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Absorption and emission involving exchange-coupled nearest-neighbor Cr’* and Eu’* ions have been
observed in Cr**-doped EuAlO, at the sum of the chromium E, and europium 'F, energies. Weak
absorption at the difference energy has also been observed. The latter is the inverse of the previously
studied europium terminated chromium emission. The intensities of the Eu®* sideband transitions vary
with the strength of the exchange-induced electric dipole moment.

I. INTRODUCTION

Some time ago we reported the observation of
coupled-ion luminescence in Cr**-doped EuAlQ,. 1,2
In this process an excited Cr®* ion decays by si-
multaneously transferring part of its excitation en-
ergy to a neighboring Eu®* ion and emitting the bal-
ance as a photon. Coupled-ion luminescence has
been observed from several other Cr®*-rare-earth
systems®~® and for Gd3*-Yb®* pairs.®

Here we report two new coupled-ion effects in
EuAlQ; : Cr* which are observed in absorption, as
well as a new emission effect. In the first case,
which we will call sum-energy absorption, both
Cr®** and Eu®* are initially in their respective
ground states (Cr* in *A,, and Eu®* in "F;) and are
excited to either of the %E, levels in the case of
Cr® and to one of the crystal-field-split "F, levels
in the case of the neighboring Eu®* [Fig. 1(a)]. The
absorption occurs at approximately the sum of the
single-ion energies and is an example of coopera-
tive absorption.” In the second case, shown in
Fig. 1(b), which we will call difference-energy ab-
sorption, the Cr®* ion initially is in the ground 4Az,
state and the Egus* ion is in an excited "F, state
while in the final state the Cr®* ion is in the excited
state and the Eu3* has returned to the "F, ground
state. This is the inverse of pair emission dis-
cussed previously. *? The absorption occurs approx-
mately at the difference between the single-ion en-
ergies. We will show that the absorption pro-
cesses are related to the exchange interaction be-
tween the Cr®* and Eu®* ions. The new emission
lines are due to the inverse of the sum-absorption
mechanism discussed above. The effect is weak
due to the required thermal population of the Eu®*
Fy level.

II. EXPERIMENTAL

The crystals used in this investigation were
grown in a PbO-PbF,-B,0; flux by slow cooling of
the melt. Typical crystals had dimensions of sev-
eral mm,

The space group of orthohombic EuAlQ; is D52

and the unit cell contains four EuAlOQ, units.® The
Cr® ions substitute on the four Al1%* sites which
have C; symmetry. The four europium sites have
C, symmetry. Because of the low symmetry, the
site axes are not simply related to the crystal
axes, ? and it thus is difficult to determine the po-
larization accurately. However, in agreement with
a center of inversion, the R lines at 13707.5 and
13744 cm™ appear to have predominantly magnetic
dipole polarization. The spectra were recorded
electronically usinga 1-m Czerny-Turner spectrom-
eter and a S-20-response phototube. Appropriate
glass filters were used to flatten the spectral re-
sponse of the system. The emission spectrum was
excited with light from a 500-W Hg lamp which was
filtered by 5 cm of saturated copper sulphate solu-
tion and appropriate glass filters.

III. RESULTS AND DISCUSSION
A. Sum-Energy Absorption

Cooperative absorption involving transitions ter-
minating on the ?E, levels and the three crystal-
field-split levels of "F; are shown in Fig. 2. The
crystal field splits the J=1 levels into three com-
ponents which may be identified with the x, y, and z
axes of the Eu**-ion-site coordinate frame. '°
Rather than a single absorption line for each coop-
erative transition, there are four for the y level of
"F,, three well-resolved lines for the z level, and
one broad line which contains at least three unre-
solved components for x level. The sum-absorp-
tion lines occur with the same displacements in en-
ergy above R; and R, and on the average these
displacements differ only slightly from the 280-
(y), 358- (z), and 471- (x) cm™ "F, energies of iso-
lated Eu®* in this crystal. }+10

More than one line occurs because the crystal
field of an Eu®* ion which has a Cr®* ion as a near
neighbor is perturbed by this ion, and consequently
the energy levels will differ slightly from the lev-
els of Eu®* ions having only A1’ neighbors. As
shown in Fig. 3 the eight Eu®* ions nearest a Cr®*
ion are oriented along the (111) axes and interact
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FIG. 1. The Cr® and Eu®* energy levels involved in
cooperative absorption. The arrows denote the observed
transitions of the coupled system for the sum-energy
sidebands (a) and the difference-energy sidebands (bj.

with the Cr® ion through three oxygen ions with a
Eu®*-0%"-Cr®* bond angle of approximately 90°.
Since the Cr® has inversion symmetry, there are
four distinct crystal-field environments for these
Eu®' ions with two ions belonging to each type.

