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The dependence of the infrared-absorption properties o.n size variation and surface relaxation of rectangular
MgO microcrystals (clusters) has been studied in the c:ontext of the rigid-ion model. The frequency eo of
maximum absorption (for a given polarization direction) increases slightly with increase in cluster size from
180 to 900 ions, and also when surface relaxation of tlhe cluster is taken into account. In all cases studied,

is extremely close to the Frohlich frequency coF fox.. spherical particles treated in continuum theory. The
total absorption is independent of crystal orientation and relaxation, and proportional to the number of
particles in the cluster.

I. INTRODUCTION

In recent years a fair amount of experimental
and theoretical interest has been devoted to the
infrared-absorption properties of finite ionic
crystals. The problem was first considered by
Fr5lich' in 1949, who showed that a spherical
specimen of ionic crystal material, with a radius
small compared to the wavelength, exhibits an
infrared resonance frequency uz intermediate
between the longitudinal- and transverse-optical
frequencies u~ and +~ of the bulk material. The
first detailed treatments of the infrared-absorp-
tion properties of small crystallites were given
by Englman and Ruppin' and Fuchs and Kliewer'
in the context of continuum theory and by Qenzel
and Martin4 2nd Martin' using lattice dynamics.
In addition, a variety of experimental' ' and
theoretical' "studies of specific materials have
been published.

The preserit work is a sequel to an earlier
study' of the effects of size variation and sur-
face relaxation on the vibrational properties a.tnd

the specific heat of rectangular microcrystaLcl of
MgO. The dynamical information of this earl. her
work has been used to calculate the infrared-
absorption coefficients of these microcrystaj. :s
and to examine the effects of size variation "i,.nd
relaxation on their optical-absorption spectr. "um.
This is of particular importance since the earlier
(and first) lattice-dynamical work on rectangular
microcrystals"' had not addressed the quec~ tion
of surface relaxation and had been carried out
for rather small crystallites. The main con-
clusions of the present work are that the largest
contribution to the total infrared-absorption coef-
ficient results from an optical vibration with fre-
quency &, which is extremely close to the Froh-
lich frequency &z of continuum theory, ar&d which
changes only slightly with size variation B,nd
relaxation. The experimentally observei~l down-

ward shift of the infrared-absorption maximum
with increasing particle size' is the result of the
increase in the number of vibrations with fre-
quencies below v which contribute to the absorp-
tion; the total absorption is strictly proportional
to the particle number and independent of relax-
ation.

II. CALCULATION AND RESULTS

The lattice-dynamical calculations were per-
formed on rectangular microcrystallites (clusters)
of MgO containing 6 & 6 & 5 = 180 atoms and 10
x 10& 9 =900 atoms, called the small and the large
cluster; the Kellerman rigid-ion model was used
to describe the ionic interactions. For details of
the calculation we refer to Ref. 14. Here we just
mention that these clusters have D& symmetry
(with [001],[110]and [110]as twofold rotation
axes) allowing a significant reduction of the dy-
namical matrix and leading to a maximum num-
ber of independent vibrational frequencies for
the cluster.

The infrared-absorption coefficients are cal-
culated for three different cases, namely, for
small unrelaxed (S") and relaxed (S") clusters
and for a large relaxed cluster (I,") In the un.-
relaxed cluster, the ionic positions are the same
as those in the bulk crystal, whereas inthe relaxed
clusters the ians near the surface moved slightly
inward to attain their equilibrium positions. 'The

relaxation procedure is described in Ref. 14.
The mechanism of infrared absorption by the

cluster is quite simple. Because the cluster
dimensions are small compared to the wavelength
of the incident radiation, the cluster is polarized
by a time-dependent electric field which is uni-
farm over the cluster, causing the creation of
optical lattice vibrations which give rise to the
absorption. In the rigid-ion model used here,
the cluster polarization is totally the result of the
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displacements of the point ions. Accordingly,
the absorption coefficients n„(&u), giving the
absorbed intensity of light with frequency & and
polarized in the y (x,y, z) direction can be ex-
pressed in terms of the vibrational eigenfre-
quencies &o~ and eigenvectors $~(ivy) of the clus-
ter, 4
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Here P labels the modes, l and l' are the site
indexes, and x and z' indicate the type of ion;
&„and M„are the effective charge and the mass
of the ion of type x.

Extensive use of the cluster symmetry (space
group &,„) enables us to simplify the calculation
of n„(&o) substantially, if the coordinate directions
x, y, and z are chosen as in Fig. 1. Of the eight
one-dimensional irreducible representations of
D» only one gives nonzero contributions to a„ for
any particular polarization direction x, y, or @.
For example, for the large crystal there are
2700 normal-mode eigenvectors each consisting
of 2700 coefficients for the x, y; and s displace-
ments of the 9o0 atoms. The three irreducible
representations transforming like x, y, and s each
contain only 350 normal modes. Thus for any
one polarization we need consider only 350 normal
modes, Eq. (l) giving zero for the remaining
2350. Symmetry yields a further simplification
since for each eigenvector we need consider only
the coefficients of the displacement components
in the direction of poh. rizatiog. on only atoms 'in

