels with J = 0 are non-
degenerate, the presence of four Dy — F,
lines in Fig. 2 indicates that the Eu?* ion
occupies at least four different sites. This is
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F1G. 2. Emission spectrum in the Dy — 'F; ; , region
of EuMgAl,;0y5, recorded at 1.3 K (A,,. = 464.0 nm).
Inset: magnification of the D, — F, region.

probably due to the random distribution of
the Mg?* ions over the Fe3* sites in the
magnetoplumbite structure, which leads to
a variety of possibilities for the cation sur-
roundings of the Eu’* ions. The positions of
the four different °Dy 2 7F, transitions are
given in Table I, together with the energy
difference between the 5D level and the 7F,
level for every site.

These results are analogous to the ones
obtained by Saber et al. (18), who per-
formed luminescence measurements on
LaMgAl;|O: xEw*t (x = 2%, 5%) at 77
and 300 K. These authors found two differ-

TABLE 1

NUMERIC RESULTS OF THE
Eu3* 5Dy 22 "Fy TRANSITION
IN EuMgAlnolg

A Ee
Sites (nm) (cm™)
1 577.19 17325
2 577.75 17309
3 578.43 17288
4 578.92 17274

@ The 7F, level is the ground
level of the Eu** ion.
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FiG. 3. Emission (I) and excitation (II) spectra of
EuMgAl;,Oy in the Dy — 7F,, and "Fy — *D, regions,
respectively, recorded at 4.2 K. I: A, = 463.76 nm
(1), 464.19 nm (2), 465.55 nm (3), and 465.78 nm (4); I1:
Aem = 577.19 nm (1), 577.75 nm (2), 578.43 nm (3), and
578.92 nm (4).

ent sites for the Eu®* ion, with Dy — "F,
transitions at 577.9 nm (A) and 578.6 nm
(B) at 77 K.

For a further examination of these sites,
excitation spectra of the different Dy — "F,
emission lines were recorded in the "Fy —
5D, region at 4.2 K. These are shown in Fig.
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3. The broad lines between 463 and 465 nm
belong mainly to sites 1 and 2 as can be seen
from Fig. 3 11, lines 1 and 2. The occurrence
of these lines in the excitation spectra of
sites 3 and 4 points to energy transfer from
sites 1 and 2 to sites 3 and 4. Similarly, the
shoulder at 465.6 nm in Fig. 3 II, line 4
points to energy transfer from site 3 to site
4. We will come to this below. Saber et al.
(18) also found energy transfer from the
Eu?* (A) ion to the Eu?* (B) ion at 77 K. At
higher temperatures, site selection of the
four different sites fails because of thermal-
ization of the different *Dy levels.

3.2. Energy Transfer

The site-selective measurements pre-
sented in Fig. 3 indicate energy transfer be-
tween Eu™ ions on different sites. We were
able to confirm this with time-resolved
measurements. In Fig. 4 is given the Eu?*
5D, emission decay curve belonging to site 2
while exciting into the °D, level of Eu** ions
on site 1. The buildup with a rise time of
about 100 usec is due to energy transfer
from a Eu?* ion on site 1 to a Eu®* ion on
site 2.

The buildup is not due to relaxation from
5D, to 3Dy,. This relaxation is too fast to be
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FIG. 4. Semilogarithmic decay curve of the 5D, emission (A, = 577.75 nm) of Eu** ions on site 2 in
EuMgAl ;0 after excitation in the Eu’* ions on site 1 (A, = 463.76 nm), recorded at 4.2 K.



ENERGY MIGRATION IN EuMgAl,;,Oy

noticed on the time scale under consider-
ation, since we do not see any emission
from the D, or 3D; levels and since no
buildup occurred in the D, emission decay
curves of Eu** ions on one site after excita-
tion into the 5D, level of the Eu** ions on
the same site. In a similar way we found
energy transfer to occur from 1 to 3 and 4,
from 2 to 3 and 4, and from 3 to 4. The
energy-transfer process can be denoted by