The wave function of the coupled system can be
written in the usual product form. The symmetry
of the problem indicates that the appropriate linear
combinations of the wave functions involve only the
two excited Eu®* ions of the same type, and the
wave functions have even or odd parity under in-

version through the Cr®* site. In the initial state
the ions are in their respective ground states and
the wave function

|1, *Aggm)y=|1,"Fo, *Agm, " Fo) (1)

has even parity. Here [ is the Eu®*-pair type and
m is the z component of Cr3* spin. In the final
state the Cr® jon is in the k =u, v state of 2E, with
spin component m and the Eu®* ions are in one of
the "F, states with u=x,y, or z. The wave func-
tions are

‘l’ ) zEme, +)= [ll, 7F0’ zE:"WL, 7F1 [Ty
|1, Fip, *Eerm, "FI/VZ, (2)

where the + refers to the parity under inversion.
The dipole moment resulting from the exchange in-
teraction is

P ='§;i2 #(Cr, i; Eu,, j)S(Cr, i) - S(Eu,, j), (3)

where the £ sum is over the europium ions neigh-
boring the chromium ions, the j sum is over the
electrons of this ion, and the ; sum is over the Cr®*
electrons.

Equation (3) has the same origin as the dipole
moment used to explain two-magnon absorption and
magnon sidebands®! in magnetically ordered crys-
tals. The dipole moment has odd parity under in-
version, and it has matrix elements only to the
odd-parity state of Eq. (2). There will thus be one
cooperative transition to the odd-parity final state
for each type of Eu®* neighbor. It is gratifying that
four transitions are observed for the y component
of "Fy. The crystal-field perturbation of the z and
x components is apparently not large enough to
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separate the four-line patterns completely.

The energy difference of the even- and odd-par-
ity states derives from the off-diagonal matrix ele-
ment which transfers excitation from one Eu®* ion
to the second ion of the same type. The splitting
due to this resonant interaction is the two-ion ana-
log of the Davydov splitting in concentrated crys-
tals.!? Because of the relatively large separation
between Eu®* ions of the same type we conclude that
this splitting, which will depend on the Eu®* type,
is too small to account for the observed splitting
between the odd-parity states.

The absorption strength depends strongly on the
type of pair, and for the well-resolved lines is
generally quite different for the transitions of the
two 2E, components. Multiple lines were also ob-
served in pair luminescence, 2 and for a given
crystal-field component of "F; the relative intensi-
ties as well as the separation from the R lines are
the same in cooperative absorption and pair lumi-
nescence. Because the lines overlap, it is not pos-
sible to separate the contributions of each pair
type; however, the total integrated absorption for
each component of "F,, which is given in Table I,
reflects these differences. In agreement with the-
ory, the magnetic dipole strengths of the R lines
are equal to within experimental error. The co-
operative absorption is predominantly electric di-
pole and is significantly more intense than the R
lines and this is consistent with the exchange-in-
duced-dipole-moment mechanism.

Oe

.Cr3+ 02-

FIG. 3. Crystal structure of EuAlO; near the Cr®* ion,
The Eu’* sites labeled % and &’ are related by inversion
through the Cr®* site. The distortion of the oxygen octahe-
dron is not shown.
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TABLE I. Integrated absorption strengths of the R
lines and the sum-energy pair-absorption lines involving
the three components of 7F1, The absorption is normal-
ized to unity Ry absorption, and the values are accurate
to within +0.1.

g, 3
y V4 X
R 1. 6.69 4,53 2.36
R 0.97 3.73 3.47 1.40

In the discussion of cooperative luminescence of
this compound we showed that the exchange-in-
duced dipole moments associated with the three #,,
Cr?* orbitals must be different in order to have a
nonvanishing total dipole moment.? Furthermore,
the contribution to the dipole moment which is iso-
tropic in the Eu®* orbitals has an equal strength for
each component of F,, but is in general different
for the two aE, states. However, the individual
components do not have equal intensities, and this
also shows up in the total intensities in Table I
These differences are attributed to the anisotropy
effects of the 4f® orbitals of the Ew* ion, and we
see from Table I that the anisotropy is different for
the two ZE, states. The spatial anisotropy of the
single 3d- and 4f-electron wave functions is thus an
important factor in the spin-dependent-dipole-mo-
ment mechanism.

B. Sum-Energy Luminescence

Four weak luminescence bands are observed be-
tween 13960 and 14110 cm™ at liquid-nitrogen tem-
perature. The spectrum is similar to the absorp-
tion spectrum shown in Fig. 2 and is the inverse of
this type of pair absorption. Initially the Cr3* is in
the 2E, state and the neighboring Eu® is in the y or z
component of "F;. The luminescence terminates
with both ions in their respective ground states.
Relative to the R lines the pair-emission intensity
decreases as the temperature is lowered and is
similar to the temperature dependence of the "F;
level population. At 77 °K the pair-emission inten-
sities range from ~ 6 to 0.4% of the R-line parents,
and are in reasonable agreement with the relative
emission calculated using the 2E, and "F, popula-
tions at this temperature and the integrated absorp-
tion given in Table I.