—,
' of the rectangular crystallite. This gives 150
coefficients to be considered for the 900-atom
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FIG. 2. 0.„((d)/0.«,» (in %) forthesmallunrelaxed(S„)
and relaxed (S+) clusters.

crystallite. (This is greater than —', x 900 because
the atoms on the reflection plane surfaces of the
—,
' crystallite are shared with adjacent —,

' crys-
tallites. )

As we will see below, the results for n„(&) are
dependent on the orientation of the incident electric
field with respect to the crystal axes and on clus-
ter size and relaxation. However, it follows
directly from Eq. (l) that the total absorption
n„„,=Q„n„(&o) is independent of crystal ori-
entation and relaxation; using the closure property
of the eigenvectors, one finds immediately

n„...=-,' e„e„,X(l/M„+l/M„, ),
where N is the total number of ions in the clus-
ter.

The results of the calculations are given in
Figs. 2-4. ln Fig. 2 we present n„(&o) for the
small unrelaxed cluster (Se) and the small re-
laxed cluster (S„). The n scale is given in per-
centage of the total absorption n„„,. We notice
that many frequencies contribute to n„&„, in
fact for most of the contributing frequencies n„(&)
is too small to show up in the figure if we use a
linear scale for n„(&u). We further note that the
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FIG. 1. Small cluster of MgO (180 ions) with D2I,
symmetry. The choice of the coordinate directions
x, y, z is indicated.
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FIG 3 Qy (co)/c1 «1» (in %) for y =x, y, and z for the
large relaxed cluster.
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where e, and E„are the static and the high-fre-
quency dielectric constants, respectively. Using
the Lyddane-Sachs-Teller relation (or~/err)' = e,/
e„and the fact that E„=1 in the rigid-ion model,
we find from Eq. (3)

2 1 2 2 2
(0& = 3 (0& + 3 (d & . (4)
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FIG. 4. Logarithmic plot of e„(co) for the large re-
laxed cluster.

maximum contribution to n„(more than 40%)
occurs at a&„=10.56 x 10" rad/sec for Sf and at
(u„= 11.00 x 10" rad/sec for S",.

The occurrence of a frequency of maximum
absorption ar in the infrared-absorption spectrum
of finite crystals is a characteristic and well-
known feature. The value of ~ provides us with
a simple way to judge the effects of size variation
and of relaxation on the infrared-absorption spec-
trum of the clusters. In order to pursue this
point we present in Table I the values of co for
the unrelaxed small cluster (S„",S,",S,"), the
relaxed small cluster (S„",S",S",), and the re-
laxed large cluster (L,",L,",L ", ); of these only
Sv, S~ a,nd L"„,L"„, and L", are shown in the fig-
ures (Figs. 2 and 3, respectively).

Commenting on these results we first note that
relaxation of the small cluster in each of the
cases increases (o by 3.5% to 4.0% (compare
S„t So„",S„t~So„sand S~ to S,"); this is due to a slight
stiffening of the forces caused by the inward re-
laxation of the surface- ions. The size variation
from 180 and 900 ions increases & by another
3.5% (compare Ss to L "„, etc. ); this again results
from a stiffening of the forces but is now caused
by the increase in size of the crystallite.

At this point it is interesting to make a com-
parison with the results of the continuum-theory
treatment of the infrared absorption of small
spheres of dielectric material. If the radius
of the spheres is small compared to the wave
length of the incident radiation, Frohlich's theory'
indicates that a strong fundamental absorption

According to the bulk rigid-ion model for MgO
used here, we have ~~ =16.V4 x 10" rad/sec and
ar r = 'l.51V x 10" rad/sec; Eq. (3) then gives &oz

=11.45 x 10" r'ad/sec. This result for (u~ is
surprisingly close to the values of u for the
rectangular clusters considered here. That such
an agreement should exist is plausible from the
fact that for a cubical crystallite of homogeneously
polarized material, the depolarizing field at the
center is the same as for a sphere. However,
the closeness of the agreement is unexpected and
indicates that continuum theory gives. accurate
results already for very small particles. Finally
we note that relaxation and increase in size not
only have non-negligible effects on the co 's, but alamo

bring their values into closer agreement with v~.
In Fig. 3 we show the results for n„(&u), a~(&u),

and n,(v) for the relaxed large cluster. Note
that o.'„contains two contributions at the almost
degenerate frequencies 11.38 x 10 ~ and 11.40 & 10
rad/sec which together about equal o.„(&u„) or
n, (e„). The fact that o.', exhibits two maximum
contributions while n„has only one results from
the nonequivalence of thex andy directions (cf.
Fig. 1).