SDo(i) + Fo(j) = "Fo(i) + °Do(j), (1)

where 1 =i=<3,2=j=<4,andj <i
Obviously the transfer at 4.2 K occurs
downhill with respect to the positions of the
5Dy levels, probably under emission of a
phonon which matches the energy differ-
ence between the 3Dy levels involved.
Besides the transfer between Eu?t ions,
there also exists energy migration on the
Eu** sublattice in EuMgAl;;Os. This is
demonstrated in Fig. 5, which gives the
integrated Eu?** emission intensity (*Dy —
7F,1.2) under broad band excitation into the
"Fy.12 — °Lg transition as a function of tem-
perature. It shows that above 17 K a
quenching of the intensity occurs, which is
due to migration of the excitation energy to
centers where it is lost nonradiatively. This
phenomenon is usually encountered in con-
centrated Eu’* compounds in which the
Eu’*-Eu’* separation is not large enough
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Fi1G. 5. Temperature dependence of the integrated
Eu?* (Dy — "Fy 1 ;) emission intensity of EuMgALl;,Os
(Aexc = 394 nm).
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to prevent transfer (11, 16). It can also be
seen from Fig. 5 that the quenching rate
increases with temperature. Comparison of
the quantum efficiency of the EuMgAl;;Oy
sample at 300 K with the known quantum
efficiency of a EuMgB;s0,¢: 1% Nd** sam-
ple (11), which has a comparable lumines-
cence intensity, leads to an efficiency of a
few percent for the former, which is in
agreement with Fig. 5, assuming that the
quantum efficiency is 100% at 4.2 K. This is
a reasonable assumption, since there is no
energy migration at that temperature and
nonradiative losses can be neglected.

The absence of energy migration at 4.2 K
enables us to give a more quantitative de-
scription of the energy-transfer process be-
tween Eu?t ions on different sites. The
transfer takes place via the D, 22 7F, transi-
tion. Since this is a forced electric dipole
transition and exchange interaction is very
improbable for a Eu’*-Eu’* separation of
5.6 A (I1), it is reasonable to assume that
the interaction responsible for the transfer
is of a dipolar nature. We can then use the
Inokuti-Hirayama formula to describe the
decay of the donor intensity in the absence
of backtransfer. It reads (19)

IH) = I exp (— L w2 N (~t—>m>, )

To Co \Tp

where I is the intensity at ¢ = 0, 7y is the
radiative decay time, N, is the number of
acceptor ions per unit volume, and c, is the
critical transfer concentration, given by

c5' = 4nR3, 3)
and R, is the critical transfer distance for
which the transfer rate is equal to the radia-
tive decay rate.

From about 1500 usec on, all the decay
curves recorded at 4.2 K appeared to be
exponential with a decay time of 1300 usec.
Since there is no energy migration at this
temperature, this has to be equal to the
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radiative decay time. The intersite Eu**
transfer affects only the initial part of the
decay curves. For an unambiguous analysis
we used the decay curve of the Eu*t °Dy
emission belonging to site 3 after excitation
into Eu* ions on site 3, which is given in
Fig. 6. This donor has the advantage that it
has only one type of acceptor ions, viz.,
Eu3* ions on site 4. Their concentration
was estimated from the ratio of the "Fp —
5D, (site 4) intensity and the total 7Fy — 3Dy
intensity while monitoring the complete D,
— 7F, emission region, to be about 20% of
the total Eu** concentration, which leads to
a value for N, of 5 X 1020 ¢cm™3. This estima-
tion is done under the assumption that Eu3*
ions on different sites have equal absorp-
tion strength.

The decay of the Eu** ions on site 3 can
be accurately described by Eq. (2). This is
illustrated in Fig. 6, where the solid line
gives the fit to Eq. (2). From the fit, the
critical transfer distance can be derived to
be about 6 A for transfer from site 3 to site
4, This is in agreement with what one would
have expected, namely, that the transfer is
mainly restricted to nearest neighbors.
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3.3. Energy Migration

The long-time part of the Eu** Dy emis-
sion decay of the Eu?* ions on all four sites
is the same for all four sites for tempera-
tures above 17 K. Examples of such curves
are given in Figs. 7 and 8. They are nonex-
ponential and decay at a faster rate than
purely radiative. This reflects the fact that
the excitation energy migrates over the
Eu3* sublattice to quenching centers. The
decay rate increases in the temperature re-
gion from 17 to 150 K. Above 150 K it de-
creases slightly. The increase of the decay
rate is due to an increase of the rate of mi-
gration, which is commonly observed in
concentrated Eu?* systems (11, 16).