C. Difference-Energy Absorption

This is the inverse of the pair emission dis-
cussed inRefs. 1 and 2. The spectral dependence of
the absorption is similar to the emission spectrum,
and the absorption is observed only when the "F,
levels are populated. The temperature dependence
of the strongest pair absorption, which involves the
lowest-energy 2E, level and the y component of "Fj,
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FIG. 4. The calculated population of the 'F and 'F;
levels as a function of temperature. The average popu-
lation of the five 'F, levels at ~ 1000 cm™ is shown by
the dashed line. The points show the measure temper-
ature dependence of the energy difference pair absorp-
tion which involves the y component of 'F;. The error
bars indicate the experimental uncertainty.

relative to the R,-line absorption is shown by the
points in Fig. 4. The data are in good agreement
with the temperature dependence of the y-level pop-
ulation. Pair absorption was also observed for the
y component and the higher 2E, level as well as for
the z component and both 2E, levels. These ab-
sorption lines are considerably weaker than the ab-
sorption plotted in Fig. 4, and at the higher temper-
atures the thermally broadened absorption over-
laps the spectrum of nearest-neighbor Cr3®* pairs.!?
These lines also have temperature dependence
which are characteristic of the populations of the
"F, crystal-field levels involved in the absorption.

The integrated emission intensities of the ener-
gy-difference pair lines, normalized to the inte-
grated R-line emission, were obtained from the
luminescence spectrum at 77 °K and are shown in
Table II. The relative strength of most of the en-
ergy-difference pair lines are in good agreement
with the strength of the sum-energy absorption
given in Table I. The major discrepancy involves
the x-R, component. The emission intensity of this
line is relatively weak, and the accuracy of this
measurement was not very high. In plotting the
data of Fig. 4 we find that the ratio of the pair ab-
sorption to the R-line absorption is 6+1 times
larger than the calculated population of the y level.
This factor is just the ratio of the dipole strengths
of the pair line and R lines and is in reasonable
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agreement with the value of the ratio of 6. 95 ob-
tained from the luminescence data (Table II).

For the case of energy-difference pair absorp-
tion, the single-ion quantum numbers change by AS
= -1 for the Cr®** ion and AJ = -1 for the Eu®* ion,
and for the sum-energy absorption the changes are
AS=-1and AJ=+1., In emission the quantum num-
bers change by AS=1 and AJ=+1. We have shown
that when the population effects are taken into ac-
count, the dipole strengths are the same for each
transition involving the same 2E, and "F; levels.
This is a peculiarity of our pair system which does
not occur in the spin-wave-sideband spectrum of
antiferromagnets. It results from the fact that,
unlike an antiferromagnet, the levels of the Cr®* ion
remain Kramers’s doublets in this crystal.

The difference-energy pair absorption has re-
cently been discussed theoretically by Altarelli and
Dexter. They propose several experiments and
suggest that the excited initial state (equivalent to
the "F, states for the experiment discussed here)
be populated by a second beam of light. For rela-
tively closely spaced energy levels found in many
of the rare earths the interlevel relaxation is rela-
tively rapid. It is thus not only difficult to obtain
a large population in the excited state, but also to
obtain a quantitative measure of this population.
These problems are avoided by using thermal ex-
citation. The experiments proposed in Ref. 14 in-
volved calculations based on the electrostatic mul-
tipolar interaction. The resulting pair emission
would then be considerably weaker than the single-
ion absorption. We have shown that, at least in our
case and presumably also in others, the exchange-
induced-electric-dipole moment can lead to pair
absorption which is considerably stronger than the
associated single-ion transition.

IV. CONCLUSION

We have now observed the sum and difference
sidebands of the Eu®* levels in both the absorption
and emission spectrum of the chromium *A4, P 2E,r
transitions. The coupling of the two ions was
shown to result from the exchange interaction be-
tween the Cr®* and the nearest-neighbor Eu®* rather
than from electrostatic multipolar interactions. !+2
The transition-dipole moment of the pair derives

TABLE II, Iutegrated emission of the energy-difference
pair lines. The pair emission is normalized to unity
R and R, emission.

7F1
y X
Ry 6.95 4.48 2.34
R, 3.85 3.18 1.01
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from the exchange interaction and the anisotropy of
the single-electron-single-electron exchange was
shown to make a significant contribution to the di-
pole moment.
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