To exhibit the large number of contributions to

a» most of which do not show up in Fig. 3, we
replot, in Fig. 4, the results for e„ for the large
relaxed cluster (L „")using a logarithmic n scale.
As mentioned above, because of symmetry, 350
out of a total of 900 x-polarized vibrations con-
tribute to e„, and all of the contributions appear
in Fig. 4. Note that these contributions span
almost the entire frequency range, from well
below &~ up to &I. According to continuum the-
ory, "vibrational modes for finite crystals of
arbitrary shape can only have frequencies between
&~ and ~, but for lattice-dynamical studies
this is not necessarily true as we have shown. in

Sv

TABLE I. Main absorption frequencies w~ in 10 3 rad/sec.
S~ L" Sv S" L" Sv

m 10.56 11 00 11 39 10 60 10 97 10.64 11.05 11.41 11.45
11.3S
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extensive calculations on slab-shaped crystals. "
For instance, for a MgQ slab, the optically active
Lucas modes have a limiting long-wavelength
frequency below the transverse-optical bulk band.
For crystals of the size we have studied here,
the question whether the absorption is caused by::
a surface or a bulk mode is somewhat academic,
because these microcrystals are too small to
make a clear distinction. In his work on BbF
microcrystals (containing 64 and 144 ions} Mar-
tin' did indeed make a distinction between the
contributions to a from edge, surface, and volume
modes, and he ascribed the main absorption as
resulting from surface modes. However, as we
have seen, this main contribution to n arises
from the Frohlich mode, which in continuum the-
ory is associated with a uniform polarization of
the cluster and should therefore be considered
as a bulk mode rather than as a surface mode.
To make a distinction between edge, surface,
or bulk modes for the much larger clusters con-
sidered here, one would have to examine, for a
given mode, the contribution of the various parts
of the crystal to the overall dipole moment. This
is not only a major undertaking, but it can only
lead to results which are ambiguous at best, even
for the 900-ion cluster.

III. DISCUSSION

In this paper we calculated. the infrared absorp-
tion of rectangular microcrystals of Mgo, con-
taining 180 and 900 ions, using the rigid-ion mod-
el. The main contributions to the absorption
coefficients n„, n„and n, arise from optical
vibrations with frequencies between ~~ and 1. ,
the main contribution (-40% for the small cluster
and -20% for the large cluster) coming from a
frequency which is exceedingly close to the Froh-
lich frequency mz of continuum theory. Increase
in size and relaxation of the cluster bring the
main absorption frequency to within 0.4% of (0~.

We compare the present results with Qenzel
and Martin' s' experimental results on infrared
transmission of 0.1- p, m cubes of MgO. According
to these measurements the absorption occurs
in the range e~ to v» with the main absorption
maximum slightly below mz and a secondary
peak around (d&. It appears that the present re-
sults are in much better agreement with the mea-
surements than Genzel and Martin's calculation
for a 48-ion cluster, which gives a peak roughly
halfway between &~ and u~. This discrepancy
between calculated and measured results i,s un-
doubtedly caused by the small size of the cluster
used in the calculation of Ref. 4 because, as we
have found in the present work, increasing the

size of the cluster brings the location of the main
absorption frequency closer to &~.

We con'elude with some qualitative comparisons
with earlier work. Bryksin et izl. ' have performed
measurements and calculations on NaCl micro-
crystals. For large crystallites (20-40 p, m)
these authors find a. broad infrared-absorption
band spanning the frequency range from well
below rur up to (and above} ~z. However, the
size of these erystallites is of the order of the
infrared wavelength. For decreasing crystallite
size, the band narrows and becomes concentrated
in the range ~~-~~, and the location of the max-
imum absorption shifts upwards. Discrepancies
between these measurements and calculated re-
sults for spherical crystallites were attributed
to differences in shape, because the experimental
sample consisted of cubelike particles. Qn the.
basis of the present results it must be concluded
that. the upward shift of the main absorption
peak with decreasing particle size results solely
from the increasing importance of the main
absorption contribution at (d with. decreasing
size, not to a noticeable shift in &u„ itself [ac-
cording to Eq. (4), &oz is size independent]. En

fact, we find a slight. decrease in u with de-
creasing size. Furthermore, our results seem
to indicate that shape differences are unimportant;
after all, the frequency of maximum absorption
rd, calculated with lattice dynamics for cube-
like particle, is exceedingly close to m~, cal-
culated with continuum theory for spherical par-
ticles. As long as the particle shape of an ex-
perimental sample is between spherical and cubic,
shape dependence should be negligible. This, of
course, would not be true for plate- or needle-
shaped pa, rticles, but these appear not to be
formed in the experimental production of powder
samples.

These questions about the influence of size and
shape on the infrared absorption of microcrystals
have also been raised by Ruppin" in his more
recent study of ZnS microcrystallites. Within
the size variation of the microcrystals studied,
here, these questions have now been answered.
Another question raised by Ruppin concerns the
high-frequency cutoff of the absorption spectrum.
As can be seen from comparing S", in Fig. 2(a)
and I,„ in Fig. 3(a}, the increase in size raises
the high-. frequency cutoff somewhat, but never
above v~. These conclusions are valid within
the rigid-ion approximation. In recent work on
the effects of relaxation on the surface vibrational
modes of crystal slabs in the shell model, Chen
and de Wette'~ have shown that surface relaxation
can give rise to surface modes above the lon-
gitudinal-optical bulk bands; thus, conceivably,
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the high-frequency cutoff could lie above &~. In
fact, this appears to be the case in the experimen-
tal work of Bryksin et al,
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