In view of the crystal structure one ex-
pects this energy migration to be two di-
mensional. Also, three-dimensional energy
migration is experimentally ruled out be-
cause of the nonexponential long-time de-
cay, which should be exponential for a
three-dimensional migration process (20).
Several expressions have been derived
which describe the long-time behavior of
the donor emission intensity in the case of

0 1500 3000
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F1G. 6. Semilogarithmic decay curve of the D, emission (A., = 578.43 nm) of Eu®* ions on site 3 in
EuMgALl,; 0Oy, after excitation in the Eu3* ions on site 3 (A, = 465.55 nm), recorded at 4.2 K. Solid line:

fit to Eq. (2).
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FiG. 7. Semilogarithmic decay curves of the Eu** 3D, emission (e, = 577.75 nm, Ay = 464.19 nm)
in EuMgALl,,0,, recorded at different temperatures. Solid lines: fits to Eq. (4).

two-dimensional energy migration over a
donor sublattice to randomly distributed ac-
ceptors (quenching centers) in the absence
of backtransfer. For the two-dimensional
Eu?* sublattice in NaEuTiO,, the donor de-
cay could be described within the frame-
work of the average-r-matrix approxima-
tion (ATA) by using (4, 20).

10 =hew (- Hent, @

where the constant « depends on the con-

—»
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centration of acceptor ions x, and the do-
nor-donor transfer probability P. We tried
to fit the long-time decay of the Eu’* 5D,
emission in the temperature region from 15
to 150 K to Eq. (4), with reasonable suc-
cess, as is illustrated by the solid lines in
Fig. 7. It has been stated, however, that
the ATA method is not the most suitable
method to describe energy migration in
low-dimensional systems (2, 21). Numeri-
cal simulations (5) have shown that a bet-
ter description in one- and two-dimensional
systems can be given using the theory of

3000
TIME (ps)

0 1500
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Fic. 8. Same as Fig. 7. Solid lines: fits to Eq. (5).
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a random walk (RW) over the donor sub-
lattice to randomly distributed acceptors
which trap the migrating excitation at first
encounter. This leads to a long-time behav-
ior of the donor intensity of the form (/)

[(,) =1 exp (_ .1_% — 'Btd/(d+2))’ (5)

where the constant 8 depends on the ac-
ceptor concentration and the donor—donor
transfer probability, and d is the dimension-
ality of the system. In the one-dimensional
case Eq. (5) conforms with the exact solu-
tion of the deep-trap problem (2). We found
that it represents a very good description
of the Eu** decay in a one-dimensional
concentrated Eu?}* compound, viz.,
EuMgB:0,y (I11). In the two-dimensional
Eu?* compound studied here, Eq. (5) ap-
peared also to describe the Eu* decay very
well for long times after the excitation pulse
in the temperature region from 17 to 150 K.
The solid lines in Fig. 8 are two examples of
fits to Eq. (5).

From the quality of the fits no conclu-
sions can be drawn on the applicability of
the two models leading to Egs. (4) and (5).
The evaluation of the fit parameters, how-
ever, shed some light on this equation. The
increase in the rate of migration from 17 to
150 K is due to an enhanced donor—donor
transfer probability. It arises from the fact
that there is an energy mismatch between
the D, levels of Eu** ions on different
sites, and that small variations occur in the
energy levels of Eu?* ions on the same site
due to random strains and defects. As a
result of the latter, the emission lines are
inhomogeneously broadened. For example,
the linewidth of the Dy 2 7F, transition for
site 4is 10 cm™! at 4.2 K, which exceeds the
homogeneous linewidth (less than 1 cm™!
(22)) considerably. The energy mismatch
can be overcome by phonon assistance,
which is a temperature-dependent process.
The theory of the temperature dependence
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of the transfer probability between donor
jons has been treated by Holstein er al.
23).

For the ATA the fit parameter « is given
by (4)

©)

while in the RW approach g follows the Eq.
&)

a = wxaPATA

B = 8.52x)*Pl%. %)

Since we do not know the concentration of
acceptor ions, it is difficult to obtain abso-
lute values for the transfer probability. It is,
however, very reasonable to assume that x,
is temperature independent, so that the
temperature dependence of P will be equal
to the temperature dependence of « and
B2, respectively. These are given in Fig.
9. From the possible temperature depen-
dences given in Ref. (23), a could be best
described by

a=A+ BT+ CT3, ®)

where A = 280 sec™!, B = 11 sec"! K, and
C = 4.5 x 1073 sec”! K3, and B2 by

B2 = DT3, )
5
+
18
L( M T
r S
T3 =
2 o a2
o - o
‘o o —» L o
s 9t o e
x x
“n Jf s
1 12
/
B . . 0
0 40 80 120 160
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F16. 9. Temperature dependence of « (circles) and
B2 (crosses). Solid lines: fits to Eqs. (8) and (9), respec-
tively.
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with D = 6.0 X 1073 sec™! K73, in the tem-
perature region from 1.3 to 80 K. These
equations are illustrated in Fig. 9 by the
solid lines. The first two terms of Eq. (8)
denote a direct one-phonon-assisted pro-
cess, while the T? dependence is charac-
teristic for a two-site nonresonant two-
phonon-assisted process. The factors A, B,
C, and D depend, among others, on the
matrix element for the donor-donor inter-
action and the difference in ion—phonon
coupling strength between the ground and
excited state for the Eu** ions involved.
These cannot be evaluated since no further
data are available on EuMgAl;;Oys.

The two-phonon-assisted process is
commonly encountered in rare-earth com-
pounds. We found it to occur in EuMgB;
0y and Gd,(MoQy);: Eu?* (11, 24), while
Hamilton et al. (25) observed it in
LaF;:Pr3*. Except for very low tempera-
tures, below 10 K, where the transfer prob-
ability is only slightly dependent on temper-
ature (26) (given by A in Eq. (8)), the direct
one-phonon-assisted process proportional
to T is seldom observed in rare-earth com-
pounds. It is theoretically ruled out due to
the fact that B is proportional to a coher-
ence factor which becomes vanishingly
small for interaction between similar sites
with small energy mismatch (23), as is the
case in EuMgAl,O,s. The fact that we find,
nevertheless, such a process if we apply the
ATA method indicates that this method is
inferior to the RW method for the descrip-
tion of the two-dimensional energy migra-
tion in this compound.

An estimation of the acceptor concentra-
tion can be made using the critical transfer
distance R, of 6 A between a Eu?* ion on
site 3 and a Eu?* ion in site 4 at 4.2 K. From
the definition of R, it can be derived that for
dipole—dipole interaction the transfer prob-
ability depends on R, as

o (5

R (10)
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where R is the separation of the Eu3* ions
between which the transfer occurs. For
nearest-neighbor Eu** ions (R = 5.6 A) Ry
= 6 A indicates that P is of the same order
of magnitude as the radiative decay rate
= 15" at 4.2 K, viz., 10® sec”!. If we as-
sume that this value is representative for all
the possible transfer probabilities between
the different Eu?* ions at 4.2 K, we can use
it as the donor—-donor transfer probability
in the migration process if we extrapolate
it to higher temperatures, using the T3 de-
pendence. The acceptor concentration can
then be calculated, using Eq. (7), to be
about 10~ from

Bz
T 8.522 X 10%(T/4.273"

Xa

(11

The nature of the acceptor remains difficult
to reveal. The diffuse reflectance spectrum
of the EuMgAl;;0; powder shows a weak
absorption band in the region of 400 to 600
nm. Since this overlaps with some of the
emission lines of Eu?* it can belong to the
acceptors. This band might be related to the
presence of Eu?* as was suggested by Saber
et al. (18).

Finally it should be pointed out that the
slight decrease of the rate of migration
above 150 K is contrary to what we found
earlier in concentrated Eu** compounds
(11, 24). This might partly be due to the fact
that at higher temperatures energy migra-
tion between Eu’* ions in different planes is
likely to occur. The probability of this pro-
cess is (5.6/12)% = 1072 times the probability
of the intraplane transfer probability for di-
polar interaction. If we use the estimations
of P and x, derived above, it can be con-,
cluded that this interplane transfer proba-
bility at 80 K is of the same order of mag-
nitude as the radiative decay probability,
which means that three-dimensional migra-
tion also has to be taken into account. This
so-called quasi-two-dimensional migration
is sustained by the fact that the decay
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curves tend to become exponential after
long times at high temperatures, which is
what one expects for this type of migration
(27). Huber (3) has derived that the effec-
tive donor—donor transfer probability for
quasi-two-dimensional migration is smaller
than the probability for the two-dimen-
sional case. This would, however, only ex-
plain a slowing down of the increase of the
transfer probability with temperature, but
not the slight decrease. It cannot be ex-
cluded that some temperature dependence
of the donor-acceptor interaction is re-
sponsible for this.

In conclusion we can say that the layered
structure of the Eu?* lattice in EuMgAl;Oy
can be recognized in the behavior of the
energy migration which occurs above 17 K.
The theory of phonon assistance for this
process indicates that the average-z-matrix
approximation leads to less satisfactory
results in describing the migration than the
random walk approach, which is in agree-
ment with earlier numeric simulations. The
analysis illustrates that the Eu3* ion is a
very versatile tool in the investigations on
phonon-assisted energy-transfer processes
due to the vast amount of different types of
lattices in which this ion occurs and to the
accessibility of its spectral properties.
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